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1 Introduction

1.1 Background

Most of the electronic devices that we are using every day at home or at the office
require a similar approach in terms of the power electronics. For example, in residential
buildings with a traditional ac grid most loads have a dc nature, therefore all our devices
at home require an additional converter. A traditional laptop’s battery voltage is
15V -22V. Itis known that the rectified ac grid voltage equals a peak of a one grid phase
310 V - 325 V. Consequently, a laptop battery requires a converter, which rectifies the
sinusoidal voltage to a constant 320 V (ac-dc converter: a rectifier diode bridge) and
which reduces 320 V to the necessary constant 15 V — 22 V (dc-dc converter). Thus,
the main power electronics of traditional electronic devices are intended to rectify the
traditional ac grid in a constant voltage level and subsequently convert it to the necessary
voltage value (laptop charger, phone charger, TV, light systems, PC, etc.), as shown in
Fig. 1.1a. At the same time, the amount of renewable energy systems which produce a
dc voltage and current is increasing each year. The issue thus arises: “Is it reasonable to
use devices with a redundant ac part, instead of simple dc-dc converter?”.

Although the war between Tesla and Edison has long finished, the modern systems
have forced humanity to revive this issue with renewed vigour [1], [2]. Nowadays, dc
microgrids attract more attention because many sources and loads have a dc nature.
For example, solar panels, fuel cells and energy storage systems generate only dc voltage
and current. It would be logical to connect all devices with a common dc bus [3], [4],
without redundant ac conversion. Fig. 1.1b shows an example of the possible DCMG
architecture addressed in [5]-[8]. The considered DCMG system is more efficient and
reliable. Moreover, the dc grid is free from harmonics and does not provide a reactive
power. DCMG systems do not need complex synchronisation and control units.

CH

Grid Storage Wind turbine dc Load € &=
T S iy g
: F : : F : : : PV array Storage Wind turbine dc Load
| | | | | | ¢
I ! [ !I I I
| | | | | |
ac bus (a) ; dc bus (b) >

Figure 1.1 Traditional ac distribution system (a), Considered energy transmission system based on
common dc bus (b).

However, the ac grid still dominates because there is no clear standard for the dc grid.
From an economical point of view the voltage level of 326 V is the most sustainable for
the dc grid [9]. This voltage level is applicable to the grid systems using existing cables.
However, a company in Netherlands claims that the possible standards are 350 V for low
power and 700 V for high-power applications [10]. It is proven in [11] that a high-voltage
dc system is more efficient than a traditional ac distribution system. Possible dc distribution
systems imply the creation of a different voltage level standard for dc grid types, such as
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DCMG, dc nano grid, etc. [12], [13]. The modern base of the power electronics can provide
any transformation of the power, however the price for that is still high.

One of the main challenges for dc distribution systems is to develop a circuit breaker
for dc grid systems. A conventional ac circuit breaker determines short circuit and works
under a zero-crossing point (standardised solutions IEC 61869, IEC 60255, IEC 61850, and
IEC 60834). The clearing time in ac grid systems is 80 ms (4 cycles) [14]. Dc grid voltage
does not fall to zero, so the conventional protection systems are not suitable. In contrast
to conventional relays, it should be a device that keeps the same features as traditional
and disconnects the circuit fast. One possible solution is Solid State Relay (SSR) or hybrid
mechanical breakers [15]. This type of breaker should offer following features [16]: a fast
response, low power losses, high reliability, compact size, long lifetime, and low cost.
There are several ideas for the implementation of a dc breaker [17],[18]. Despite the
drawbacks of the dc systems, the benefits outweigh the disadvantages. The dc grid will
probably appear during the next decade and is already attracting attention as a future
electric transmission system.

1.2 Motivation of the Thesis

Since the dc grid appeared as a trend, devices applicable to both types of grids have come
into demand. For example, hybrid converters have several terminals for each grid bus
[19], [20]. Most of the solar hybrid converters have intended power electronics for each
type of electrical distribution system. Moreover, a hybrid converter usually has a dc
terminal for a storage element. However, there is a converter that has several terminals
for the ac and dc grid. The general term for this type of device is a multiphase or multiport
converter [21], [22], [23]. Multiphase converters can be useful for multiphase ac and dc
applications. Another possible solution is an energy router for residential applications
[24],[25],[26]. They have terminals for each part of the system (dc grid, ac grid, storage,
PV panels, etc.). However, all the mentioned converters have a significant drawback as
aninternal redundancy. This is because these converters require different parts of power
electronics to provide transmission energy from/to source to/from the undefined grid.
Moreover, these converters will have separate control units and induvial protection
systems for each type of grid.

dc-dc

converter

dc-ac/dc

converter

(a)

f*it'h @

(b)

Figure 1.2 Connection of loads, storage systems or solar string to: dc grid with dc-dc converter (a),
ac grid with dc-ac converter (b), any type of the grid with universal dc-ac/dc converter (c).
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On the other hand, if in the near future the dc grid will be integrated into our
residential buildings, a type of converter should also be suitable for the ac grid. For
example, the dc grid socket will be integrated in a building and logically a customer will
buy a dc-dc charger (Fig. 1.2a). In the second case, when this customer comes to an old
building with a traditional ac grid socket, he will require an ac-dc charger for his laptop,
as shown in Fig. 1.2b. From an economical part of view, a universal solar converter is
cheaper and offers the benefits of dc-dc and dc-ac converters. The universal solar
converter takes away inconvenience for the customer because the market is limited for
dc-dc devices. Such a converter can be connected to both types of grid by the same
terminals and at the same time has minimal internal redundancy (Fig 1.2c). The universal
converter with minimum redundancy will use the same protection system and control
unit for both types of grid, while the control system will automatically detect a type of
connected grid. At the same time the universal converter can be bidirectional and
suitable for PV applications or other renewable energy sources.

This thesis was conducted according to one of the research directions of the Power
Electronics Group of Tallinn University of Technology. The aim is to gather knowledge
and develop the universal solar converter for residential dc and ac grids with minimum
redundancy. The current work was supported by PRG675 “New Generation of
High-Performance Power Electronic Converters Simultaneously Applicable for dc and ac
Grids with Extended Functionalities”, and by EAG122 “Universal dc/ac battery storage
interface (UniBSI)”, and by PRG1086 “Future-Proof Power Electronic Systems for
Residential Microgrids” from Estonian Research Council, and by TAR16012AT “Zero
energy and resource efficient smart buildings and districts” from the Archimedes
Foundation and.

1.3 Aims, Hypothesis and Research Tasks

The main aim of the PhD research project is to develop and experimentally confirm a
concept of universal dc-dc/ac converter which is applicable for both types of grid.
It considers a solution which may speed up transition from conventional ac systems to
the hybrid dc/ac systems. The author set a goal to obtain acceptable efficiency in
comparison with popular solutions by using the low-frequency unfolding circuit.
The outcome of this work is to develop and launch TRL 6 prototype with a real ac grid
and virtual dc grid.

Hypotheses:

1. Buck-boost cells with unfolding circuit may provide the universal operation with
minimal redundancy.

2. Buck-boost cells with unfolding circuit may provide the reactive current injection in
the ac grid-connected mode.

3. Synchronous switches operation reduces zero crossing distortions and improves
quality of the grid current.

4. Model Predictive Control (MPC) with modified cost function can be feasible for
implementation with low-cost microcontrollers.

Research tasks:
To review the existing solutions on the market.
2. Research and design the most suitable power electronic interface for universal
application.

=
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3. Research power electronics interface requirements for simultaneous applicability
for AC and dc grids.

4. Research and develop a control regulator for a grid-connected system.

5. Design of the experimental setup and experimental verification of the universal
converter simultaneously applicable for ac and dc grids.

1.4 Research Methods

The research methods used to carry out the thesis are based on the mathematical
analysis, simulation models and experimental verification. New developed topologies
and circuits are mathematically analysed using Steady-State Analysis (SSA) [27], [28] as
well as transient analysis using functional analysis, including Laplace and Fourier
transform techniques. To study the operating properties of the new topologies and
control algorithms, dynamic and static models (with and without losses in components)
are developed. Computer simulations are generally performed in the MATLAB, Altium
Designer and PSIM software packages, which are all available at the Tallinn University of
Technology (TalTech). Experimental investigation and validation of theoretically
predicted results are performed using small laboratory physical models (<5 kW) of new
topologies, circuits, and unconventional arrangement. The Power Electronics Research
Laboratory of TalTech has modern facilities (digital oscilloscopes and function
generators, power quality and efficiency analyzers, microprocessor development tools,
PCB prototyping, and assembling tools, etc.) for the hardware and software
development.

1.5 Contributions and Disseminations

The results of the research are presented via scientific publications, conferences,
symposiums, doctoral schools, and presentations. During PhD studies the author
contributed to 18 publications. Among them, nine papers were published in peer-reviewed
international journals. The remaining papers were reported at international I|EEE
conferences. The dissertation is based on seven main scientific publications, including
five journals and two conference papers presented at two I|EEE international
conferences.

Scientific novelties:
e Development of novel family of topologies suitable for universal application.

e Definition of requirements for the power electronics interface for universal
application.

e  Synthesis of novel modulation approach for dc-dc or dc-ac converters.
e Synthesis and control the grid current of the minimum phase system using MPC.

e Comprehensive comparative analysis of buck-boost inverter based on unfolding
circuit and conventional solution as a H5, H6 and HERIC topologies.

Practical novelties:
e Reducing zero crossing distortion of the topologies based on the unfolding circuit
using synchronous switches instead of diodes and shift methods.

e Developing a new type of device applicable for both types of grid with the same
terminals and minimum redundancy.
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e Two buck-boost inverters based on the unfolding circuit were assessed and
experimentally confirmed with a grid-connected system: single-stage buck-boost
inverter based on the unfolding circuit; twisted buck-boost inverter based on the
unfolding circuit.

1.6 Experimental Setup and Instruments

The experimental setup was assembled in the power electronics laboratory of Tallinn
University of Technology. The workspace in the lab is shown in Fig. 1.3a. The oscilloscope
Tektronix MDO4034B-3 helps to catch the waveforms of voltages and currents of the
passive components. The special probes Tektronix P5205A and Tektronix TCPO030A are
useful for voltage and current measurements respectively. The Code Composer Studio is
an environment for writing a code for MCU from Texas Instruments and was used during
code developing.

Oscilloscope
Tektronix

Passsive Load

WTViewer
Tested for Yokogawa
Prototype
Code
Composer
Studio
Probes for (a)
measurements
Power
Analyzer
Yokogawa
WT1800
Three phase
autotransformer
with neutral
dc Power
Supply
Chroma

62150H-1000S

(b) (c)

Figure 1.3 Workplace in the laboratory of power electronics (a), Power analyser with a dc source
for the experimental setup (b), An autotransformer for a grid connected system (c).

Power Analyzer Yokogawa WT1800 was used for efficiency measurement within
software application WTViewer for remote equipment access. The solar simulator
equipment Chroma 62150H-1000S was used as an input voltage source for an
experimental prototype, as shown in Fig. 1.3b. The passive load Frizlen BW 20 was used
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in the open loop system, while the autotransformer was chosen for the grid-connected
system as a grid (Fig. 1.3c).

1.7 Thesis Outline

Chapter 2 describes the concept of the universal dc-ac/dc converter based on the
buck-boost converter with an unfolding circuit. The passive element design is considered
in Chapter 2. The experimental results based on the open loop system are presented.

In Chapter 3 control system details are discussed. The non-linear control block based
on the MPC is a main regulator, which is considered in Chapter 3. The special control
strategy simplifies a calculation and decreases computational time.

The experimental results for the grid-connected system are presented in Chapter 4.
The chapter considers all experimental setups that were developed based on the thesis
topic.

The last Chapter 5 provides a comparison of the buck-boost inverter based on the
unfolding circuit with conventional solution as a H5, H6 and HERIC topologies.
The comparison results allowed the possibility to choose the necessary semiconductors.
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2 Concept of the Universal dc-dc/ac Converters

The target of dc grid integration of PV plants leads to the appearance of a string dc-dc
converter, although conventional dc-ac inverters are still in demand. The market for the
solar microinverters concluded the same statement. The isolated dc-dc solar converters
are useful for customers. Currently companies [10], [29], [30] consider dc-dc solar
optimizers and string dc-dc converters as a future target market. However, the universal
dc-dc/ac converter can be useful as an alternative solution. This alternative solution
provides flexibility and the possibility of a connection to dc grid or to ac grid. The same
features can be found in any of the renewable energy converters.

The simplified structure of the universal dc-dc/ac solar converter is shown in Fig. 2.1.
The structure contains a semiconductor stage depending on topology, an output filter
along with an Electromagnetic Interference (EMI) filter, protection hardware circuit and
grid side with an impedance. Such a structure can be considered as an interface between
dc input voltage source and any residential grid (dc or ac). Moreover, a similar system is
suitable for an ac voltage source as well. This solution can be generalized for any
application with a grid connection.

| | 7
| | g
: : dc
Semiconductor : : grid
stage | Outputand EMI |
i Z
I filter stage | g
- | ac
I I grid
| |
| |

Figure 2.1 Simplified structure of the universal dc-dc/ac solar converter.

One of the main aims of this chapter is to define the requirements for power
electronics converters and a possible internal structure for a universal solar converter for
dc and ac operation modes.

Fig. 2.2 shows several possible topologies for a semiconductor stage of the
single-phase universal string solar converter. The conventional Voltage Source Inverter
(VSI) with an intermediate dc-dc boost cell can be connected to the dc grid (Fig. 2.2a).
A simple full-bridge inverter with a boost dc-link has a wide range of the input voltage
regulation, a simple control strategy and freewheeling states. Some good overviews of
the conventional solar inverters are provided in [31], [32]. At the same time many
inverters can work in the dc-dc mode. High step-up inverters [33], [34], [35] or common
ground inverters can also be competitive solutions [36], [37]. However, they may have
inherited limited power range or lower efficiency from dc-ac mode.

On the other hand, Fig. 2.2b shows one more possible solution for a universal
single-phase dc-dc/ac solar converter. The structure of such a topology is similar to an
interleaved synchronous buck-boost converter. The similar approach for boost converter
and common input voltage source was discussed in [38].

The third option as a possible universal solar converter is an inverter based on the
unfolding circuit [39], [40], [41]. Fig. 2.2c shows a buck-boost inverter as part of the family
of inverters based on unfolding circuit [42]. Such a solution can easily be adapted for the
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dc-dc operation mode by the control system without any impact on redundancy.
Moreover, the high number of semiconductors does not produce an excessive amount
of switching losses, because the system has the minimal number of simultaneously
switching semiconductors. At the same time, a buck-boost inverter based on the
unfolding circuit does not have problems with leakage current, because it does not have
a high-frequency component in the common-mode voltage.

+A)

{Si% Your Ac
- +(B)

1Gs|
= | Your_DpC

/Buck-boost cell\

SI L] Dg

(c) (d)

Figure 2.2 Conventional VS| as a universal dc-dc/ac solution (a), Buck-boost derived universal
dc-dc/ac converter (b), Buck-boost inverter based on unfolding circuit as universal dc—dc/ac
converter (c), Solid-state relay based on four-quadrant switch (d).

2.1 Protection Issue

The protection circuit is a usual tool for disconnecting the converter from the grid line.
Such instruments are a standardised solution (IEC 61869, IEC 60255, IEC 61850, and IEC
60834). The important part of protection is a circuit breaker for a fast system break from
the grid side. The main internal structure of ac CB is electromechanical components,
which allows the possibility to disconnect the circuit during the zero-crossing point,
which is a traditional principle of fault isolation. EMI filter is needed for avoiding higher
harmonics propagation. As mentioned in Chapter 1, the time of CB in ac system equals
around 80 ms, which corresponds to 4 cycles. An additional protection tool such as a fuse
can prevent burning out all switches and unnecessary system activation after a fault.
A varistor saves the system from overvoltage of the grid side.

However, a traditional CB became an unusual tool with the appearance of the dc grid
concept, because dc voltage does not fall to zero value. Thus, designing a good protection
system for the dc microgrid has been a challenge over the past few years [16]. A target
fault clearing time in dc transmission system is considered as 2.5 ms.

The structure of the possible protection circuit between the power electronic
converter and the low voltage dc grid can be the same. However, the main problem is
the nature of the dc fault current because it can rapidly rise to more than a hundred
times the nominal current. The dc microgrid has a low line impedance Zg. As a result,
the fault current deviation is so big, and during a couple of milliseconds the current
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increases to hundreds of amps. It means that ac protection instruments cannot be useful
for dc grid protection. Dc grid protection should include high communication speed and
good breaker functionalities [43]. As mentioned, one of the possible solutions for CB is a
solid-state relay. These solutions offer such key features as fast response, high reliability,
low conduction loss, long lifetime, and low cost. On the other hand, if CB is suitable for
dc grid protection, it can be applied to the ac grid as well. Fig. 2.2d shows the possible
solid-state relay for a dc grid CB. The SSR is based on a four-quadrant switch and a current
sensor. An additional snubber in parallel provides smooth switching, while a varistor save
CB from overvoltage.

2.1.1 Grounding Issue

Grounding is another issue which relates to safety and protection. The traditional ac
system ground has or may have the same potential as a neutral ground. However,
the potential between ac and dc ground is undefined if ac and dc grids coexist together
in the future. The main reason is that the dc bus line will be derived by rectification of
the ac voltage. There are several options that can be utilized for grounding. The first
solution is to use galvanic isolation between the dc and ac sides via using a transformer.
The other options are to set low or high resistance grounding or without grounding [44],
[45]. None of these solutions have an impact on the discussed universal solutions. If a
universal converter works with an ac system, where the impedance between ground and
neutral wires are low, then it can work with the dc grounded system as well.

Another important issue is a leakage current, which appears in all transformerless
no-common-ground converters. In most cases it can be solved by common-mode filters
[46], [47], that can be easily integrated into a circuit. Another way is to apply
special modulation techniques to reduce a leakage current [48], [49]. The universal solar
converters based on the unfolding circuit have a very small high-frequency
common-mode voltage component. Thus, the EMI filter is not needed for universal
dc-dc/ac converters. The negative output terminal of buck-boost inverter based on the
unfolding will be connected to common ground in the case of dc mode and a leakage
current will be absent.

2.1.2 Output Filter Selection in Terms of Protection

Another important parameter is the grid current quality. Filters with inductors at the grid
side are the most suitable to control the grid current. In many cases the grid side
inductance is assumed as an internal grid impedance. The calculation guidelines are
well-known and have been widely studied [50]. The topic of the dc grid systems along
with converters connected to the dc grid has become popular. However, the grid filter
design is not so widely studied. Usually, the capacitor is used at the grid side, but the
specific value of grid capacitor is not defined.

A simple filter can be integrated into a simple boost converter where the input
inductor is not connected to the output capacitor. The same LC-filter can be suitable for
a conventional buck converter, see Fig. 2.3a. In both cases the grid capacitor should be
small in order to prevent high spikes during connection to the grid, because there can be
a voltage difference. On the other hand, Steady State Analysis does not require an
additional capacitor for grid current quality. At the same time, a sudden disconnection
from the grid can be accompanied by a voltage spike due to the presence of the output
inductor. Thus, this capacitor can be considered as a suppressor to limit possible voltage
spike.

21



The CLC-filter in Fig. 2.3b can be considered as a further derivation of a C-filter suitable
for boost converters. The capacitor C; along with the inductor L; are the main filtering
elements, while the grid side capacitor C; is a suppressor. Fig. 2.3d shows a simplified
equivalent circuit of a sudden dc grid disconnection process in the case of a grid side
LC-filter. The control system has to perform a short circuit at the output side of the
converter to minimise the voltage spike AV across the capacitor C; after detecting a
sudden dc grid disconnection.

L, L, L
I
@ C; @ 16 |G
(a) (b)
L; Rsy L
VDC C] Cg

II>(‘

(d) (e)

Figure 2.3 Switching process during sudden dc-grid disconnection: disconnection schematic for
LC-filter (a), disconnection schematic for the LCLC-filter (b), transient process of the output voltage
and output inductor current (c), equivalent circuit of the LC-filter (d), equivalent circuit of the
LCLCfilter (e).

The perfect transient waveforms are shown in Fig. 2.3c. As usual the waveform of
transient process is oscillation. The above process describes the equivalent circuit in
Fig. 2.3d, and it is possible to derive differential equations:

di, . dve .
Ll'?iz_lg'Rs_vc: G .E:lg . (2.1)

If the disconnection from the dc grid occurred, the initial conditions will be as follows:

i,(0)=1pc, ve (0)=Vpe, (2.2)

where Vpcis a dc grid voltage at the moment of disconnection, while the Ipcis a grid
current at the moment of disconnection.

The voltage across the output capacitor is starting to grow up to maximum value
Ve maxafter disconnection from dc grid due to the accumulated energy in the inductor.
The solution of eq. (2.1) is simple, but it is massive. The series resistance defines the
damping ratio of this oscillation but does not have a significant influence on the
maximum value Ve mux.

If to neglect parasitic resistance Rs, it is possible to find a simplified expression of the
maximum voltage across the capacitor. The entire accumulated energy in the inductor is
flowing to the capacitor:
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L ~112)C _ G .(VgiMAX _VDZC) . (2.3)
2 2

Finally, the expression for the voltage spike 4V¢ across the capacitor C; can be

calculated:
_ _ L1 2 2
AVC = VCﬁMAX _VDC = E'IDC +VDC _Vpc- (2.4)
1

The value of the voltage spike is proportional to the initial current and filtering
inductance, while it is opposite to the value of the suppressing capacitor. As a result,
design guidelines must consider a maximum voltage spike across the capacitor and
maximum power of the converter.

Fig. 2.3e shows the equivalent circuit in the case of CLC- and LCLC-filters after dc grid
disconnection. Based on this circuit, the expression of the suppression capacitor can be
obtained in a similar way to solving differential equations. In the case of the CLC-filter,
one more differential equation is needed:

di . dve, ; dve,
Ll'?f:_lg'Rs:Cl' dt =1, G- dr =l - (2.5)

The initial values are the same as before and correspond to grid voltage and current:

I (O)ZIDC' vCl(O):VDC' Vea (O):VDC' (2.6)

In the same way it is possible to identify energy between capacitors and inductor after
disconnecting from the dc grid. It is possible to write a system of equation to get the
suppressor voltage spike:

14 v,

Cl .. pC _I/L;MAXI _ C2 . VCiMAX ~Vpc
t, t
2 2 2 ) , " (2.7)
Lz '2100 _ C] . VCiMAXl _VDC +C2 . VCﬁMA);_VDC

Finally, solving equation system 2.7 gives a result for the voltage spike across the

suppression capacitor:
Iy |G GL (G +C,)
AV(: = .

2G,(C, +C,)

(2.8)

All other passive components of the universal converter part can be calculated
similarly to the classical approach [PAPER-VI], [51] keeping the ripple in the current as a
main parameter to be reduced.
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2.2 Summary

The converter based on unfolding stage can naturally provide dc or ac output voltage
without additional redundancy. The power electronics converter that was initially
designed for dc-ac application with an output filter stage for dc grid and fast protection
relay can be considered as a universal solution. The CB must cover all demands of dc grid
protection, while the output filter can be chosen as a filter for conventional ac application
with an additional output capacitor (suppressor) to eliminate voltage spike at a sudden
grid disconnection. The considered approach can be used as an industrial solution for
low-voltage dc and ac systems.
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3 Application Oriented Design

The fundamental waveforms of a converter are independent of the selection of
components and electric parameters (e.g. switching frequency, selected semiconductors)
and result from the basic modulation scheme and yield some general requirements for
the dimensioning of the components. General requirements include passive
components’ estimation taking into account the same current ripple in the inductors and
the same voltage ripple across capacitors.

The volume of a core of the inductor as well as the volume of capacitor can be
estimated based on its maximum accumulated energy:

Ny Ne
Vol, =Y L i}, Vol. =Y C, -V, (3.1)
i=1 i=l1

where L; and C; are values of i inductance and capacitor, N, is number of inductors

and Nc is number of capacitors. i;, is a peak inductor current and V; is a peak of

capacitor voltage.

Moreover, the relative switching and conduction losses that are independent from the
selection of semiconductors can be introduced. First of all, the relative conduction losses
are proportional to the square of the switch current. As a result, total conduction losses
can be scaled to the following scale:

Ng N
CL=Yig, (3.2)
i=1

where i is RMS switch current, Nsis a number of switches.

Neglecting the current ripple, both the semiconductor voltage vs; and semiconductor
current is; influence the hard switching losses [56]. The average value of the product vg;
-and is; over a fundamental period T express a good measure to indicate switching losses:

SL = Nzi(;; ) (3.3)
i= T

Table 3.1 Target parameters of the universal interface converter.

Parameters Value
RMS grid voltage Vg, V 230 ac/350 dc
Output power range P, W 100-3600/100-5000
Input voltage range, V 100-500
Maximum input current, A 10/18
Maximum input current ripple, % 40
THD of the output current in the ac mode, % 5
Maximum output current ripple in the dc mode, % 5
Maximum switching frequency 62 kHz

Obviously, unfolding transistors do not contribute to the switching losses, as no
switching transitions occur. Taking into account the size and price optimisation,
it is necessary to calculate the minimal values of passive components that are able to
provide acceptable input and output power quality. At the same time, due to the
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non-conventional utilisation, it has to take into account both dc and ac modes. Table 3.1
summarises the parameters of the universal interface converter including target
demands for passive components.

3.1 Design of the Filters

Steady state analysis is considered as the main tool for calculations. SSA allows to obtain
the expressions of the passive components with sufficient tolerance. The calculation of
inverters based on the infolding circuit has a difference to a simple SSA because the
system is the 4" order type in buck mode and the 3¢ order type in boost mode.
The calculation is too bulky, which is why only a buck-boost inverter with an unfolding
circuit which operates in a buck mode was considered. The same approach was applied
to all selected topologies for all modes: buck and boost.

Basically, the calculation of the passive components with using SSA relates to the
dc-dc converter. On the other hand, the ac grid-connected system also operates with a
high switching frequency. It is possible to underline that, during several PWM periods,
any power parameter is in a steady state. The output voltage is a sinusoidal power signal,
while the output current directly depends on the output voltage and the load:

Vour =V, -sin(@), i, = "O%L ) (3.4)

where Vi is the peak of the output voltage, R; is a resistance load.
Fig. 3.1 shows the topologies of the buck-boost inverters based on the unfolding
circuit that were proposed as the inverter’s family in [42].
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Figure 3.1 Family of the single-phase buck-boost inverters based on the unfolding circuit: Buck boost
inverter with unfolding circuit (a), Twisted buck-boost inverter based on unfolding circuit (b).

The first topology of the inverter’s family is a single buck-boost inverter based on the
unfolding circuit with two inductors (Fig. 3.1a): the input inductor is a main part of
converter and the second is a grid filter inductor. The circuit consists of an input
inductance L, a small capacitor C; instead of a big dc-link capacitor, the output LC-filter
for protection and current quality and eight switches S;—Ss. In part, the principle of
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operation is described in [52], which selects the mode of operation based on the ratio
between the input and the output voltage.

The unfolding circuit is operating with a low frequency of switching, while the
buck-boost part is working with high frequency. Despite a high number of switches that
generally decrease reliability, it provides a very flexible modulation strategy. Switches §;
and S, correspond to buck mode and S3, S, are working in boost operational mode.
At the same time, transistors S; and S3 are the main switches of the basic operation
modes of the converter.

The transistors S> and Sy can be replaced by diodes in case unidirectional operation is
required. In the case of bidirectional power flow, the switches S> and S, should be
selected as transistors. A bidirectional power flow allows the possibility to work as a
rectification converter, which may be useful in another application. Transistors Ss-Sswork
as a simple unfolding circuit in accordance to the classical unfolding circuit. Potentially,
the unfolding switches can also be used with a high-frequency modulation.

The buck mode will be applied when the input voltage viv will be higher than the
instantaneous value of the output voltage. The buck mode operates using a traditional
duty cycle dependence:

Vour =Dy - Vyy . (3.5)

where Ds;is a duty cycle for the transistor S;. The converter works in two states: active
state corresponds to conduct switch S; and zero state, where S is conducting.

Otherwise, if the input voltage is smaller than the output instantaneous value of the
output voltage vour, the boost mode will be chosen. During boost mode transistor S; is
conducting, complementary switches S;and Sy are responsible for boost function:

Viv
Your =7~ (3.6)
1- Dy,

where Dys; is duty cycle of the switch S;. Therefore, the buck or boost functionality is
selected based on the ratio between the input and output levels.

The second topology is the twisted buck-boost inverter based on the unfolding circuit,
which is shown in Fig. 3.1b. The details regarding a twisted inverter based on the
unfolding circuit are presented in [PAPER-V].The operational principle of this converter
is slightly different to the first topology. The main difference is the number of switches
and one operational mode. The converter works only with a buck-boost mode and does
not require tracking the ratio between input and output voltages. The twisted inverter is
based on the conventional buck-boost dc-dc converter with known gain factor:

Dy,
=——V,. 3.7
1-D, " 7

Your

Switch S, is responsible for generating necessary value of the output voltage, while S
can be replaced by a diode for unidirectional power flow. The unfolding circuit is realized
by transistors S;-Sswith low switching frequency.

A significant number of the semiconductors does not cause a significant switching loss,
because only two transistors are switching in any operation point. The common mode
voltage of any of these solutions does not have high-switching harmonic, as a result small
size of the common mode filter is required.
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Figure 3.2 Equivalent circuits of buck-boost inverter based on unfolding circuit: buck mode (a)-(b),
boost mode (b)-(c).

Then the buck-boost inverter based on the unfolding circuit operates in buck mode,
and two states are used: active and zero. The equivalent circuits of the buck operation
are shown in Figs. 3.2a and 3.2b. Two LC-filters provide small ripples at the output side
during buck mode. Figs. 3.2b and 3.2c show the equivalent circuits of the boost mode.
The purpose of the boost case is to store energy in the input coil and to transfer
accumulated energy immediately to the load via the CLCfilter.

As afirst action, the Kirchhoff rules should be considered to obtain the basic equations
of each equivalent circuit:

Vi = Viv — Ve Vi ==Ve
i.=1I —1i i..=1i —1i
a = Ty a Tl Ty
7 7 (3'8)
Vir =Viv =V —Vour Vg =~V —Vour
le = lLf _ln lCS = lLf _lo
Fig. 3.2a Fig. 3.2b

where v;; is the voltage on the input inductance, vy is the voltage across the output
inductor, ic; is the current of the unfolding circuit capacitor, icsis the current of the
output capacitor, vy is the input voltage, vouris the output voltage.

Fig. 3.3 shows the waveforms of the inductor currents and the voltages across the
capacitors. A singularity of the buck mode is that all high-switching pulsations depend on
the ripple of the input inductor current. Furthermore, the pulsation of the unfolding
capacitor voltage depends on the current of the output inductor. The ripples of inductor
Ly current depend on the capacitor voltages. Finally, the output capacitor fluctuation
depends on the output inductor current. Thus, the filled areas of calculation in Fig. 3.3
are needed to obtain each high-frequency ripple:

LA, = DT, v, - j Tve ()]t LA, = j Tver (£)=ves (1)) (3.9)
Cve, = [ [ (=i (0]di+ [ [1(0)-, ()]a, (3.10)
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D'Ty
DT

Cvg, = [ [iy (1) ]dr+ E (i1, (¢)]ar, (3.12)

DTy

where 4i; is a high-frequency ripple of the input inductor current, Ts equals the PWM
period, D is a duty cycle, D’ is an inverted duty cycle and equals 1-D, A4v¢; is a high-
frequency ripple of the unfolding circuit voltage (across capacitor C;), 4ijyis a ripple of
the grid inductance current, L;, L; C;, Cs are nominal values of the passive elements.
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Figure 3.3 High-frequency waveforms of ripples in the passive components: a voltage across the
input inductor L, (a), a triangular input inductor current (b), capacitor current ic: (c), 2" order shape
voltage of the unfolding capacitor C:(d), the voltage across output inductance Lf (e), 3¢ order shape
of the output inductor current (f), the output capacitor current (g), 4t order shape of the output
voltage (h).

The ripple of the input inductor current is a triangular waveform (Fig. 3.3b).
The inductor current depends on the high-frequency ripple and the steady state value:

i () =2t By )

= JA Ay (3.12)
DT, 2

DT, 2 °

As mentioned, the buck mode has two LC-filters; they are working continuously during
the buck mode. Therefore, the capacitor of the first LCfilter has the second order
high-frequency pulsation. It corresponds to a parabola shape, as shown in Fig. 3.3d.
The voltage expression of the capacitor C: during active state is as follows:

2-Avg, 7 2-Avg, -t
(D];)z DT

gy - (3.13)

Ve (t) =

The grid inductance current has the third order shape of ripple (Fig. 3.3f).
The equations of the inductor current with an active and a zero state are shown below:

29



2Ai, - 3Ai L2 Ai,

iL_/'(t) Ly - Iyt N Ly +i (3.14)
(D-1,) (D-Ty) 2
2Ai,, -1 3A A,

i, (1) = R (3.15)

(D'- TS)3 (D1, 2

The voltage across the grid capacitor has the fourth order shape pulsation (Fig. 3.3h),
which depends on the steady state value and the pulsations across the grid capacitor in
the active state:
8Av,, 1" 16Av, -t
5(D-1)" 5(D7,)

8Av,, -t
+ 8%
5D-T;

VCS(Z):

our . (3.16)

Based on eq. (3.8)-(3.16) it is possible to obtain a linear system with 4 unknown

variables. These unknown variables are ripples in passive components and the
mathematical system has the following format:
Ai, = (VIN _VOUT).?/IN Ay, = (Av(, +Av(,‘s)'V0UT
L Vour - f 3Lyvw S (3.17)
4-Ai, +5-Ai 5-Ai
Ave, :L—Lf’ Ves = =
' 32-C,- f ©32.C,-f

where fis the PWM frequency. Solving of the system (3.17) gives the equations of the
ripple in each passive component.

Table 3.2 Expressions of passive components and duty cycle for buck and boost modes.

Buck-boost inverter Twisted buck-boost inverter

Topology based on unfolding circuit (Fig. 3.1a) based on unfolding circuit (Fig. 3.1b)
Mode Buck Boost Buck-Boost
Duty cycle [Per| el = vy veer|
Vin ‘vREF‘ ‘VREF ‘ TV

2
Vour Yy '(VA\" - Vuur) Viv '(V()UT - VIN) Vour Vi Vi

Inductance L,

2K, Py f 2K, - Pvoyr - f 2'KL‘P'(VOU'T'*'VIN)'(VM+V1N)'f
Inductance L, Vour Vi (K +Key) Vi (4K +5-K) Vi (4-Kc+5-Ke,)
f 6K, -P-v,-f 64-K,. -P-f 64-K,, -P-f
2
Capacitor C P-(4-K,+5Ky) 2P (Vour — Vi) 2-P-vyy,
1 _— 77 £ our TP )
16-Ke V- f Ko Vy Vigr - f KoV (Vour + v )/
Capacitor C, % 2-P- K///‘ ) (Vour —Viv 2-P- K,/ “Vour
s 16K, Ve f 3-Keo Vi Vour f 3.K,, Vw( Vour + Vi ) I
Point of v B B
maximum Vour = l% Vour =V Vour =V

Usually, the ripple factor is used for the calculation of the passive elements:

K:

L

Ai, Aiy,
’ K - = 5 ’
L o %/MAX
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_Av,, _Avg,
KC B /V(‘lMAX ’ KCS - /VCsMAX ’ (3.19)
where I1yax, Irmax are the maximum current values in inductances, Ve, Vesuax are
the peaks of the capacitor voltages.

The next step of the calculation is to find the maximum ripple during the grid period
because each expression depends on the phase of the output voltage. Taking the
derivative reveals the maximum of the ripple.

Tables 3.2 and 3.3 contain the expressions with the values of passive components for
the considered family of topologies. The maximum pulsation in the buck mode
corresponds the point when the output voltage equals half of the input voltage. The point
of maximum of the twisted buck-boost inverter coincides with boost mode points in
another topology. The presented calculation approach allows to obtain values of the
passive components with the predefined ripples.

Table 3.3 Values of passive components as a function of converter parameters.

Conventional VSI with Phase-integrated solution based on buck-
Topolo, boost cell (Fig. 2.2a )
&y (Fig ) boost cell (Fig. 2.2b) v,y = (VUUT + VM)/2
Mode Buck Boost Buck Boost
2 2
Inductanc viy K. Viv '(VOUT - V/N) Vav Yy '(VIN _VAN) Viv '(VAN _VIN)
el 16-K,-P-f 2-K, Py f 2-K,-Pvy-f 2-K,-Pvy-f
Ireld;c(tznc Vit “Vour '(Vl.v - VOUT) Vlvzt '(4 Ko +5- KC.\') Van * V/j '(Kc jLKo-) VA/ZI '(4 Ko +5- KC;)
Lfﬁ)”’ 4K, -Pvy-f 64-K, -P-f 6K, Pvy-f 64-K, -P-f
“Capacitor 2'P'(VIN _VOUT) 2'P'(VULT_VI/V') P'(4'KL+5'KL/) 2'P'(VAN _Vm)
G KC'viv'f K-V 'V(Zwr'f 16'Kc'V»21'f KC'VM'anN'f
Capacitor P.KLg 2-P- Kl/g '(Vour 7"1.\') 5- KL/ P P'K/_/ '(VAN 7V/‘v)
Cs 4K(ng21f 3'KCg'V.\j'Voz/r'f 32'KC\~'VAj'f 3'K(7v'V.~/21'V/w'f
Point of V), _ Viy —
maximum Vour = l% Vour = VM Vour = 2 Vour = VM
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Table 3.4 Current and voltage stress across passive components as a function of converter

parameters.
Buck-boost Twisted buck- Conventional VSI Phase-integrated
inverter based on boost inverter with boost cell solution based on
Topology unfolding circuit based on (Fig. 2.2a) buck-boost cell (Fig.
(Fig. 3.1a) unfolding circuit 2.2b)
(Fig. 3.1b)
Mode Buck Boost Buck-boost Buck | Boost Buck Boost
Max'm“tm 2.P 2-P 2-P 2P 2P 2P 2P
In df]liigi:e L] VM VIN VIN V‘\/I VIN V‘\/l V‘\/I
Maximum
current 2-p
Inductance L, Vi
(L, L)
Maximum
voltage v
Capacitor C;, M
Cs
Total voltage
stress across
high- 2'VM+2'V1N 2'VM+2'V1N 4'VM 4'VM+4'V1N
switching
transistors
Total voltage
stress across
low-switching 47y 47y 2V 0
transistors

In advance, Table 3.4 shows the current and voltage stress across passive components
as a function of converter parameters for all compared topologies. It will be used for
further comparative evaluation. Equations contain input power P, maximum output
voltage Vi and input voltage vy and output voltage vour. The output voltage
corresponds to the general case of ac and dc modes. If the dc mode is considered, this
value is equal to the maximum output voltage Vi, while in ac mode it is the absolute
value of sinusoidal voltage waveform.

Output filter (Ly) in the case of buck operation of BVSI is calculated according to the
classical approach that takes into account the THD of the output current rated for 75%
of maximum output power. This design approach does not differ from any other
conventional inverter. It includes Vinv output high-frequency component of the inverter
voltage before filter.

3.2 Verification of the Filter Design

3.2.1 Special Modulation Techniques

Several modulation techniques can be used for the proposed topologies. In general, the
modulation method can lead to different conduction and switching loss, computational
time, and quality of the output current and voltage. During calculation of the duty cycle
for an open-loop system some reference signal such as vzgr should be used. Basically, the
reference signal corresponds to the expected output voltage. In the case of a grid
connected closed-loop system the control block uses MPC for a generating reference
signal. It is possible to highlight two main cases: the input voltage is less than the
amplitude of the reference voltage vgrer and when the input voltage is higher than the

32



peak of vger. In the first case, the converter will operate in buck and boost mode,
depending on the comparison between input voltage and instantaneous reference value,
as shown in Fig. 3.4a. If input voltage is higher than the reference signal, the buck mode
with buck duty cycle is chosen:

b el (3.20)

where reference signal vrer is taken as absolute value because the output side is kept
as positive for the input side during a negative half cycle.
Otherwise, the converter will enter boost mode with a corresponding duty cycle:

D :m, (3.21)

BOOST |VRFF|

where Dpoosris a duty cycle of the switch S3, while the main buck switch S; is always
turned on.

These duty cycles are compared with high-frequency carrier signals to generate gate
signals for each corresponding switch. At the same time, the unfolding signals can be
derived by comparing the reference signal vgzr with zero. The frequency of the unfolding
circuit is the same as industrial grid frequency and equals 50 Hz. Fig. 3.4b shows the
principle of signal generation for buck, boost and unfolding circuit switches. This case
corresponds to a situation where the input voltage is lower than a peak of the reference
signal. The modulation technique discussed is valid for a buck-boost inverter based on
the unfolding circuit.
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Figure 3.4 Switching signals generation for the buck-boost inverter based on unfolding: the case
when vy is lower than the peak value of vrer (a) and PWM signals of each transistor (b).
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The same approach is used for a twisted buck-boost inverter based on the unfolding
circuit, but this circuit only works with one operational mode for the buck and boost
feature. This regime can be called the buck-boost mode.

The duty cycle similarly depends on the absolute value of the reference signal, and is
calculated as follows:

D, — [Var | ) (3.22)

BB
|VREF | +V

where Dggrepresents the duty cycle of buck-boost mode for switch S;. The unfolding
signals are generated in the same way as in the first circuit. Fig 3.5 shows the principle of
signal generation for the twisted buck-boost inverter based on the unfolding circuit.
If apply duty cycle more than 0.5 the boost mode will be chosen, otherwise the system
will work in buck mode.

Fig. 3.6a describes the operation principle of the conventional solution for universal PV
application. A non-conventional modulation approach is considered for implementation.
In some research studies it was called a time-sharing dual mode control scheme [53],
[54]. A very similar control approach is called cooperative control [55]. The shape of the
voltage across capacitor C: follows the modulation voltage in the boost mode. In this case
only boost transistors are working in the high-switching mode, while VSI transistors
perform an unfolding function.

Boost

Buck

S3&6
S4&5
0 0.02 0.04
Time(s)

Figure 3.5 Switching signals generation for twisted buck-boost inverter based on the unfolding
inverter in a case when viy is lower than the peak value of reference signal.

Figs. 3.6b and 3.6c illustrate the concept of universal applicability of the Phase-Modular
Converter (PMC). In the first case, internal commutators (switches) SW;-SW; are
configured to provide sinusoidal output voltage (Fig. 3.6b). SW;, is conducting, while
other commutators are switched off. In the second case, the commutators (switches)
SW; and SW; are conducting, which leads to the connections of the positive output’s
terminals of each cell providing only the dc component. The interleaved mode that is
activated in this case reduces the output and input current ripple.
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A simple open-loop system was chosen as verification. The values of the ripple factors
should be such that they avoid discontinuous current mode in inductances. For example,
the ripple factor of input inductance was set at 20%. The unfolding voltage factor was
also 20%, while only 5% was set for the output LC-filter ripple factors. The output
inductance ripple factor is 10%. The lower power causes significant current pulsations in
the inductances, which is why it was decided to calculate passive elements under 1 kW.
Moreover, the highest possible boost according to announced voltage range is 3.2. If the
minimum input voltage equals 100 V, the maximum possible input power is 1 kW.
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Figure 3.6 General operation illustration of the operation principle: boost and buck operations for
conventional inverter with boost cell(a), phase-integrated solution based on buck-boost cell (b),
dc-dc mode interleaved buck-boost cells (c).
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Fig. 3.7 shows the simulation results from a software tool, PowerSim. The buck mode
is shown in Figs. 3.7a, 3.7b and 3.7c. The input voltage was 500 V, and the output voltage
was a traditional grid shape, which equalled 220 V of Root Mean Square (RMS). Based on
the simulation results, it was found that the theoretical statements are only right in the
phase of the maximum ripple, because a combination of two LC-filters or one CLC-filter
with a resistance load causes phase shifting between currents and voltages. As the peak
of the output voltage is 320 V, the phase of maximum ripple is 51 degrees in the buck
mode. The unfolding capacitor ripple, which equals 21.1%. The ripple factor of the
inductance Li1is 21.1% when the output inductance factor is 9.8 %. The output ripple
factor is 4.3%.
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Figure 3.7 Simulation verification of the component design for the buck-boost inverter based on the
unfolding circuit: the inductor current within 500 V of the input voltage (a), capacitor voltages in
the buck case (b), the grid inductor current in buck case (c), the inductor current in the buck-boost
case (d), the output voltage along with the capacitor voltage under 100 V of the input voltage (e),
the grid inductor current in buck-boost case (f).
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Figs. 3.7d, 3.7e and 3.7f correspond to the boost mode when the input voltage is
100 V. The point of the maximum ripple matches the peak of ac voltage and equals 90
degrees. The maximum input ripple factor is 19.8%. The voltage factors are 19.8%
and 3.1%. The output inductor pulsation equals 9.2% while the theoretical factor is 10%.
As a result, the simulation results show a precise conformation the theoretical
calculation. The maximum discrepancy with a setpoint ripple factor is 1.9% in the output
voltage.

3.2.2 Comparative Evaluations
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Figure 3.8 Calculation results of normalized passive elements in a range from boost 4 to buck 4:
the input inductance values L, (a), dependence of the grid inductance Ly (b), the unfolding capacitor
Ci (c), and the grid capacitance Cs (d).

Fig. 3.8 shows a comparison of passive elements for all topologies under a constant
input current instead of a phase-integrated solution based on buck-boost cell. All passive
components were designed according to the biggest ripple. Each parameter is normalized
to the value of a single buck ratio (viv p.u.= 1). The comparison considers a range from 4
boost to 4 buck ratios between the input voltage and the output peak. The x axis contains
the input voltage, which is normalized on the peak of the output voltage. All theoretical
ripples were the same as considered during the verification. Fig. 3.8a shows the
comparison of the inductance Li. If we pay attention to all input voltage ranges, the
inductance should be selected with the same value for all topologies. The capacitor Ci
should be chosen higher in the twisted buck-boost inverter based on the unfolding
circuit, as shown in Fig. 3.8b. Conventional VSI with boost cell requires a bigger nominal
value for the inductor Ly as demonstrated in Fig. 3.8c. Finally, the single buck-boost
inverter based on the unfolding circuit needs the highest value of the grid capacitor Cs
(Fig. 3.8d).
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Figure 3.9 Comparative spider diagrams: buck operation in ac mode (a), Boost operation in ac mode
(b), Buck operation in dc mode (c), Boost operation in dc mode (d).

Fig. 3.9 shows a comparison of the results between three topologies: buck-boost
inverter based on the unfolding circuit, conventional VSI with boost cell and a
phase-integrated solution based on buck-boost cell. Capacitance energy is approximately
the same in all topologies. However, the buck-boost inverter based on the unfolding
circuit has lower inductance energy. The maximum voltage stress across high-frequency
switches is the phase-integrated solution based on the buck-boost cell, while other
solutions have approximately the same lower values. Of course, the maximum stress on
low-frequency switches is found in the first solution, because it has an unfolding circuit.
The conventional VSI with boost cell is the better solution in terms of switching and
conduction losses in comparison with other solutions. However, modern semiconductors
on the market allow the possibility to significantly decrease power losses. That is why the
buck-boost inverter based on the unfolding circuit can be considered the best solution
for a universal concept for residential ac and dc grid application.

As a result, the final values of the passive elements were chosen. Table 3.5 contains
the parameters of the passive elements and a model of switches for buck-boost inverter
based on the unfolding circuit. The values of inductors were chosen for 1 kW input power
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for the buck case. The capacitor values were selected from the boost case. As unfolding
circuit switches are low-frequency switches and do not generate switching losses,
the switches should have a good drain source resistance but bad dynamic characteristics.

Table 3.5 Components used for further simulations and experimental setup.

Topology

Buck-boost inverter based
on unfolding circuit

Twisted buck-boost inverter
based on unfolding circuit

Inductance Lj, L2 1.6 mH 1.6 mH
Inductance Ly (Ls1, L) 0.33 mH 0.68 mH
Capacitor C; (C2) 1.3 pF 1uF
Capacitor Cs (Csi, Csz) 1uF 1 uF

Research project [PAPER-IV] studies the interleaved features of the buck-boost
inverter based on the unfolding circuit. The interleaved buck-boost inverter means using
several buck-boost cells in parallel and a common unfolding circuit. As a result,
the optimal number is two buck-boost cells, because with the second case the efficiency
goes up, despite the cost. The third buck-boost cell will lead to a significant cost increase,
but the efficiency does not go up significantly.

3.3 Summary

Several solutions were selected as a universal converter that is applicable for the ac and
dc grid. A comparative analysis based on several criteria was performed for choosing the
most suitable solution. One of the main parameters is a volume of the passive elements
that corresponds to energies in passive components. SSA allows to get a maximum
high-frequency ripple in each component. The buck-boost inverter based on the
unfolding circuit was chosen as an optimal solution for a universal converter.
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4 Model Predictive Control as a Feasible Solution for
Industrial Application

Many circuits in power electronics use different existing techniques for control.
The integral-based techniques are used in most cases for power electronic converters.
For example, a Proportional Resonant (PR) controller provides high quality of the grid
current [57], [58], [59]. Usually, a PR controller is the base for an inverter control system.
Despite fundamental harmonics, the PR block can suppress unnecessary frequency of the
grid current. On the other hand, to avoid additional harmonics a combination of different
techniques can be applied in a single system [60]. Integrated control techniques
eliminate the steady-state error [61]. Such methods work slowly and do not require a
high sample rate. Delay is also an issue for the integral methods. The repetitive controller
(RC) is one of the solutions to overcome the delay problems [62]. Another issue of
integral methods is zero-crossing distortions under low input power, especially in
unfolding circuit-based inverters. Fig. 4.1 shows the zero crossing distortions of the grid
current. However, the integral control techniques do not provide high accuracy during a
wide range of the input power.

Alg

Figure 4.1 Zero-crossing distortion of the grid current in a twisted buck—boost inverter with unfolding
circuit based a PR controller.

Another possible solution is a non-linear method, Model Predictive Control (MPC),
which has become a popular algorithm in power electronics [63]. The MPC can be
classified as a continuous control set (CCS-MPC) or as a finite control set (FCS-MPC) type.
The continuous control MPC has a fixed switching frequency with modulator, while the
FCS-MPC allows online optimisation and has a variable frequency. FCS-MPC requires a
faster control unit, as shown in [64]. MPC solves several issues of the integral methods.
The MPC cost function observes different parameters, such as power, voltage, current,
and duty cycle. The MPC selects the exact variant of the suitable current value, which
consequently improves accuracy.

4.1 MPC for Twisted Buck-Boost Inverter Based on the Unfolding Circuit

The initial idea of the MPC strategy for inverters based on the unfolding circuit was
presented in [65]. This chapter describes the implementation of CCS-MPC control block
for a grid-connected twisted buck-boost inverter with the unfolding circuit. One of the
main purposes is to reduce a zero-crossing distortion by using the MPC. Fig. 4.2a shows
the functional structure of the control system with a pulse width modulator. Fig. 4.2b
presents the general block diagram of the different gate signals by calculating the duty
cycles. The MPC is a certain block of the control system. An indirect CCS-MPC permits
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calculation of the high-frequency ripple in the passive elements. High frequency sampling
increases stability, because each PWM period is considered. However, the accuracy can
be reduced because of limited opportunities for changing the power signals.
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———> Predictive
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Figure 4.2 Structure of the control system based on MPC (a), Modulator structure for the twisted
inverter based on the unfolding circuit (b).

The sample frequency is the same as the PWM frequency. The measurement delay is
one cycle of the PWM. Accordingly, the system should also calculate power states during
the previous period. The CCS-MPC provides control of the low-frequency unfolding
circuit. The unfolding part signals are changed with regard to the sign of the predictive
output capacitor voltage.

Fig. 4.3 shows the shapes of the power states due to the switching of the main buck-
boost transistor S; [See Fig. 3.1b]. Regarding the signal shapes, some simplifications can
be applied. The high-frequency ripple of the input inductor current has a triangular view
as the output capacitor voltage. However, the shape of the grid current is a nonlinear
signal. Thus, it is not easy to calculate values of the grid current for the next period of the
PWM. The instant power signals create a shift for the higher harmonic of the grid current.

The computational time is an important parameter when the MPC is used as a control
block. Usually, the integral techniques calculate reference voltage faster than the MPC
[66]. Thus, systems that provide an MPC with high horizon require expensive chips with
a high computational burden [67]. As a possible option, the parallel working of DSP within
FPGA chips allows to decrease the computational time of the MPC [68].
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Figure 4.3 High-frequency waveforms of the states.

Fig. 4.4a shows the equivalent circuit that relates to the input energy storage. Fig. 4.4b
depicts the second equivalent circuit, where the storage energy transfers to the grid.
The resistances of inductances and switches were considered in the calculation.
The voltage of the input capacitor C;v was equal to the input voltage, therefore input
capacitor was ignored during the calculation. The differential equations were obtained
for each equivalent circuit.

(b)

Figure 4.4 Equivalent circuits: The first state when the input inductor is accumulating the input
energy (a), the case of the storage energy transferring to the grid (b).

The equation for the first equivalent circuit is as follows:

di, (1)

dt

L -

1

=V (t)_iL (t)'(RlN +RSW1 +RL)' (41)
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dl(t)—v()v()—z()(R+R) C~dv()=—l() (4-2)

! dt

where Rr is the input inductor resistance, Riv is the input side resistor, Rswi is the
resistance of the switch Si, Ci is the unfolding circuit capacitor, L is the input
inductance. The second equivalent circuit is the third order equation. The differential
equations are the following:

1 UNFOLD

L, L (’) v ()=, ()=, (1)-(R. + R, )» C,-

1) () (- B+ R+ ). (43)
Ly i), 44

where Rsw2 is the resistance of the transistor S2, Runr is the resistor of the unfolding
switch.

4.1.1 Cost Function Based on the Grid Current

As a classical cost function, the grid current is a main parameter for regulation. For this,
simple differential equations are useful for predictive values. A special assignment of the
duty cycle is defined. The new value of the duty cycle may be chosen in 0.5-3% near the
open loop voltage ratio. The expression of duty cycle has the next view:

v, [k+1]
Dlk+1|=—"———=2001, D’ (- ‘
- v [k 1]+, [k []+ , Dk+1]=(-Dlk+1)) T, (45)
t, =D[k+1]-T,, 1, =1-D[k+1]-T,, (4.6)

where viN/k] is the input voltage level, vg/k+1] is the value of the grid voltage at the
next PWM period.

The simple differential equations allow to obtain the predictive values for the next
periods. The parameters of the input capacitance Riv and Civ have a small effect on the
main inductor current. That is why these parameters were neglected. The predictive values
are as follows:

i’ VIN[k]'tO"'Ll'iL[k] i — _ig [k] )
i [k+1] = . » Ve [k+1]= v, [K] o (4.7)
o les1] =i [k]+(v'c[k+1]+vc[k]—2.vg[k]).t , @.5)
g g 2L, 0

where irf/k], vc[k], ig[k], ve[k] are the initial values of the sample.
In the second case the differential equation is more complicated, because the
equivalent circuit is 3™ order system:

e [k+1]—(vc [K]+v.. [k+l])'f1' (4.9)
21
vc[kﬂ]:vé[k+1]_iL[k+l]+iL’[k+1]+2i;, [kH]-t,, (4.10)
2-G,
k1] = [k+1]+(i£ [k+1]+i, [k+1])- L, —v, [k +1]-¢, , (4.11)
g g 2L/
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Finally, the cost function of the system can be expressed as follows:

3
J= min{Z(\i; [t ] = e [+ 1) 17 i [+ 7] g [+ 717 )} (4.12)
=1

where Wji: W11, W12, W13, Wj2: W21, W22, W23 are fixed weight factors. The choice of
weighting factors is an open problem in MPC applications. The conventional design
approach is to determine the weighting factors heuristically [69].
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Figure 4.5 Simulation results of the grid-connected inverter with MPC based on the grid current:
with a single horizon (a), with the second horizon (b) and with third horizon (c).

Fig. 4.5 shows the simulation results of the closed-loop system based on the MPC
along with the traditional cost function. The twisted buck-boost inverter based on the
unfolding circuit is used for simulation. The input voltage equals 350 V and a peak of the
grid current reference signal is 3A. The grid voltage is a traditional 220 V of RMS.
The simulation results were performed for different depths of predictive horizon. As a
result, one horizon level of MPC cannot provide a necessary grid current and creates a
zero-crossing distortion, as shown in Fig. 4.5a. The second level of horizon allows to
eliminate zero crossing distorting, but the grid current is still not sinusoidal shape
(Fig. 4.5b). The simulation results with the third horizon level showed the best regulator
performance, because the grid current was significantly better and similar to a reference
grid signal (Fig. 4.5c). But THD value is still not acceptable in the third case. Moreover,
a large number of incrementation steps for duty cycle (iteration) require fast
computation and good performance chips. The iteration number is 24 for each level of
predictive horizon. If calculating a number of iterations for the third horizon level, it will
be 243=13824. Of course, the further horizon level will increase quality of the grid current,
but the number of computational efforts is unacceptable for practical implementation.
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4.1.2 Cost Function Based on the Input Inductor Current
The traditional cost function is not sufficient for ensuring a good grid current, as shown
in the previous subchapter. The main reason is that the system is a non-minimum phase
system, especially in boost mode [70], [71]. Therefore, another approach for a cost
function should be applied. Often, the system goes over the stability, because the input
inductor current is not under control when it is controlling the grid current. Thus,
the input inductor current should be added in the final cost function. Based on the
hypothesis let consider the input inductor current as a main parameter for control.

The first condition that is needed is that the grid current has very low high-frequency
ripple, because of an output filter. That is why the next predictive values of the grid
current can be considered as similar during several samples:

i [k+3]=i [k+2]=i,[k+1]=i [k], (4.13)

where ig/k+3], ig[k+2], ig[k+1] are predictive values of the grid current for the next
PWM periods.

The second important assumption is that the duty cycle should change slowly, because
it should not be a sharp current step in the nominal operation. This approach allows to
decrease computational time, because instead of range: from 0 to 100%, the system will
choose the next duty cycle value across a previous value. The previous value of the duty
cycle must be kept in the memory of the microcontroller. The new value of the duty cycle
can be found, for example, at 5-10% near the previous value:

D[k+1]=D[k]+0.1, (4.14)

where D[k] is the previous value of the duty cycle.

As mentioned in the previous subchapter, the deeper predictive horizon increases the
quality of the grid current. Thus, the second horizon was chosen. The cost function of the
MPC in this case has the next view:

2
s min Sl 1, e o B ) s
Jj=1

where i'Lfk+j]: i't[k+1], i'1[k+2], it[k+j]: iL[k+1], iL[k+2] are predictive values of
the inductor current during the next PWM periods, iLrREF[k+j]: iLREF[k+1], iLREF[k+2] —
reference values of the inductor current. The system should calculate only 2 equations
instead of 6, as it was in a traditional cost function.

Fig. 4.6 depicts the simulation results of grid-connected system for special cost
function based on the inductor current. The boost case is shown in Fig. 4.6a, when the
input voltage is 160 V. The input power equals 650 W and the grid current peak is 4 A.
Fig. 4.6b shows the simulation results for buck mode with a single voltage ratio. The input
voltage equals the peak of traditional grid voltage, i.e. 320 V. The grid current peak is 7
A, which corresponds to 1.1 kW of the output power. Fig. 4.6¢ shows the simulation
result under 450 V of the input voltage. So, the simulation results confirm the hypothesis
regarding non-minimum phase system. The number of iterations equalled 5, which
simplified the computation process. The second approximated horizon was used in
addition. The overall number iteration is 10.
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Figure 4.6 Simulation results of the main operation mode. The waveforms of the output capacitor
voltage, the grid voltage and the grid current at the input voltage 160V (a), the input voltage equals
320V (b), and the input voltage is 450 V (c).

4.2 Summary

This chapter demonstrated the main principle of the CCS-MPC block for a grid-connected
system. It considered two ways for implementation of the MPC: with traditional cost
function based on the grid current, and a special cost function based on input inductor
current. It defined that the boost mode can be considered as a non-minimum phase
system. The number of iterations for traditional approach was 243=13824, while the
special approach needed only 10 iterations for low THD of the grid current.
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5 Technology Demonstrator of the Universal Converter

Two buck-boost inverters based on the unfolding circuit were designed for the universal
solar concept. Altium Designer was the main hardware designer for all PCBs. The further
text explains the experimental results with real prototypes. The grid-connected system
based on the MPC was considered. Two power boards and a control board were designed
for experimental verification. All inductances are connected by external terminals.
The auxiliary supply of the control and measurement board was 12V and corresponds to
10 W of the power losses during converter operation.

5.1 Control and Measurement System

The control board is shown in Fig. 5.1. The board has 5 isolated voltage and 3 isolated
current sensors. The voltage sensor contains a power resistance divider with an isolated
opto-element. The item ACS720 is used as a current sensor. The current sensor generates
a hardware protection signal, which is overcurrent detection with the digital output.
Moreover, the slow and fast overcurrent detection exists in the current sensor to
determine what the type of fault is: simple overcurrent value without burned switches
or something has burned out and it is now a short circuit. Hardware protection emits a
signal to the microcontroller to stop the system as soon as possible. So, all sensors are
isolated from the low-voltage control part. Finally, the useful signal goes to the Analog
to Digital Converter (ADC) of microcontroller. The differential signals are used for
avoiding the common mode interference. Every voltage sensor has a varistor for safety
at the overvoltage. The board contains two mechanical relays. The relays are placed in a
grid measurement side. The relays allow to connect or disconnect the grid side of the
converter.
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Figure 5.1 Control and measurement board for experimental verification.

Texas Instruments microcontroller TMS320F280379D is one of the best chips for
power electronic application. This model of microcontroller is used as the ‘brain’ of the
control board. External crystal frequency is 10 MHZ for MCU. However, internal Phase
Locked Loop (PLL) multiplies the crystal frequency 20 times to get a clock frequency of
200 MHz. MCU TMS320F280379D has 2 independent cores. Both have additional low
core with low computational capability, as can be seen in Fig. 5.2. The MCU contains 12
complementary PWM blocks. Every complementary PWM block has A and B channels.
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Code Composer Studio from Texas Instruments is an environment for the coding and
programming of the microcontroller. Besides hardware safety elements and signals, the
software safety system also has a place in the control system. The software protection
system takes measured values and compares them with safe limits. In the case of a fault,
the system stops and creates a free-wheeling state by switching the necessary
transistors. The control system stops relays as well if a fault has occurred. The MCU has
a trigonometrical hardware unit that can quickly calculate sinus, cosine or tangent
rapidly. All control registers have a duplicate register for shadowing mode. The shadow
mode loads data at a clear time.
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Figure 5.2 Functional Block Diagram of Microcontroller TVIS320F280379D.

When talking about MPC implementation, the deeper prediction level increases the
quality of the grid current. However, the time of conversion is limited by the sample
period and the number of iterations is consequently bounded. The system delay is one
sample period due to the shadow mode. A new duty cycle value is set at the start of the
next PWM period.

Fig. 5.3 shows the block flowchart of the MPC algorithm of each sample. The sample
starts with the emitted signal from the ending of ADC conversions. The next step is to
check measured values and identify a fault if it has occurred. If every power signal is fine,
the algorithm goes to PLL for continue a grid voltage synchronisation (Fig. 5.3a). The next
important act is to distribute the MPC cycle between the cores (Figs. 5.3b and 5.3c).
For example, the first core is a master core, that enables another core. Each core has its
own MPC cycle range. Each core operates independently and parallel to other cores.
All results of minimum cost function and the corresponding duty cycles are gathered
together in the master core after calculation. The master core compares all results and
finds the minimum cost function with a suitable duty cycle. Finally, the duty cycle will be
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applied in the PWM block. Approach to distribution of the MPC task increases the
amount of iteration and a deeper prediction level can be used.

/ Core 1l \ /Core 2

End of ADC MPC (range 1)
Conversions

| Get ADCResults |

v

Safety check
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(a)

Disable Core 2

N

Figure 5.3 Block diagram of the nominal mode with the multicore’s distribution: the main core flow
of system (a), MPC cycle algorithm (b), the second core flow diagram (c).

5.2 Twisted Buck-Boost Inverter Based on Unfolding Circuit

Fig. 5.4 depicts the experimental prototype of twisted buck-boost inverter based on the
unfolding circuit. The experimental prototype consists of power board and a control
board. The filters were chosen in according to Chapter lll. The rating of the passive
elements, transistor limits and other parameters are listed in Table 5.1. The high-frequency
transistors S1, S2, are executed on the SiC MOSFET C2M0080120D. An alternative
unidirectional option is to use a diode instead of transistor S2. A SiC diode D1 C3D10012A
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is suitable for that topology. The unfolding circuit does not require a transistor with a
good dynamic characteristic but needs switches with low static losses. Transistor
IPB60RO60P7ATMAL is used for unfolding circuit switches.

Table 5.1 Experimental prototype specifications.

Parameter Value
Unfolder Capacitor C1 1.3 pF, 600 V
Input Capacitor Civ 150 pF, 500 V
Grid Capacitor CS 1 pF, 600 V
Input Inductor L, 1.7 mH, 15A
Output Inductor Lf 0.7 mH, 10A

Switch S1, S2

C2M0080120D, 1200 V

Switches S3-S6

IPB60RO60P7ATMAL, 650 V

Input Resistance RIN 0.1Q
Grid Resistance Rg 0.1Q
Input Inductor Resistance RL 1.0Q
Ouput Capacitor Resistance RC 0.10Q
Ouput Inductor Resistance RLf 0.5Q
Resistance of S1, S2 0.08 Q
Resistance of 53-S6 0.06 Q
Sample Frequency fsample 62.5 kHz
PWM Frequency fPwm 62.5 kHz
Grid Frequency fg 50.0 Hz
Grid Voltage Amplitude Vi 320V

Digital oscilloscope Tektronix MD04034B-3 helps to determine power signal shapes
along with using current probes Tektronix TCP0150 and voltage probes Tektronix
TPA-BNC. Power Analyzer Yokogawa WT1800 measures the efficiency with high
tolerance and allows to estimate the performance of any converter.

Main Grid side
= Inductor

Inductor g,
>
Microcontroller g
TMS320F28379D \§

)

Controland
Measurement

Board
Input

Capacitors

Figure 5.4 The experimental prototype of the buck-boost twisted inverter based on unfolding circuit
with the control board.
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5.2.1 Solving of Zero Crossing Distortion

One of the hypotheses is that the zero-crossing distortion can be reduced by synchronous
switches. One possible option is to analyse the influence of shifting between the
buck-boost cell and unfolding circuit in terms of the zero-crossing distortion. A second
way focuses on the influences of synchronous switch S, on the zero-crossing distortion.

Fig. 5.5 shows the experimental results of the open loop system with resistance load
for different cases of zero-crossing distortion. The input voltage equals 250 V and the input
power is 250 W. The experimental results without additional control for zero-crossing
distortion are shown in Fig. 5.5a. It is possible to see significant zero-crossing distortion
in the output voltage. The input current and input inductor currents are the same as
considered in theoretical part and do not fall to negative values. The voltage before
unfolding circuit is a green line and corresponds to vz.

The second scenario is to make a shift between buck-boost cell and the unfolding
part by control. Fig. 5.5b shows the experimental results of the second approach.
The zero-crossing distortion was reduced but not eliminated. However, for each point of
input voltage and power it requires re-tuning each time. That is why this approach works
but requires an additional autotuning each time.

The third approach is to use synchronous switch S2 instead of a simple diode.
The main principle of operation in the third case is to discharge unfolding capacitor
through the input inductance. That is why the input inductor current goes to a negative
value across output zero. This method increases the quality of the output voltage at
any point of the input voltage and power as it is shown in Figs. 5.5¢ and 5.5d. So,
the zero-crossing distortion is eliminated by synchronous switch, which reduces THD of
the output voltage.
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Figure 5.5 Experimental results in off-grid mode without synchronous switching and separate
control (a), without synchronous switching and with separate control (b), with synchronous
switching and with separate control (c)-(d).
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5.2.2 Efficiency Estimation

The efficiency profile is shown in Fig. 5.6. The efficiency was estimated based on diode
and synchronous switch. The auxiliary power loss was 10 W and was not taken into
account during an efficiency estimation.

Efficiency ¢, % transistor— — diode Efficiency €, % transistor — —diode
96.5 i 9.5
94.5 f_ = 94.5 ‘
7AN 1 = A
95| f =350V 2 92.5 L
f ViN=250 V Py=250 W
90.5 o .5
100 400 700 1000 1300 150 250 350 450
Input Power PiN, W Input Voltage vin, V

(a)

Figure 5.6 Efficiency versus input power in with constant input voltage (a), Efficiency versus input
voltage with constant input power (b).

The peak value of efficiency is around 95%. The point of maximum efficiency is
different under different input voltages. The solid curve corresponds to efficiency based
on synchronous switch, while the spilt line is for efficiency based on diode. The peak of
efficiency belongs to the input power 300 W, under a lower input voltage (Fig. 5.6a).
When increasing an input voltage, the currents decrease, and efficiency rises.

(b) (d)

Figure 5.7 Efficiency study of the twisted buck-boost inverter based on the unfolding circuit solution:
thermal picture for 350 V and 1150 W (a)-(b), and for 250 V and 550 W (c)-(d).

Fig. 5.6b shows the dependences of the efficiency versus the input voltage. The input
power was measured in a range from 100 W to 1300 W, but only two cases are depicted.
The first pair of lines correspond to 250 W of the input power. The peak of efficiency is
located at low values of input voltage. Further increasing in the input voltage will
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decrease efficiency. In the second case, the power is 850 W. The peak efficiency belongs
to the higher value of the input voltage.

Fig. 5.7 demonstrates photos from the thermal camera for two cases of the input
voltage and power. The first case corresponds to 250 V of the input voltage and 550 W
of the input power in ac mode. The efficiency at this point is 96%. In the second case the
efficiency is 95%. This point belongs to 350 V of the input voltage and 1150 W of the
input power.

The temperature of the semiconductors is significantly higher in the case of higher
input power. Figs. 5.7a and 5.7c show the high frequency switches, while Figs. 5.7b and
5.7d correspond to the unfolding transistors. All transistors have an acceptable
temperature and do not go over 90 °C. From the thermal pictures it is possible to
conclude that the switch S; generate larger power losses in comparison with another
high switching transistor S>. Also, the efficiency of inverter based on synchronous switch
S>is higher than in a case based on diode D;.

5.2.3 Experimental Results of Grid-Connected System
The grid-connected system was tested based on the MPC. The load of the converter is
autotransformer, which is connected to the ac grid.
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Figure 5.8 Experimental results of grid-connected system for low input power: the waveforms of
the input and output voltages and currents for the lower input power in the case of high boost (a),
double boost (b), only buck (c) and with higher buck ratio (d).
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Firstly, the system was tested for low grid current. Figure 5.8 shows the experimental
results of the twisted buck-boost inverter based on the unfolding circuit connected to
the grid for 1 A of the grid current. The low power has a significant ripple and complicates
the task for a regulator. However, the MPC provides good quality of the grid current even
under low power. The main advantages of the twisted buck-boost inverter based on the
unfolding circuit are only one mode existing for boost and buck functionalities and the
low number of switches. Figs. 5.8a and 5.8b show the experimental results for boost
cases. At the same time, the buck cases are shown in Figs. 5.8c and 5.8d, the input voltage
is 320 V and 450 V respectively. THD of grid current was 3.15% in a boost case and was
no more than 3% in buck cases. The higher buck case belongs to 450 V of the input
voltage. The higher boost case causes the high ripple in the input current.
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Figure 5.9 Experimental results of twisted buck-boost inverter connected to the ac grid: the
waveforms of the input and the output voltages and currents for the higher input power at the
input voltage 100 V (a), 160 V (b), 320 V (c) and 450 V (d)

On the other hand, the main drawbacks are the high stress on the semiconductor and
high current in input inductor current. The switch stress equals the sum of input and
output voltage values. It is similar for the inductor current: it equals the sum of input and
output current values. The maximum rate current for input inductor is 15 A and going
over this current makes no sense, because the value of inductance will drop. However,
the MPC should consider the exact value of the inductance, and, if it is changing in real
time, the system can become unstable. A higher buck case corresponds to the most
voltage stress on high switching transistors.
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Fig. 5.9 shows the experimental results of a grid-connected system for a higher input
power. The inductor current reaches 14 A in a peak. For example, when the input voltage
equals 100 V and input power equals 550 W, the inductor current reaches 14 A (Fig. 5.9a).
The second boost point is shown in Fig. 5.9b. The input voltage is 160 V and input power
equals 800 W. The grid current peak is 4 A. THD value was less than 5% in boost range.
The buck cases are shown in Figs. 5.9c and 5.9d. The maximum power was 1.1 kW.
THD values of the grid current were less than 3%. The voltage stress reaches 850 V when
input voltage is 450 V. The results show that a zero-crossing distortion appeared in the
higher buck ratio, but it is not significant. The reason lies in synchronisation.

Another interesting test is the behaviour of the system under dynamic changing of the
input voltage. Fig. 5.10 demonstrated the experimental results under the input voltage
variations. The input voltage change is changed by spinning of the power supply.
Fig. 5.10a shows the fine changing of the input voltage. It is possible to see that the grid
current is stable and does not have any spikes. The input voltage was changed from
360 V down to 260 V. The grid current peak is 3.5A. Figs. 5.10b and 5.10c depict the
experimental results under a sharp input voltage change. The programmable dc supply
provides a fast voltage step. The time of the step is 4-5 periods of the grid. The grid
current is stable and does not have any distortions or transients. THD value of the grid
current is shown in Fig. 5.10d and is 3.63%. In summary, the system is stable under input
voltage variations.
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Figure 5.10 Experimental results under the input voltage variation from 360 V to 260 V (a)-(c); THD
value estimation of the grid current (d).
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5.3 Buck-Boost Inverter Based on Unfolding Circuit

The interleaving of the high-switching cell is a common approach for industrial solutions
(Fig. 5.11). The high efficiency and compact size of inductors are features of the
interleaved approach [PAPER-IV]. The grid voltage of acis 230 V, while the dc grid voltage
can be considered in the range of 350 V to 400 V.
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Figure 5.11 Buck-boost 3.6 kW ac (5 kW dc) dc-dc/ac solar converter based on the unfolding circuit
with interleaved function.

Converter specifications along with the output filters are shown in Table 5.2.
The values of the passive elements correspond to the presented design guidelines from
Chapter 3. Table 5.2 contains semiconductor models, that were selected for the
experimental prototype. The unfolding circuit does not require a semiconductor with
good dynamic characteristics but needs a low resistance. MOSFET FCHO60N80 was
chosen for unfolding circuit. On the other hand, the SiC transistor C3M0021120K was
chosen for high-frequency switches S;, Ss, S5, Ss. At the same time, the transistor
IMZ120R030M1H was selected for other high-frequency transistors S, S3 S5 S7.
All selected semiconductors have significant voltage breaking value.

Table 5.2 Prototype parameters and components.

Parameter Value (Size)
Capacitors Cyp; = Cp2 2.1 mF (0.57 dm3)
Capacitor C; 1.3 pF (0.009 dm?3)
Inductors L;, L, 1.6 mH (0.55 dm?3)
Output inductor L, 330 uH (0.27 dm3)
Grid side capacitance Cs 1 uF (0.008 dm?3)
Switching frequency /' 62 kHz
High switching frequency transistors S5, S3 S5 S7 IMZ120R030M1H
High switching frequency transistors S;, S, S5, Ss C3M0021120K
Unfolding circuit transistors 7;-Ty FCHO60N80

Fig. 5.12 shows the laboratory experimental prototype of the universal 3.6 kW ac
(5 kW dc) dc-dc/ac converter. All switches have a common heatsink. At the same time,
the converter has two boards: power board and control board. There are several aims
that were targeted to achieve. The first purpose is to evaluate operation of the
buck-boost inverter based on the unfolding circuit during dc and ac grid connections.
The second goal is an efficiency study in the dc and ac grid modes. The different PV
profiles can be connected to the universal solar converter. Moreover, another task is to
connect different types of loads to the converter: resistor, capacitor, inductive, active
and grid loads.
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Figure 5.12 Experimental laboratory 3.6 kW ac (5 kW dc) prototype of the universal single-phase
dc-dc/ac solar converter based on buck-boost inverter with unfolding circuit.

5.3.1 Dc-ac Mode

Ac operational mode was tested with the grid-connected and open-loop system (grid-off
mode). Fig. 5.13 refers to the experimental results of steady-state operation of
grid-connected system based on MPC and the grid-off mode. The operation of the
universal solar converter in the off-grid mode is presented in Fig. 5.13a. The input power
is 3.3 kW. The converter is working as expected. The second case is capacitive load, which
is shown in Fig. 5.13b. The input power was reduced two times and set a 15 pF in parallel
to the resistance load. The phase shifting between output current and voltage in a case
of the capacitive load. The third case is shown in Fig. 5.13c, which corresponds to the
inductive load. The additional 2 mH inductance was added in series to the load.
The phase shift between the output voltage and current is low. The last off-grid test is an
experiment with a nonlinear load. A simple half-bridge rectifier with a large electrolytic
capacitor and resister was used. The output voltage is slightly distorted but has a good
THD value. The THDy of the output voltage is 4%, while output current THD; is around
30%. However, at the present time commercial uninterruptible power supply (UPS) does
not provide and ideal output sinusoidal voltage.

The experimental results for the ac grid-connected system are depicted in Fig. 5.13e
and 5.13f. The active power resultis illustrated in Fig. 5.13e with the half of the maximum
input power. The current THD value is less than 3%. Higher input power leads to the
higher quality of the grid current. The last interesting test is a pure reactive power
injection possibility (Fig. 5.13f). This feature is useful in some actual applications. Despite
the fact that the results have distortions in the reactive mode it is not significant.
The distortion appears because the unfolding circuit is working as a hard switching part.
The unfolding circuit switching leads to appearing current fall or spike, which can be
eliminated by control. However, the control system should be tuned each time for
different input voltage and power values.
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Figure 5.13 Experimental results of the ac operation modes: open-loop system with resistance load
(a), capacitive load of the closed-loop system (b), inductive load of closed loop system (c), nonlinear
load with a closed loop system for voltage control(d), grid-connected mode with active power (e),
reactive power injection in the grid-connected mode (f).

Fig. 5.14 shows the experimental results for current jump cases of the off-grid mode
and the grid-connected system. Fig. 5.14a shows the possibility to inject distorted current
into the grid, while the grid voltage is a traditional 220 V. This feature can be used
for utility grid and islanding detection. The good dynamic characteristics of the
converter by using the MPC is presented. In the second case, the off-grid mode is used
(Fig. 5.14b). The grid current reference also has the same distortion. However,
the voltage replays the grid current reference in the off-grid mode. Thus, the type of load
can be detected by such an approach. Moreover, a nonlinear MPC control offers fast
reacts on any distorted current reference and provides low THD value of the grid current
in a grid-connected case.
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Figure 5.14 Experimental results in transient conditions: distorted reference current in the ac grid-
connected system (a), distorted reference current with a resistance load (b).

5.3.2 Dc-dc Mode

The dc-dc mode was tested for different PV profiles. Benchmarking considers ideal
operation conditions without shading and high temperature. The experimental tests
considered photovoltaic panels available on the market. Several solar panels were
considered: CSM300-60, CSM340-120 and JHMA4/72BH445. These modules can be
connected in series for increasing the input power and voltage values. The maximum
possible voltage of the PV string is limited and equals 1.5 kV. Consequently, 36 panels
can be connected in series by PV string. For example, the first profile considered a PV
string of 12 solar panels of CSM300-60. The second PV array profile consists of 11 panels
of CSM340-120. The last profile comprises in PV string 8 panels of JHM4/72BH445. Table
5.3 lists the parameters of the considered PV profiles.

Table 5.3 PV array profiles considered during experimental evaluations.

Profile Type of PV N of panels Voc, V Vyer, V Isc, A Lypp, A Pupp, KW
1 CSM300-60 12 478 391 9.8 9.2 3.6
2 CSM340-120 11 455 375 10.1 9.8 3.68
3 JHM4/72BH445 8 394 329 11.3 10.8 3.55

Fig. 5.15a shows the converter input voltage and power range, MPPT operational
range and the selected profiles characteristics. The Maximum Power Point (MPP) value
is 3.6 kW for all considered profiles. The maximum dc current is 10 A. The input voltage
is changing from 100 V to 500 V. The Maximum Power Point Tracking (MPPT) is working
from 150 V to 490 V. The nominal voltage of the dc grid is chosen as 380 V. The maximum
input current of converter is considered as 15 A. The power of the solar panel depends
on the solar irradiance, which effects voltage and current of the panel. That is why the
efficiency was measured under different solar irradiances for selected solution. Different
irradiance values make a shift of the MPP, while the voltage falls a little. The solar
simulator equipment Chroma 62150H-1000S was used as an input voltage source for the
experimental prototype. The same irradiance values were applied for all considered
profiles.

The short circuit of the first profile is around 9.2 A, while the open circuit voltage is
around 480 V (Fig. 5.15b). The second profile is selected for higher short circuit current
10 A and a lower open circuit voltage, which is near 450 V. For the third profile the short
circuit current is chosen as 11.3 A ad open circuit voltage is 390 V.
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Figure 5.15 The input voltage and power range of universal converter (a), Characteristics of different
PV profiles at different solar irradiance levels for universal single-phase dc-dc/ac converter (b).

Fig. 5.16 shows the experimental results for dc grid operation. The experimental
pictures contain results for different profiles. For example, Figs. 5.16a and 5.16b are
devoted to the second profile. These pictures show the MPPT transient process and a
pre-charging of the output capacitor Cs. The pre-charging process is needed in the grid
to avoid current spikes during the relay switching. The steady-state waveforms are
shown in Figs. 5.16¢ and 5.16d, which correspond to profile 3. The ripple of the grid
current is 0.15A, while the ripple of the input current is 0.97 A. Such ripple values are
acceptable for PV applications. The last two pictures (Figs. 5.16e and 5.16d) show the
experimental results for profile 1. These pictures contain transient responses when the
universal solar converter is disconnecting from the dc grid by the relay. The rapid
reference current value does not create a huge spike in the grid current and voltage.
The suppressor capacitor provides a soft transient process during stopping of the system
and relay disconnection. The input inductors are short circuited by control for safety path
of the inductance’s currents. The converter showed good performance in dc mode.
The MPC control block also was used for the dc-dc operational mode, which also provides
a stable operation of the converter under different input voltage and power values.
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Figure 5.16 Experimental results of a universal solar converter in the dc-dc mode, PV and grid
voltage and current: during MPPT operation for profile 2 (a), high ripples in profile 3 (c), switch-off
waveforms in profile 1 (e). The waveforms of the input inductor current and output capacitor
voltage along with the grid side: during MPPT operation for profile 2 (b), ripple with profile 3 (d),
switch-off waveforms for profile 2 (f).
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5.3.3 Efficiency Study

The efficiency was estimated in the dc and ac modes of an off-grid system. At the same
time, the efficiency of the converter was estimated for a closed-loop system and for
different PV profiles in dc mode. Fig. 5.17a shows the efficiency lines for different PV
profiles based on the different irradiation values. The maximum efficiency is 98.8%.
The California Energy Commission's (CEC) efficiency is used for an efficiency study.
The first PV profile showed better performance, while other two profiles correspond to
a boost operation. CEC efficiency of profile 1 is 98.37%, and for the second and the third
profiles CEC efficiency is 97.64% and 97.13% correspondingly.

On the other hand, the universal solar converter has an unfolding circuit as a
redundancy for dc-dc operational mode. However, the unfolding circuit creates only
conduction losses. It is easy to calculate the efficiency of the converter without
contribution of the unfolding switches. Fig. 5.17b shows the efficiency curves for PV
profiles without the unfolding circuit. The maximum efficiency value is increased to
99.02%. However, the maximum CEC efficiency was increased by just 0.14%. Similarly,
the CEC efficiency of other profiles is less than first profile performance.
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Figure 5.17 Experimental efficiency of the prototype under different PV profiles and with different
solar irradiations: with unfolding circuit (a), without unfolding part (b), efficiency versus input
voltage with constant input current with ac and dc mode (c), efficiency versus input power with
constant input voltage with ac and dc mode (d).

At the same time, the efficiency study was performed for off-grid dc-dc operational
mode. The input power was changed from 150 W to 5 kW. The peak efficiency again was
more than 98%. The main reason of this performance is a minimum number of
semiconductors switching. Figs. 5.17c and 5.17d shows the comparison results of the
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efficiency measuring between dc and ac mode and with different constant values of the
input current. The blue lines correspond to dc-ac mode, when the red lines belong to
dc-dc mode. The first value of the input current is 1 A (Fig. 5.17c). The efficiency is low
during the whole input voltage range. The reason for this is auxiliary power supply
consumption that is constant and equals 12 W. The efficiency fall in a case of input
voltage drop is explained by the lower level of the input power. In the second case the
input current value is 8 A. The efficiency is significantly higher. However, the curves kept
the same features as were seen with a lower input current value. Efficiency drops and
rises in the same way. The last picture with efficiency curves is Fig. 5.17d. The peak of
the efficiency corresponds to the maximum input power. The difference in the efficiency
between dc and ac modes is around 1% in the nominal input power. Due to a higher
efficiency in dc-dc mode, the input power was increased up to 5 kW.

Fig. 5.18 shows the thermal pictures of the universal converter under an operation in
dc. The temperature of the switches does not reach more than 50 °C under the maximum
input power value (Fig. 5.18b). The maximum temperature of the unfolding switches was
around 40 °C (Fig. 5.18a). The heatsink temperature was around 42 °C.
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Figure 5.18 Thermal pictures of the solar converter under a maximum power point operation:
unfolding transistors (a), buck-boost cell switches (b).

5.4 Summary

Two laboratory experimental prototypes were shown in this chapter. These experimental
prototypes were implemented based on the control and measurement board, which
have 5 voltage and 3 current sensors. The brain of the control board is the multicore MCU
that can split the MPC task between cores and decrease computational time. It was found
that the synchronous switches should be used instead of a simple diode for reducing a
zero-crossing distortion in topologies based on the unfolding circuit. A twisted buck-boost
converter was investigated in terms of closed-loop system based on MPC, while the
single-phase buck-boost inverter was studied in terms of dc and ac functionality. Finally,
the efficiency study was performed for all prototypes. As a result, the buck-boost
dc-dc/ac converter showed better performance. If compare dc and ac modes, the dc-dc
mode is more efficient at any point.
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6 Conclusions

The novel concept of the universal solar dc-dc/ac converter is suitable for dc and ac
single-phase applications. A great deal of inverter topologies can be considered as a
universal solar converter. For example, the power electronics converter that was initially
designed for dc-ac application with an output filter stage for dc grid and fast protection
circuit breaker can be considered as a universal solution. The converter based on the
unfolding stage can naturally provide dc or ac output voltage without additional
redundancy. The universal concept of the solar dc-dc/ac converter can be used as an
industrial solution for low-voltage dc and ac systems. The comparative analysis based on
several criteria was performed to find the most suitable solution. The buck-boost inverter
based on the unfolding circuit was chosen as an optimal solution for universal converter.

The grid-connected system was implemented based on the CCS-MPC block. A boost
mode of the selected topologies ca be considered as non-minimum phase system.
That is why a non-traditional cost function is required for control.

Two laboratory experimental prototypes were designed along with a control and
measurement board, which have 5 voltage and 3 current sensors. The brain of the control
board is the multicore MCU that can split MPC tasks between cores and decrease
computational time. The efficiency study was conducted for the family of the buck-boost
inverter based on the unfolding circuit. As a result, the buck-boost dc-dc/ac converter
showed better performance. The dc-dc mode is more efficient in any point.

The additional capacitor as a suppressor should be set at the grid side to control a
voltage spike during a grid disconnection.

As the results of thesis, the author can claim the following:

e The family of the buck-boost inverter based on the unfolding circuit provides the
universal capability with minimum redundancy.

e The interleaved approach with two buck-boost cell is the optimal solution.

e Zero-crossing distortion in topologies based on the unfolding circuit can be
eliminated by using synchronous switches.

e Atraditional cost function for a grid-connected system is not suitable for the family
of the buck-boost inverter, which is why some special cost function should be
applied. Using a multicore chip can distribute the MPC cycle task between cores and
decrease the computational time by 2-3 times.

e A family of the buck-boost inverters based on the unfolding circuit provides
bidirectional energy flow. Such types of inverters can generate a reactive power.

Future work relates to designing the preindustrial TRL-6 experimental prototype.
The future task is thus to design the control, measurement, and power parts on one PCB.
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Abstract
Photovoltaic String Converter with Universal Compatibility
with AC and DC Microgrids

This PhD thesis is dedicated to the development of the novel concept of the universal
solar dc-dc/ac converter suitable for dc and ac single-phase applications. The power
electronics converter that initially was designed for dc-ac application with an output filter
stage for dc grid and fast protection circuit breaker can be considered as a universal
solution. The CB must cover all demands of dc grid protection, while the output filter can
be chosen as a filter for conventional ac application with an additional output capacitor
(suppressor) to eliminate voltage spike at a sudden grid disconnection. The considered
approach can be used as an industrial solution for low voltage dc and ac systems.

Several solutions were selected as a universal converter that is applicable for ac and
dc grid. The comparative analysis based on several criteria was done for chosen the most
suitable solution. The buck-boost inverter based on the unfolding circuit was chosen as
an optimal solution for universal converter.

A family of the buck-boost inverters based on the unfolding circuit were proposed as
a universal solar converter applicable for dc and ac grids. Two laboratory experimental
prototypes were developed. Twisted buck- boost converter was investigated in terms of
closed-loop system based on MPC, while the single-phase buck-boost inverter was
learned in terms of dc and ac functionality. The efficiency study was done for all
prototypes, where the buck-boost dc-dc/ac converter showed better performance than
twisted inverter with unfolding circuit. The dc-dc mode is more efficient in any point
because it does not have double power pulsation.

The main principle of the CCS-MPC block for grid-connected system was considered.
A special cost function based on input inductor current has a better performance because
the buck-boost inverter based on the unfolding circuit is non-minimum phase system.
Computational burden was reduced by using multicores MCU with 2 independent cores
and 2 extra sub-cores, which is suitable for parallel computation, for example for deeper
prediction horizon of MPC.

This work has also a substantial practical value:
e Developing new type of devices applicable for both types of the grid with the same

terminals and minimum redundancy.

e  Two buck-boost inverters based on the unfolding circuit as the most optimal solution
for universal application: single stage buck-boost inverter based on the unfolding
circuit, twisted buck-boost inverter based on the unfolding circuit.

The theoretical and practical results can be used for further developments for
universal solar converter, particularly for developing TRL-6. The proposed cost function
and approach of MPC technique make this attractive for the industry.
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Liihikokkuvote
Alalis- ja vahelduvvoolu mikrovorkudega lihilduv universaalne
muundur pdikese-elektrijaamadele

Antud doktorit66 on plihendatud uudse alalis-alalis-vahelduv tiilipi jdupooljuhtmuunduri
arendusele, mis moeldud nii alalisvoolu kui ka tGhefaasilist vahelduvvoolu kasutavatele
rakendustele. Tegu on universaalse jéupooljuhtmuunduriga, mis algselt loodi alalis- ja
vahelduvvoolu rakendustele sisaldades nii alalisvoolu poolset filtrit kui ka kiireid
kaitseahelaid. Kaitseahel peab vastama alalisvooluvorgu kaitsenduetele samas kui
valjundfilter to6tab vaheluvvoolu poolses osas tavalise filtrina, millele on lisatud (iks
kondensaator, valtimaks Ulepingeimpulssi vorgu lahutamisel. Sellist lahendust saab
kasutada nii madalapingelistes, t60stuslikes alalis- kui ka vahelduvvoolusiisteemides.

Valiti valja mitu universaalmuunduri péhimottelist lahendust, mis sobiks vahelduv- ja
alalisvooluvorkudele. Mitmele kriteeriumile toetuv vordlev analiils aitas valida parima
lahendusena vaheldava ahelaga pinget tOstva ja langetava skeemilahendus.

Vaheldava ahela baasil pakuti vdlja terve seeria pinget tdstvaid ja langetavaid
skeemilahendusi alalis- ja vaheluvvoolurakendustele. Loodi kaks eksperimentaalset
prototiipi. Antud rakenduses uuriti nii pooratud topoloogiaga kui ka tGhefaasilist pinget
tOstavat ja langetavat muundurit. Kdigi prototlilpidega viidi labi pdhjalik kasuteguri
uuring, mille pdhjal naitas Ghefaasiline topoloogia olulist eelist péératud topoloogiaga
vaheldava ahelaga muunduri ees. K&ige energiatbhusamaks osutus alalis-alalis reziim
tanu vGimsuspulsatsiooni puudumisele.

Tootati vdlja mudelipdhise juhtimisega vorgulihendusega slisteemi pohimdétteline
lahendus. Spetsiaalne drosselivoolul pdhinev kulufunktsioon naitas parimaid tulemusi,
kuna vaheldava ahelaga pinget t8stev ja langetav muundur on mitte-miinimumfaasilise
kditumisega slsteem. Arvutusjoudluse tdstmiseks kasutati mitmetuumalist (kahe
s6ltumatu ning kahe alamtuumaga) mikrokontrollerit, mis on sobiv paralleelarvutusteks,
mida vajavad kiired mudelipdhised ennustavad juhtalgoritmid.

Antud t60l on ka arvestatav praktiline vaartus:

e Uut tilpi minimaalsete lisakomponentide ja minimaalse arvu viikudega
universaalsete  joupooljuhtmuundurite arendamine nii alalis- kui ka
vahelduvvooluvorkudele.

e Kaks vaheldava ahelaga pinget tostva ja langetava muunduri lahendust
universaalseks rakenduseks: tGheastmeline muundur ning pddratud topoloogiaga
muundur.

Too teoreetilisi ja praktilisi tulemusi saab kasutada universaalsete pdikesepaneele
teenindavate muundurite edasiseks arendamiseks tehnilise valmisoleku tasemeni 6.
Loodud vaartuspohine funktsioon koos mudelipShise ennustava juhtimisalgoritmiga
muudavad antud seadmed eriti huvipakkuvaks jouelektroonikat tootvatele ettevotetele.
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Novel Family of Single-Stage Buck—Boost
Inverters Based on Unfolding Circuit

Oleksandr Husev
Carlos Roncero-Clemente
and Dmitri Vinnikov

Abstract—This paper describes a novel family of single-phase
single-stage buck—boost inverters using output unfolding circuits.
Operation principles and component design guidelines along with
modulation techniques are presented and discussed. The simula-
tion results confirm all theoretical statements. Experimental setup
of the most promising solution is assembled and tested, where the
efficiency for different operation modes is analyzed. Finally, the
pros and cons along with applications of the proposed solutions
are discussed in the conclusions.

Index Terms—Buck-boost, dc-ac converter, unfolding circuit.

I. INTRODUCTION

HE Google Little Box Challenge (GLBC) has shown a
T close relation with the topic of high-power density invert-
ers for photovoltaic (PV) applications and that have demon-
strated extremely high-power density of power electronics con-
verters achievable [1]-[3]. One of the GLBC project outcomes
is the concept of a very high-power density converter. The fi-
nalists demonstrated a similar approach. It includes the basic
full-bridge interleaved inverter, an active decoupling circuit, and
also using widebandgap (WBG) semiconductors.

WBGs market has an upward trend in today’s power elec-
tronics due to their high electron mobility and high-voltage
breakdown field [4]-[6]. As aresult, fast-switching high-voltage
semiconductor devices are already available on the power
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electronics market. The challenge is still the cost of those de-
vices, which, however, is decreasing year by year.

At the same time, in PV systems, several configurations may
be used [7], [8]. Single PV panel is available for low-power
applications. It suffers from voltage drop at the temperature in-
creasing. In the serial or string connections, one of the major
drawbacks is its significant voltage drop at partial shadowing.
Both of them lead to a wide range input voltage variations dur-
ing the energy utilization time. The GLBC solution is intended
for narrow input voltage regulation, and it cannot provide a high
and efficient PV energy conversion in heating or shadowing con-
ditions. Also, dual-back inverters [9], [10] or the boost inverter
reported in [11] and [12] cannot be considered as a solution
with a wide range of regulation. Intermediate voltage boost dc—
dc converters are used to overcome this drawback. At the same
time, this solution is more complex and more expensive in price.

Several alternatives have already been presented. Inverters
with an active boost cell are described in [13]-[16]. They can
provide very high boost of input voltage but suffer from high-
current spikes in the semiconductors and passive elements. The
buck—boost solutions based on an active boost cell are rarely
seen in industrial applications.

An impedance-source (IS) network was proposed in [17] as
a novel single-stage solution. Since that time, many solutions
based on the IS networks have been extended for various fields
of application. Z-source inverters and quasi-Z-source invert-
ers (qZSIs) were proposed for grid integration. They overcome
the limitation of the conventional grid-connected inverters: they
have a buck; a boost mode; and do not suffer from shoot-through
(ST) states. This boosting technique enhances the inverter reli-
ability. Also, many other derivations of IS networks have been
proposed. All of them can be subdivided into the following
groups: those including separated inductors; coupled inductors;
with and without a transformer; and discontinuous and contin-
uous input current. Siwakoti et al. [18]-[21] present a good
overview of the existing solutions.

At the same time, recent research reveals evident drawbacks
of the IS-based converters in terms of power density and ef-
ficiency. The control system is quite complex as well [22]—
[24]. Split-source inverters [25], [26] have been proposed as
an alternative solution to inverters with IS networks. Improved
performance in terms of passive component counts accompa-
nied by higher voltage and current stresses at lower voltage
gains is obtained, and no ST immunity is present anymore. The

0885-8993 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. (a) Conventional boost de—dc converter along with VSI. (b) DC-AC
converter based on unfolding circuit. (c) Aalborg inverter.

necessity of the inverter with wide input voltage regulation along
with high power density and acceptable efficiency pushes the
industry and the academia to search for new and better solu-
tions. Several interesting single-stage buck—boost inverters are
proposed in [27]-[31].

The solution based on the input boost and buck converters
along with a line-frequency unfolding circuit seem to be in-
teresting for practical applications [31], [32]. Fig. 1 shows the
initial solutions. The operation principle consists in the boost-
ing input voltage to the dc-link voltage, which is maintained
constant. Buck stage performs further modulation, which is un-
folding to the sinusoidal voltage.

A very interesting solution is proposed in [33], which is fur-
ther developed in [34]-[38]. An Aalborg inverter [see Fig. 1(c)]
is proposed as an inverter that combines buck and boost func-
tionalities. It is achieved by utilizing two independent buck—
boost stages that are in response to the output sinusoidal voltage
generation. The first stage is in response to the positive output
voltage generation, the other is to negative output voltage gener-
ation. One of the main advantages of the proposed solution is in
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the minimum voltage drop of the filtering inductors in the power
loop at any time. At the same time, this solution uses a double
number of semiconductors and an inductor in the buck and boost
stages, which is an obvious drawback. Also, two power sources
are required. Quite similar idea with double components is dis-
cussed in [39]. The dual-buck-structured inverter is working in
similar way, but has single-input voltage source.

This paper discusses further modification of the solution
based on the combination of the buck and boost functional-
ities without evident dc-link stage with the output unfolding
circuit. The next sections are organized as follows. Section II
describes the proposed solution in general terms. Section III
focuses on the detailed study of the modulation technique for
the novel solutions. Guidelines for component selection are pro-
vided in Section IV, and Section V covers the simulation study
of the proposed solutions. Experimental verifications are pre-
sented in Section VI. Finally, Section VII contains discussions
and conclusions.

II. PROPOSED NOVEL SINGLE-PHASE SINGLE-STAGE
INVERTERS WITH UNFOLDING CIRCUITS

The first proposed single-phase unfolding circuit with only
one inductor is depicted in Fig. 2(a). This circuit consists of an
input inductance L, a capacitor C, and eight switches S;—Ss.
Partially, the principle of operation is described in [40], which
has selection of the stage, using the ratio between the input
voltage and the required output voltage.

It is obvious that a high amount of switches provides a very
flexible modulation strategy and many approaches can be ap-
plied. In any case, switches S; and S5 define the basic operation
modes of the converter. The transistors Sy and S are optional and
they can be replaced by diodes if only unidirectional operation
is required or used for conduction losses reduction. However,
the use of transistors Sy and S allows a bidirectional power flow
or the rectification mode in the converter, which may be helpful
in some applications.

According to the classical definition of the unfolding circuit,
transistors S;—Sg provide a simple unfolding circuit. At the same
time, it should be noted that in the general case, these switches
can be used for high-frequency modulation.

If the input voltage Viy is higher than the desired instanta-
neous output voltage voyr, the buck mode will be applied with
the corresponding buck factor By

By = Dgy (e8]

where Dg; is the transistor S; duty cycle. In this mode, the
converter has two possible states: transistor S is conducting or
not conducting.

If the input voltage Vi is lower than the desired instantaneous
output voltage voyr, the transistor S; is constantly conducting,
while transistor S3 is switching, performing the classical boost
function

Biy=——n 6)
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Fig. 2.

(b) our

Family of the single-phase single-stage buck—boost inverters with unfolding circuits: (a) Single-inductor unfolding buck—boost inverter. (b) Tapped-

inductor unfolding buck—boost inverter. (c) Single-inductor twisted unfolding buck—boost inverter.

where Dgj is the transistor S3 duty cycle. It means that buck—
boost functionality is optionally selected, depending on the ratio
between the input and output voltages.

The second solution is the tapped-inductor unfolding buck—
boost inverter shown in Fig. 2(b). It is evident that the operation
principle of this converter is very similar to the first solution. The
main difference lies in the tapped inductor. Due to the different
turns ratio of the tapped inductor, a higher input voltage range
can be achieved.

Finally, Fig. 2(c) shows a single-inductor twisted unfolding
buck—boost inverter. It is derived from the conventional buck—
boost dc—dc converter with the well-known gain factor

Dgs1y

By = 5L
*T1-Ds

3

It means that the instantaneous value of the output voltage
is defined by switch S;, while the unfolding circuit is realized
by means of transistors S3-Sg. Similar to the first solution, the
transistor Sy is optional and it can be replaced by a diode or used
for conduction losses reduction. This solution is different from
the other ones because it uses the same operation mode for the
buck and boost cases.

A detailed description of a possible modulation strategy is
presented in Section III. Despite an increased amount of semi-
conductors, only two of them have high-switching frequency in
any particular operation point. It means that very low-switching
losses along with electromagnetic interferences (EMI) are ex-
pected. In addition, none of these solutions have high-switching
harmonics in the common-mode voltage, which in turn, means
reduced size of the common-mode filters.

III. SPECIAL MODULATION TECHNIQUES

Because of the possibilities in variety of the switching states,
several modulation techniques can be applied for the proposed
circuits. Depending on the modulation method, different con-
duction and switching losses, quality of the output voltage, and
computational burden can be derived. In general, during the op-
eration of each proposed inverter, it is possible to distinguish
two main situations: the input voltage (vi,) is lower than the
peak value of the reference voltage (v,f (£)) or vy, is higher than
the peak value of v,or (7). In the first case, the converter will
switch from the buck mode to the boost mode accordingly [see
Fig. 3(a)], while just the buck mode is present in the second
situation.

When vy, is lower than the peak value of v,.¢ (f), we can also
distinguish if v;,, is lower or higher than the instantaneous value
of vyef (). If vy, is higher, the converter will operate in the buck
mode with a duty cycle obtained as

[vret (7))

Vin

DBuck = (4)
which, in fact, represents the duty cycle of switch S;, while S3
is always turned OFF. However, if v, is lower than the instan-
taneous value of v, (¢), the power converter runs at the boost
mode, and the duty cycle is represented as

Vin
[orer (£))]

where Dp,ost 1S the duty cycle of switch S5, meanwhile S; will
be turned ON in this mode. These two modulating signals are
compared with a carrier signal to trigger the different switch-
ing states at high frequency in either buck or boost modes. The
generation of the gate signals for switches that compose the

Dgoost =1 — (®)
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Fig. 3. Switching signals generation for the single-inductor unfolding buck—
boost inverter and the tapped-inductor unfolding buck—boost inverter: Illustra-
tion of the case when Viy is lower than the peak value of v..¢ (1) (a) and
pulsewidth modulated signals (b).
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Fig. 4. Switching signals generation for single-inductor twisted unfolding
buck—boost inverter when Vi is lower than the peak value of vyt (7).

unfolding inverter can be obtained by comparing the vicr ()
with zero. These last switches operate at the nominal frequency
(50 Hz). Fig. 3(b) depicts the switching signal generation if v;,, is
lower than the peak value of v, () with a modulation frequency
index equal to 11 for a better representation. The described mod-
ulation method is valid for the single-inductor unfolding buck—
boost inverter (first circuit) and the tapped-inductor unfolding
buck-boost inverter [see Fig. 2(a)].

The same situations to the value of v;, in comparison with
vref (f) are possible with the proposed single-inductor twisted
unfolding buck—boost inverter but, in this case, the duty cycle is
calculated as

_ |’Uref(t)‘ /Uin
14 |vref(t)| /Uin

where D represents the duty cycle of switch S, and meanwhile,
S5 has the complementary switching state. Fig. 4 shows how
to generate the pulsewidth modulation (PWM) signals for this
inverter. It is observed that if D is higher than 0.5, it works in the

(6
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Fig. 6. Waveforms of the output voltage and the inductance current per

one fundamental period.

boost mode, otherwise it will work in the buck mode. Finally,
Fig. 5 presents the general block diagram in order to obtain the
different gate signals by calculating the duty cycles with the
aforementioned principle.

IV. COMPONENT DESIGN GUIDELINES

This section provides guidelines for the passive component
design taking into account the predefined parameters. Any
single-phase inverter has low-frequency current ripple because
of the power fluctuation. All high-frequency and low-frequency
current and voltage ripples should be taken into account.

Fig. 6 shows the waveform of the output voltage in the unfold-
ing capacitor and current across the inductor. It relates to any of
the proposed circuits and has low frequency and high-switching
frequency components that are defined as

- -/ -/ / / "

tL =1 1, Y%ur = Your + Your (7
where ¢, is the fundamental component of the inductor current,
i/ is the high-frequency component of the inductor current,
vour is the fundamental component of the output voltage, and

vdur is the high-frequency component of the output voltage.
These components can be expressed as follows:

zlL = IrMmax \sin(go)| s 1l[i = IRIPPLE (‘P) ®)
vour = Vusin(p), vgur = Varepre (). ®

Fundamental and high-frequency ripple components are
changing according to some function, depending on the phase
of the output sine. It can be seen that the maximum value of the
current ripple is denoted as Aiy, and the voltage as Avoyr.
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In order to find these functions and maximum values, the steady-
state modes for all solutions are analyzed.

Any power electronics converter can be represented by means
of equivalent circuits. The first [see Fig. 2(a)] and the second
[see Fig. 2(b)] solution have a common feature and two differ-
ent modes, as it was described above. Fig. 7 shows equivalent
circuits of the proposed solutions.

Fig. 7(a)—(c) shows the equivalent circuits of the single-
inductor unfolding buck-boost inverter. In the case of buck
mode, circuits (a) and (b) are involved. Boost mode requires
the use of circuits (b) and (c).

Before the passive elements calculation, it should be men-
tioned that a lossless system is considered

Poyr = Pn = P. (10

Assuming that the switching frequency is very high and the
average value of the inductor current from one switching interval
to another is changing, a negligible volt-second balance across
the inductor can be applied. It means that the current ripple in
the buck mode can be expressed as follows:

VIN —vout

Aip =
' 2L,

“Dgy - Ty an

where T is the switching period and Dg; is the duty cycle of
the conducting transistor S;
Varsin(ep)

==/ 12
Vin (12)

_ Your

De
51 Vin

It corresponds to the equivalent circuit in Fig. 7(b). Taking
into account the value of the duty cycle and the output voltage
[see Eq. (4)], it is possible to claim that the ripple value of the
current in the inductor depends on the output voltage phase.

Equivalent circuits. (a)—(c) Single-inductor unfolding buck—boost inverter. (d)—(f) Tapped-inductor unfolding buck—boost inverter. (g) Equivalent circuit
of tapped-inductor. (h), (i) Single-inductor twisted unfolding buck—boost inverter.

As a result, the value of the inductance can be expressed as

(Vix = Viy - sin(p))

Li=———— T2 V2 i 13
1 2P Vi Ky - | - sin(p) (13)
where K7, is the high-frequency current ripple factor
2Ai
Kp=—"t. (14)
Trnvax

In order to estimate the voltage ripple across a capacitor, the
current flow through the capacitor is analyzed. Assuming that
the output current is proportional to the capacitor voltage, it is
evident that the voltage ripple across the capacitor is caused by
the high-frequency current ripple in the inductor

1 Aig
A — = fidt= Te.
vour = & /lcdt 8., 5

As a result, the value of the capacitor can be expressed as

5)

Ky -P

Cl=—"—
YTAVE Ko f

16)

where K¢ is the voltage ripple factor.

It can be seen that the current ripple factor K has direct
impact on the voltage ripple across the capacitor.

The current and voltage ripple can be expressed in a similar
way in the boost mode. The only difference lies in the equivalent
circuits involved in the boost mode. In particular, the circuits in
Fig. 7(b) and (c) are used.

During the state depicted in Fig. 7(c), the output load is fed
only by the capacitor, while the inductor is disconnected. It leads
to a significant voltage ripple increase.
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TABLE I

EXPRESSIONS OF PASSIVE COMPONENTS AND DUTY CYCLE FOR BUCK AND BOOST MODES

7667

Single-inductor unfolding buck-boost inverter Single-inductor twisted
e (Fig 2%1) Tapped-inductor unfolding buck-boost inverter (Fig 2b) unfolding buck-boost inverter
((Fig 2¢))
Mode Buck Boost Buck Boost Buck-Boost
2P 11< 7
L | Ay sin)-si e
Inductance | (Vi =Yy sin(@) . sin(p) (7, -sin(@) =V, ) - Vi %W V2 V2 sin(p)
2wy K 2P-K, [V, sin(p) oo Vi (Vi Sin@) V) (Vo + Vi om) | 2P Ky (Vg sin(@)+ V) (Vi + Vi)
(Vi wsin(@) 4 Vo) (Vi o 4V a2 )
Capacita K, P W)t P K,-P 2Py (V) sin(p) ¥,y ) sin(p) 2P sin’ (p)
nce ;Ko f e Ko f Ko f Vi -(Vy-sin(@)-m+Vyy-my) | [ KoV -V -sin(@) + V)
Duty Qsin((p) Vy sin(@) =V Vi sin(p) n (V’\/I -sin(g) — VI\) Vi -sin(e)
cycle Vi V), -sin(@) Y Vy -sin(@)-n +V, -n, Vi -sin(@) + 7,y
nductor |y nggy | GO V) Vi i i) i) ViV sin@)=V,) Vi Vs sin(g)
current S S, sin(e) | 2L, £V, -sin(p) 2f VL (m +ny) L M
ripple 2 VS 2L - f+(Vyy -sin(@) -, +Vy -ny) 2L, f(Vy, -sin(@) + V)
\?Oli?a’;; K,-P (V) -sin(@) =V )- P K, -P Pon ‘(VM -sin(p) —V,y ) -sin(g) P- sinz(;o)
ripple 8C, V- f GV f 8C, V- f C-fV, (Vw -sin(@) - n, + V) '”z) C-f -V, -sin(@)+ V)

Finally, using similar analysis, the equations for inductance
and capacitor definitions are as follows:

I = (Vs - sin(p) — Vin) - Vi
T RP KL f Vi -sin(y)
P

o = 2(Virsin(p) — Vin) -
Vi -Ke - f

an

(18)

It can be seen that both current and voltage ripples depend on
the phase of the output voltage. Also, coming from the analysis
of the equations obtained, it can be concluded that the boost
mode requires larger passive components in order to keep the
ripples in a predefined range.

The same analysis was performed for the other two topolo-
gies. Fig. 7(d)—(f) shows the equivalent circuits of the tapped-
inductor unfolding buck—boost inverter. The operation principle
corresponds to the single-inductor solution. The only difference
is in the turns ratio of the inductor windings that leads to a
wider regulation range of the input voltage. The equivalent cir-
cuit of the tapped inductor is illustrated in Fig. 7(g). It consists
of the leakage inductance, magnetizing inductance, and ideal
transformer with the turns ratio m as being

Ny
m = N (19)

Such solution may provide a higher step-up ratio. The result-
ing equations are summarized in Table 1.

It should be noticed that the leakage inductance is not desir-
able in the presented solution because of voltage and current
spikes in the semiconductors that it may evoke. The analysis
performed is idealized and the leakage inductance is omitted.

Finally, a similar analysis was performed for the twisted un-
folding buck—boost inverter, where the equivalent circuits of
which are shown in Fig. 7(h) and (i). As it was mentioned above,
this solution is different from other ones because it uses the same

Ly, p.u.

cir.] — —cir.2(4:1) - - --cir.3

0.125 1.00 2.00 3.00 4.00
(2)
C, p.u. cird — —cir.2(4:1) == --cir.3
11— ——T S i
20 e
10 | 2=
A
0
0.125 1.00 2.00 3.00 4.00
(b)
Vv, p-u.

Fig. 8. Capacitor and inductance values as a function of input voltage with
constant average input current, constant input current ripple, and constant output
voltage ripple for single-inductor unfolding buck—boost inverter and single-
inductor twisted unfolding buck—boost inverter. (a) Inductance. (b) Capacitance.

operation mode for buck and boost cases. As a result, the single
equations for inductance and capacitance are presented.

Such representation is convenient because the peak output
voltage V), is a constant value that can be used like a refer-
ence. In this case, one unit of input voltage corresponds to the
boundary level between the buck and boost modes.

The main idea of Fig. 8§ is to show the required value of the
passive component for maintaining the same current ripple over
the inductor and voltage ripples over the capacitor in a certain
operating point.
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Fig. 9.  Capacitor and inductance values as a function of input voltage un-
der different turns ratio with constant average input current, constant ripples,
and constant output voltage for tapped-inductor unfolding buck—boost inverter.
(a) Magnetizing inductance. (b) Capacitance.
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Fig. 10.  Gain factor of the boost converter based on a tapped inductor.

Also, it should be mentioned that the average input current is
considered as a constant value. These considerations were taken
into account due to the PV energy behavior. The PV voltage
may change rapidly due to the environmental conditions. The
PV system is regarded as the main application of the proposed
solution.

The main conclusion from Fig. 8 is that the third solution
requires much higher capacitance in value the whole range of
the input voltage, while the inductance values are very close,
the buck mode demands higher value of the capacitance for all
solutions.

Also, an interesting conclusion here is that the largest value
of the inductance corresponds to the boundary input voltage
between the buck and boost operations.

The second solution is very similar to the first one. The first
solution can be considered as a particular case of the second
one. To emphasize the difference, Fig. 9 shows the dependen-
cies of the passive elements value versus the input voltage for
the second solution under different turns ratios of the tapped
inductor. At the same time, Fig. 10 shows the gain factor of the
boost converter based on the tapped inductor.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 8, AUGUST 2019

It can be seen that the turns ratio of the tapped inductor gives
more freedom in terms of input voltage regulation function.
Also, it is possible to achieve the reduction of capacitance and
inductance values. Due to the presence of a transformer, a wider
range of input regulation can be achieved. At the same time,
the overall size of the converter cannot be smaller due to the
presence of an ideal transformer in the model.

In summary, to select proper values of passive components,
the engineer should define the value of the desired voltage and
current ripples in a certain operating point. The operating point
is defined by the input voltage and the output power.

Also, switching frequency should be predefined. The value
of passive components can be derived by introducing these
predefined data into equations in Table I.

V. SIMULATION VERIFICATION OF THE PROPOSED SOLUTIONS

In order to verify the theoretical statements, simulations were
performed for all proposed solutions. Since the PV is announced
as possible application field for this type of inverters, the wide
range of input voltage is considered with constant average input
current. The thin-film PV panels are selected as a case study
system. This is novel and growing trend in PV market.

Fig. 11 shows the simulation results for all proposed circuits
in the boost mode.

Fig. 11(a)-(c) demonstrates the simulation results for the
single-inductor unfolding buck—boost inverter [see Fig. 2(a)].

The input voltage is equal to 100 V, RMS output voltage
is 230 V, and output power is about 250 W. High-frequency
and low-frequency ripples are shown. It can be seen that the
continuous input current is achieved by means of a simple input
capacitor. The purpose of the input capacitor is to mitigate high-
frequency current ripple. At the same time, its value is relatively
small and it can be even smaller. With the present value, a high-
switching input current ripple is very minor.

Fig. 11(d)—(f) demonstrates the simulation results for the
tapped-inductor unfolding buck—boost inverter [see Fig. 2(b)].
Input voltage is equal to 40 V, the other parameters are the
same. Input voltage is reduced in order to demonstrate the
possibility of extending the input voltage regulation range.
Due to the increased amplitude of input current, the abso-
lute value of the current ripple can be increased as well,
and as a result, the value of the magnetizing inductance of
a tapped inductor can be decreased compared to the first
solution.

Fig. 11(g)-(1) shows similar results for the single-inductor
twisted unfolding buck—boost inverter. The input and output
parameters are the same as in the first case. Also, the current and
voltage ripples are very similar. The main difference lies in the
different values of passive components that are summarized in
Table II. Such approach of results representation demonstrates
how to achieve the same input and output waveforms using
different circuits and passive elements.

Finally, Fig. 12 demonstrates similar simulation results for
the case when the input voltage is higher than the peak output
voltage (450 V). It can be seen that the quality of the input
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Fig. 11.

Simulation results of the proposed circuits for boost case: The output voltage and the inductor‘s current [(a) for circuit in Fig. 2(a), (d) for circuit in

Fig. 2(b), and (g) for circuit in Fig. 2(c)]; the input voltage and the input current [(b) for circuit in Fig. 2(a), (e) for circuit in Fig. 2(b), and (h) for circuit in
Fig. 2(c)]; and ripples of the output voltage and of the inductor‘s current [(c) for circuit in Fig. 2(a), (f) for circuit in Fig. 2(b), and (e) for circuit in Fig. 2(c)].

TABLE II
PASSIVE COMPONENTS VALUES OF PROPOSED SOLUTIONS FOR
SIMULATION AND EXPERIMENTAL VERIFICATIONS

Single- Tapped-inductor |  Single-inductor
inductor unfolding buck- | twisted unfolding
Parameter unfolding boost buck-boost
buck-boost inverter(4:1) inverter
inverter
Input current ripple 32 % 28% 28 %
Output voltage ripple 2.5% 2.4% 2.8%
Input filter inductor, 1 uH
Lo
Input capacitor filter, 60 uF
Co
Boost inductor
(magnetazing 700 uH
inductor), L,
Unfolding capacitor, 2.1uF
C

current and the output voltage is slightly different. At the same
time, the relative value of ripples does not exceed the predefined
value. The average input current remains the same. The output
power is increased to 1000 W in this case.

The passive components were selected according to the equa-
tion presented in Table I. The maximum input current ripple is
defined as 20%, while the maximum output voltage ripple is
defined as 3%.

VI. COMPARATIVE ANALYSIS OF THE PROPOSED SOLUTIONS

To demonstrate the difference between the proposed solutions
and different conventional solutions, a comparative analysis was
made. Table III presents several important parameters, such as
the number of semiconductors, the number of passive elements,
as well as the number of required input power sources. It should
be noticed that for a fair comparison, an additional input ca-
pacitor is introduced in the solutions with discontinuous input
current. Also, the output stage is considered for a simple re-
sistive load; thus, the output capacitor is considered as a filter.
Additional inductance is required for all solutions in the grid-
connected system.

The reason for the use of the common-mode filter was ana-
lyzed as well. It is very important in PV applications. A sub-
stantial common filter is not required in all the solutions based
on an unfolding circuit because of very small high-frequency
component in the common-mode voltage. An intermediate
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Fig. 12.  Simulation results of the proposed circuits for buck case: The output voltage and the inductors current [(a) for circuit in Fig. 2(a), (d) for circuit
in Fig. 2(b), and (g) for circuit in Fig. 2(c)]; the input voltage and the input current [(b) for circuit in Fig. 2(a), (e) for circuit in Fig. 2(b), and (h) for circuit in
Fig. 2(c)]; and ripples of the output voltage and of the inductor‘s current [(c) for circuit in Fig. 2(a), (f) for circuit in Fig. 2(b), and (e) for circuit in Fig. 2(c)].

TABLE III
PARAMETERS OF THE COMPARED SOLUTIONS WITH BUCK AND BOOST PERFORMANCES
Topology Semiconductors égi}:ci:éfgﬁgs Capacitors Inductors De-links I\/fo (g;“;ol;r Ingl:ul:;‘?r
Boost+VSI 6 6 2 2 yes yes 1
qZSI 5 5 3 3 yes 1
dc-ac converter based on 8 2 2 2 yes 1
unfolding circuit
Aalborg Inverter 10 2 3 2 yes 2
Dual-buck-structured inverter 8 4 3 6 1
Single-inductor unfolding 8 2 2 1 1
buck-boost inverter
Tapped-inductor unfolding 8 2 2 1 (tapped- 1
buck-boost inverter inductor)
Single-inductor twisted 6 2 2 1 1
unfolding buck-boost inverter
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dc-link stage is also taken into account. On the one hand, usu-
ally it requires a larger capacitor, but may simplify the control
system.

Finally, in order to underline absence of high-switching
semiconductors in the unfolding stage, an additional column
was introduced with a number of active (high switching)
semiconductors. For example, despite the large number of
semiconductors, an Aalborg inverter may be added that utilizes
only two of them during any switching stage. It means lower
switching losses. In addition, this is a very important parameter
for the EMC design of industrial prototypes.

Several competitive solutions were taken into account in the
comparative analysis. The main goal was to cover the main types
of converters with different and similar structures. First, the
conventional solution with boost and VSI stages was analyzed,
followed by a solution with the qZSI inverter that is a typical
representative of IS inverters. Detailed comparative analysis of
IS inverters is reported in [22]-[24]. As it was mentioned in
Section I, the main drawback of the IS-based converters is the
large size of passive components as compared to conventional
solutions.

Comparative analysis included the dc—ac converter based on
an unfolding circuit [see Fig. 1(b)] along with an Aalborg in-
verter [see Fig. 1(c)] because of the presence of similar fea-
tures. Also, the dual-buck-structured inverter is represented in
Table III.

Table III reveals that the proposed solutions have evident
advantages in terms of the number of passive components and
high-switching semiconductors. Neither do the solutions suffer
from the leakage current problem. The main drawback lies in
the four consecutive conducting semiconductors that may lead
to increased conduction losses. At the same time, due to the
substantially reduced switching losses, this drawback can be
balanced.

Comparison of the presented solutions with that in Fig. 1(b)
shows that the main difference lies in the changed sequence of
the buck and boost stages. The main drawback of such solution
is in two inductors. In the first section, L, is working in the
boost mode, and in the second, L, is in the buck mode. In
order to provide the converter operation in a wide range of
input voltage, both inductors should be large enough, while the
proposed solutions have a single inductor utilized in a back and
boost cases. Also, proposed solutions give more freedom in the
further topology deviation [see Fig. 2(b) and (c)].

Comparison of the proposed solutions with an Aalborg in-
verter reveals that the main advantage of the proposed solutions
lies in the reduced number of semiconductors and passive com-
ponents. The same is valid for dual-buck-structured inverters,
where the number of inductors and high-switching devices are
higher.

At the same time, it should be noticed that in the engineering
practice, to compare only the number of passive components or
semiconductors appears not to be a mature approach. A single
inductor can be much larger and more expensive than several
smaller inductors. In order to validate the hypothesis of the
reduced size of the passive components, our focus in the analysis
will be on the stored energy.

7671

Per,
/

N =0.69Vy

7 \
/z
Ty E
1
— Buck-Boost Unfolding Inverter — Conventional Solution
Fig. 13.  Comparative analysis of the proposed solution vs. conventional so-

lution based on the boost de—dc converter and VSI both in the boost and buck
modes.

The main assumption is that the volume of the magnetics
Voly is proportional to the stored energy

N

L;- I}
By = Y =A%
i=1

(20)
which is estimated by means of the inductance L and the maxi-
mum inductor current Iy o x ; and N is the number of inductances.
Such parameter allows the estimation and comparison of the re-
quired number of magnetic elements, their sizes, and cost for a
certain topology. Similar parameters can be introduced for the
capacitors

N

Cr V2 v,
Ecw = Z —MAXI 2‘““7'
i=1

(21)
where Ecyy is the total energy stored in the capacitors.

It is well known that the size, volume, and cost of the capac-
itors strictly depend on the maximum voltage and capacitance.
The size of the passive elements depends strongly on the material
and switching frequency, but these parameters can be assumed
to be the same for all compared solutions.

In order to make the analysis more comprehensive, the con-
duction losses along with the voltage stress on the semiconduc-
tors are also considered.

To estimate the contribution of semiconductors to the topolo-
gies above, their number and blocking voltage was also taken
into account

N
Tw =) Veri. (22)

i=1

To compare the conduction losses Pcy,, the same MOSFETs
transistors were taken into account. In this case, conduction
losses of semiconductors are proportional to the RMS value of
the current that can be accurately estimated by a simulation tool.

Fig. 13 shows the diagram that illustrates the results of the
comparison. Axes illustrate the parameters described above.
This diagram corresponds to the case with a minimum size of
passive components for the conventional boost and VSI solution
[see Fig. 1(a)] and one of the proposed solutions [see Fig. 2(a)].
These two solutions were selected as the most promising among
compared solutions.
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The first case [see Fig. 13(a)] corresponds to the boost mode,
where the input voltage Vix is much smaller than the peak
output voltage V). In the opposite case [see Fig. 13(b)], the
input voltage is higher than the peak output voltage.

In both cases, the predefined 20% input current and the 1%
output voltage ripple are provided by means of proper passive
components. Double-frequency ripple was not eliminated and
only high-frequency ripple was considered.

It should be mentioned that in the proposed solution, the front-
end input filter is used to mitigate high-switching input current
ripple in correspondence with the conventional solution. The
filter consists of very minor series resistance and inductance
that usually is present in the wires and an additional capacitor
Cy. This filter is included in the summarized results.

The main conclusion from the diagrams above is that the
proposed buck—boost inverter with the unfolding circuit has a
lower value of inductance and energy stored in the inductor
in any mode. The overall size of the capacitors in the proposed
solution is significantly smaller in the buck case [see Fig. 13(b)].
All the parameters are represented in relative units, while the
switching frequency is the same.

It is evident that the conduction losses as well as the overall
number of semiconductors are higher. At the same time, as it
was mentioned above, the expected switching losses are much
lower.

Also, it should be taken into account that transistors with a
very low open drain-source resistance can be selected for un-
folding circuits. Usually, such type of MOSFETSs has an internal
diode with very poor dynamic performance that is neglectable in
this solution. It means that despite a higher number of semicon-
ductors, higher overall efficiency is expected. Another possible
alternative is the commercially available low-voltage thyristors
that are a very good option from the cost point of view.

In addition, in the comparison, the continuous open-loop con-
trol system for the de-link voltage was implemented in the sim-
ulation. It means that the minimum value of dc-link capacitance
in the conventional solution will not be sufficient for experi-
mental realization, which has limited switching frequency and
computational delay. The same is not valid for the proposed
solution where the dc-link control is not required.

VII. EXPERIMENTAL STUDY

Taking into account the results presented above, the single-
stage buck-boost inverter with an unfolding circuit [see
Fig. 2(a)] is selected for experimental study as an optimal solu-
tion in terms of passive component size. Also, compare to the
solution in Fig. 2(c), it has reduced voltage across semiconduc-
tors.

Fig. 14 shows the experimental setup for the studied solution.
The passive elements correspond to the simulation study. It
consists of the inverter printed circuit board (PCB) board, the
control board, and inductor. The small input film capacitor is
used. The inductor is based on the serial connection of the
coupled inductor with inductance 700 pH and saturation current
20 A (size is 30, 60, 65 mm). All the diagrams are derived by
the digital oscilloscope Tektronix MDO4034B-3, current probes
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Fig. 14. Experimental setup of the single-stage buck—boost inverter with
unfolding circuit.

Tektronix TCP0150, and voltage probes Tektronix TPA-BNC.
The control system is based on the low-cost field-programmable
gate array, which allows realization of any PWM technique with
high-resolution and high-switching frequencies.

The high-switching part of the prototype is based on the
MOSFET transistors IPW65R041CFD along with SiC diodes
C3D10065A. The unfolding circuit is based on the MOSFET
transistors IPB60R0O60P7ATMA1 with poor dynamic charac-
teristics but very low static losses. The buck and boost cases, in
correspondence with simulation results, are shown in Fig. 15.
Fig. 15(a)—(c) demonstrates experimental results for the single-
inductor unfolding buck—boost inverter [see Fig. 2(a)] when the
boost mode is required. It is fully corresponding to the simu-
lation results. The input voltage in this case is equal to 100 V,
the RMS output voltage is 230 V, and the output power is about
250 W. Inductor current ¢;, along with output voltage Vouyr is
illustrated as measured in Fig. 15(a).

Fig. 15(b) shows the input voltage Vix along with the input
current ijy. It can be seen that due to the input capacitance,
input current has smaller high-frequency ripples compare to the
inductor current. High-frequency ripple of the input current,
inductor current, and output voltage are shown in Fig. 15(c).
The average value of the input current is about 2.5 A.

In order to show the maximum possible power for this in-
put voltage, Fig. 15(d)—(f) demonstrates similar diagrams for
1000 W. It can be seen that due to the high average value of
the input current, the ripple seems very small. The input voltage
has some ripple also because it corresponds to the maximum
possible current.

The case when only the buck operation mode is used is shown
in Fig. 14(g)-(i), and in this case, the input voltage is equal
to 450 V. Input current remains the same as in the first case,
while the output power increased to 1100 W. Due to higher
input voltage, the high-switching current and voltage ripples are
increased.

At the same time, the value of the ripples corresponds to the
theoretical estimation. This point corresponds to the nominal
operation point and was verified by simulation as well.
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Fig. 16.  Dynamic response on the input voltage step from 0 to 300 V.

Finally, Fig. 16 shows the dynamic response of the converter.
Input voltage is changed from 0 to 300 V. There is no any sig-
nificant current and output voltage oscillation. Fig. 16(a) cor-
responds to the 200 W, while Fig. 16(b) corresponds to the
1000-W input power.

Time

(h)

Experimental results for the first proposed circuit: Boost case (a)—(c) with 250 W, boost case (d)—(f) with 1000 W, and buck case (g)—(i) with 1100 W.

The efficiency of the converter was also estimated. The very
precise four wire measurement method by means of Yokogawa
WT1800 was used. Fig. 17(a)—(c) shows pictures from the ther-
mal camera.

In the first case of reduced input voltage, the boost mode is
activated. In this particular case, the boost mode prevails over
the buck mode due to the very low-input voltage and the losses
are mostly caused by transistors S;, S3, and diode S,, which
is confirmed by Fig. 17(a), where the thermal picture of these
transistors is illustrated. The total efficiency in this case is more
than 96%.

At maximum possible current [see Fig. 17(b)], which corre-
sponds to the experimental results in Fig. 15(d)—(f), the total
efficiency decreased to 92.5%. The relatively lower efficiency
is explained by the low-input voltage while the current is very
high. Also, Fig. 17(b) shows that unfolding transistors have
high temperature. At the same time, the losses are not very high
because there is no heatsink. The thermal dissipation is going
through the printed circuit design board.

Fig. 17(c) shows the inverter board during the buck mode. It
can be seen that in this case, transistor S; has higher temperature
than the other ones. This transistor works with maximum cur-
rent and switching losses. In this case, the efficiency is almost
98%. This is achieved due to the MOSFET transistors with low
drain-source resistance and a minimum number of switching
semiconductors is used.

The efficiency profile as the function of input voltage with
constant current is illustrated in Fig. 17(c). The reduction in
the efficiency with a voltage drop is explained by the decreased
level of the input power. At the same time, Fig. 17(e) shows the
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power. () Efficiency vs. input power with constant input voltage.

dependence of the efficiency as the function of the input voltage
with constant power. The power was investigated in a range
from 100 to 1000 W. The main conclusion is that the converter
may work with high current and low voltage. At the same time,
the PV profile with high voltage and low current is preferable.
It is evident, that the maximum possible power is different for
different input voltage. For example, only 800 W was possible
to get with 80-V input voltage, but 2200 W was provided to the
output when input voltage was 300 V. The efficiency curve as a
function of input power with constant input voltage is shown in
Fig. 17(f).

It should be noted that each of the high-switching semicon-
ductors has the same separate heatsink (5.3 C/W). It is done on
purpose in order to estimate losses in each semiconductor. How-
ever, the selected approach of heatsink design is not optimal. In
industrial terms, common heatsink for all high-switching semi-
conductors will be better. In this case, the losses will be more
equally distributed and maximum temperature of the semicon-
ductors will be lower. It means lower drain-source resistance and
higher efficiency. Finally, Fig. 18 shows the losses distribution
for 1000 W at 450 V [see Fig. 18(a)] and 100-V [see Fig. 18(b)]
input voltage. Due to the separated heatsinks, it is possible to
estimate total losses in each semiconductor. The current in the
semiconductor along with the case and heatsink temperature can
be measured. Taking into account datasheet parameters, and cur-
rent in semiconductors, the conduction losses can be estimated
separately. It can be seen that conduction losses have major con-
tribution in both cases. Also, it is evident that conduction losses
are increasing during the input current increase.

Fig. 18.
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Losses distribution for 1000 W at 450 V [see Fig. 18(a)] and 100 V

[see Fig. 18(b)] input voltage.
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At the same time, it can be seen that losses in the passive
components are present as well. It means that this issue can be
optimized as well.

The main conclusion from the thermal pictures and the ef-
ficiency study is that a converter may have high efficiency in
a wide range of input voltage. At the same time, in any pe-
riod of operation, only two transistors are involved in the high-
switching performance that, in turn, lead to reduced switching
losses and EMI compared to the conventional solutions. Due to
dominant conduction losses, the application at higher input volt-
age and lower input current can be recommended. It means that
the proposed solutions can be recommended for PV applications
where higher power corresponds to higher voltage.

VIII. CONCLUSION

This paper has presented a novel family of buck—boost invert-
ers using output unfolding circuit. Component design guidelines
along with modulation techniques are given. Simulation and ex-
perimental results confirmed the theoretical analysis.

It is demonstrated that the main advantage of these solutions
is the reduced size of passive elements in a wide range of input
voltage regulation. It is achieved due to the direct dc to ac energy
conversion without any dc-link stage.

Despite the increased amount of semiconductors, the overall
efficiency can be very high because only two semiconductors
are involved in high-switching performance in any period of
operation. The solutions proposed can be recommended for PV
applications where high power corresponds to high voltage. In
advance, it gives reduced EMI compared to any other compet-
itive solutions. At the same time, a continuous input current is
achieved.

The proposed modifications of the buck—boost inverters pro-
vide high selection flexibility. The buck—boost inverter with
a tap-inductor and output unfolding circuit may provide very
high step-up solutions. Another valuable advantage is the com-
mon voltage shape, which contains no high-switching frequency
components. As a result, leakage current problem does not exist
for PV application.
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~ Novel Concept of Solar Converter With
Universal Applicability for DC and AC Microgrids

Oleksandr Husev

and Samir Kouro

Abstraci—This article presents a novel concept of a uni-
versal solar converter suitable for application in both in the
dc or single-phase ac grids using the same terminals. The
idea lies in the utilization of the same semiconductors in
the dc—-dc and in the dc—ac configuration, resulting in min-
imal redundancy. Possible semiconductor stages are con-
sidered. The particular attention is focused on the output
filter design along with proper protection circuit selection
for dc and ac grids. The design example and comparative
analysis between dc—dc, dc—ac, and universal solutions are
given. The experimental prototype of the universal solar
converter that is rated for 3.6 kVA power in the ac mode and
5 kW in the dc mode is presented. The experimental results
demonstrate the ability of operation in ac or dc grids with
main correspondent modes. Possible fields of application
along with main benefits are addressed in conclusions.

Index Terms—DC-AC converter, dc-dc converter, solar
converter, universal converter.

|. INTRODUCTION

HE constant growing energy demand of humanity exacer-

bates the development of sustainable energy such as solar
power, wind power, and other forms of renewable energy sources
(RESs) that can replace fossil fuels. At the same time, it becomes
obvious that storage elements are required to balance the grid
that contains high penetration level of RESs.
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Many years have passed since the Tesla-Edison war of the
currents. However, because most of the RESs and battery stor-
ages are dc-based, the topic of using dc devices is reviving with
renewed vigor [1], [2]. Hence, dc microgrids are becoming a
modern trend [3], [4]. It is well known that ac voltage level
can be easily stepped up or down by means of a transformer.
Effective electrical energy distribution systems can be con-
structed. According to some reports, it is already proved that
a high-voltage dc (HVdc) distribution system is more efficient
than a high voltage ac system in several cases [5]. In particular,
it was demonstrated bringing offshore wind power to shore [6].
Due to the latest research efforts in power electronics, the HVde
transmission system may replace an ac system in the coming
decades. Power electronics facilities can provide step up or
step down performance [7]. The cost of such solution is still
a challenge.

The dc low-voltage distributed system may become a reality
even sooner [8]-[10]. From both the technical and the econom-
ical point of view, the most suitable dc voltage level seems to
be 326 V [9]. It has been shown that this voltage is readily
applicable to existing systems, which makes it possible to use
the existing cables. Some other preliminary research shows that
the dc voltage level from 350 to 380 V is considering to be
like a future standard [11]. Due to the simplicity of storage
systems or renewable energy integration, reduction of power
electronics stages in many devices connected to the conventional
ac grid, this solution is attracting researchers’ efforts targeted to
implementation. At the same time, it is evident that immediate
transition from the ac to the dc grid is infeasible. In the nearest
decade, we will observe a merge of the dc and the ac systems.

There is a trend to consider future power electronics converter
solutions simultaneously suitable for dc and ac applications
[12]. For example, so-called hybrid converters have dc and ac
terminals and correspondent internal power electronics. In the
most cases, it relates to the hybrid solar converters where an
additional dc terminal is intended for battery storage connection.
There are few examples when the converter has dc-link terminals
for dc grid connection along with ac grid. In a very general case,
these converters are called multiport converters [13]. The idea
of universal multiphase converters is presented in [14]. Due to
the high number of input/output terminals, these solutions can
be used in single-phase ac, multiphase ac, and dc applications.
Another option is power electronics facilities for power flow
control between residential dc and ac grid. These types of
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Fig. 1. Motivation and concept demonstration of the universal solar
converter. (a) DC-DC and dc—ac string solar converters as independent
solutions. (b) Universal single-phase string solar dc—dc/ac converter.

converters can be called energy routers. They have terminals for
dc and ac grids [15]-[17]. They can be applied for the energy
distribution system and residential applications.

At the same time, all above-mentioned converters have sig-
nificant redundancy if it is necessary to provide energy from/to
power source to/from the grid, but type of the grid is not defined.
We predict that some universal converters that accept both dc or
ac grid by the same converter terminals with minimal internal
redundancy will be required. This work is devoted to the novel
concept of a universal solar converter that is applicable for both
the dc and the ac grid. This article is organized as follows.
Section II describes the concept of universal converters. Section
IIT analyzes and discusses the possible semiconductor stages.
Section IV is devoted to the output filter selection and protection
issues. Section V shows a design example of the universal solar
converter and comparison with conventional solutions. Finally,
experimental results are presented in Sections VI. Section VII
concludes this article.

Il. CONCEPT OF THE UNIVERSAL DC—DC/AC CONVERTER

The motivation of the universal solar converter solution is
illustrated in Fig. |. Fig. 1(a) shows solutions for string solar
applications expected to be available on the market in the nearest
decade. Along with conventional string solar dc—ac inverters, we
can expect the appearance of string dc—dc converters targeted
for the dc grid integration of PV plants. The same conclusion
belongs to the market of solar microinverters. The isolated dc—dc
solar optimizers are available for customers. There are several
companies that target market of the future dc—dc solar optimizers
and string de—dc converters [18].

At the same time, as an alternative solution, the universal
dc—dc/ac converter illustrated in Fig. 1(b) can be proposed for
customers. Such solution will provide flexibility and indepen-
dence of the type of available residential grid. The same features
belong to any renewable energy converters.

Fig. 2 shows a simplified structure of the universal solar (dc—
dc/ac) converter that contains a semiconductor part, an output
filter along with an electromagnetic interference (EMI) filter,
protection circuits and the dc or the ac grid with corresponding
impedance. This is an example of the universal solution, which
is considered as interface between the dc input voltage source
and ac or dc residential grid. It is evident that similar structure
can be considered for ac voltage source as well. In a very
general case, if assume that semiconductor stage may have

Protection ac

grid
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| | |
: : : de
! I F CB | grid
_ | | ol
Semiconductor | 1 H
stage I Outputand EMI | v
! filter stage !
: : cs z
| |
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Fig. 2. Simplified structure of the universal dc—dc/ac converter that
contains semiconductor part, output filter, protective circuits and dc or
ac grid with impedance.

high-frequency isolated stage, this solution can be generalized
for any application.

The main goal of this work is to define the demands for power
electronics converters and their possible internal structure in
case of capability of the universal dc or ac operation and pits
feasibility for application.

Ill. POSSIBLE SEMICONDUCTOR STAGE OF THE
UNIVERSAL SOLAR CONVERTER

Fig. 3 shows several solutions as possible semiconductor stage
for the single-phase universal string solar converter. First of
all, Fig. 3(a) shows that even the conventional voltage source
inverter (VSI) with an intermediate boost dc—dc converter can
be connected to the dc grid. A good overview of the conventional
single-phase solar inverters is presented in [19]-[23]. Many of
the existing dc—ac converters can work in the dc—dc mode. More
complex solutions, like high step-up inverters [24] or common-
ground inverters [25] also can be considered as competitive
solutions. At the same time, they may have inherited limitations
from dc—ac mode like limited power range or lower efficiency.

In this particular case [see Fig. 3(a)] in order to provide dc
output voltage the transistor S have to be in a conductive state
while transistors S3 and S are in synchronous mode providing
buck operation. Fig. 3(b) shows another possible example of
the proposed universal single-phase solar converter. In fact, this
is an interleaved synchronous buck-boost converter. A similar
solution based on a boost converter with common input voltage
source was disclosed in [26] for the dc to the ac application,
which can work in the bidirectional mode. A similar approach
recently proposed for a three-phase rectifier in [27] is a phase-
integrated converter (PIC).

The third example as a solution for a universal single-phase
solar converter is a buck-boost inverter with unfolding circuit
[see Fig. 3(c)]. This solution is shown as part of the family of
inverters with unfolding circuit [28]. At the same time, it is
evident that this solution can be easily adapted for the dc—dc
operation simply by changing the control strategy and without
any impact on redundancy. Despite the relatively high number of
the series semiconductors, this solution has the minimal number
of simultaneously switching semiconductors, which leads to the
significant reduction of the switching losses. Also, it does not
have a high-frequency component in the common-mode voltage
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Possible solutions of the universal nonisolated single-phase solar converter. (a) VSI derived universal dc—dc/ac converter. (b) Buck-boost

derived universal dc-dc/ac converter. (c) Buck-boost converter with unfolding circuit as universal dc—dc/ac converter.

that eliminates problems with leakage current in case of solar
application.

Finally, it is the single stage energy conversion solution that
provides wide input voltage range regulation without dc-link
capacitor [28]. As a conclusion from Fig. 3, it can be stated that
the semiconductor stage for universal application can be derived
from the different types of converters. Fig. 3(a) represents VSI
(or dc—ac) derived semiconductor stage, while Fig. 3(b) shows
how to derive a dc—ac operation in case of initial dc—dc con-
figuration. Finally, converter with unfolding stage can naturally
provide dc or ac output voltage without any redundancy.

IV. PROTECTION CIRCUITS AND OUTPUT FILTER SELECTION
FOR AC- AND DC-GRID INTEGRATION

Any semiconductor stage can not be separately considered
without output filter and protection stages in any power elec-
tronics converters. This section is devoted to the selection of the
output filter along with a proper protection circuit. The main
goal is to provide a desired power quality and a safety level in
both the dc and the ac operation mode.

A. Protection and Grounding Issues

First of all, the single-phase ac protection circuit is a well-
known and standardized solution (IEC 61869, IEC 60255, IEC
61850, and IEC 60834). Usually, it contains Circuit Breaker
(CB), fuse F as overcurrent protection and varistor V as overvolt-
age protection. Also, EMI is required to cancel higher harmonics
propagation. In case of a sudden fault, most of the ac electrome-
chanical CBs disconnect appliances during the zero-crossing
point, which is the principal mechanism of fault isolation. A
typical fault clearing time in ac transmission systems is 80 ms
(4 cycles for 50 Hz system), including 2 cycles relay tripping
time and 2 cycles circuit breaker operating time [29]. DC grid
has numerous advantages and is already considered as a future
electric transmission system [30], [31]. However, designing an
appropriate protection system for dc microgrids has been a
serious challenge over the past years [32]-[36]. A target fault
clearing time in dc transmission systems can be 2.5 ms [11].

The structure of the possible protection circuit between the
power electronic converter and the low voltage dc grid can be
the same. The main problem lies in the nature of the dc fault
current, which can rapidly increase to more than a hundred
times the nominal current during sudden fault inception. In the
dc microgrid, the line impedance Z, is very low. As a result,
fault current deviation is too high, and the fault current reaches

hundreds of amps in less than a couple of milliseconds. It means
that ac protection technologies cannot be fully transferred to dc
grid protection. DC grid protection requires higher bandwidth,
higher communication speed, and sophisticated relay coordina-
tion and breaker functionalities [35]. Possible CB solutions like
solid-state relays are presented in [33]-[36]. These solutions
require such key features as fast response, high reliability, low
conduction loss, long lifetime, and low cost. At the same time,
if a CB solution can satisfy demands for dc grid protection, it is
certain to suit for the ac grid as well.

Grounding is another issue, which belongs to the safety and
protection. The grounding approach of ac systems is well known
while the grounding issue of dc systems is still under discussion.
It is evident that dc and ac systems will be coexisting in the
future distributed grid. The main problem can be in a potential
difference between ac and dc grounds. In case of ac system, the
ground may have the same potential as neutral ground while the
dc bus lines derived by rectification of the ac voltage can not be
directly connected to the ac ground. There are several solutions
already discussed in the literature [37]-[39]. The first solution
consists of the galvanic isolation of ac and dc systems by trans-
formers. Another solution consists of the grounding through
high impedance. At the same time, all grounding approaches
belong to the dc grid side and do not have a direct impact on
the discussed universal solutions. If the discussed converter is
adopted for the conventional ac system, where the impedance
between ground and neutral wires are low, it will be definitely
working with dc grounded system.

Leakage current is another important issue that is inter-
connected with grounding. It is particularly important for all
transformerless converters connected to the grid. Despite the
grounding solution, in the most cases, it is solved by simple
common-mode filters [40] that can be easily integrated into
above-discussed filters. Also, leakage current can be mitigated
by modulation techniques [41]. Also, it should be mentioned
that topological solutions based on unfolding circuits have very
small high-frequency common-mode voltage component and do
not require any additional common-mode filters [28] in ac mode.
At the same time, in case of dc grid connection, it will have a
common ground wire with a grid that eliminates the problem
with a leakage current.

B. Output Filter Selection

Another parameter to conform to both of the requirements is
the output current quality. In the ac grid, filters with inductors
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(e)

Fig. 4. lllustration of the switching process during sudden dc-grid dis-
connection. (a) Disconnection schematic for LC-filter. (b) Disconnection
schematic for the LCLCHfilter. (c) Transient process of the output voltage
and inductor current. (d) Equivalent circuit of the LCfilter. (e) Equivalent
circuit of the LCLCHfilter.

from the grid side are preferable due to the controllability of
the grid current. In most cases of the LC-filter application,
the grid side inductance is assumed to be present like internal
grid impedance. The design process is well-known and widely
studied [42]-[45].

The dc grid as well as the converters connected to the dc grid
is an emerging topic [46], [47]. However, output filter design is
not addressed. In all cases, the capacitor is used from the dc grid
side, but its value is not specified. In a first approximation, a
simple grid side capacitor can be considered as an output filter.
This simple filter can be used in the boost-derived converters
where the internal inductor is not directly connected to the
output capacitor. Also, simple LC filter can be considered for
a conventional buck converter [see Fig. 4(a)]. In both cases,
the grid side capacitor C; has to be small enough in order to
smooth grid connection with the minimal current spike in case
of any voltage difference before connection. In the steady-state
grid connected mode, this capacitor does not have a direct
impact on the grid current quality, but at the same time, it
should be mentioned that the grid side capacitor C; is very
important to eliminate the output voltage spike in the case
of sudden dc grid disconnection. It means that this capacitor
is a suppressor capacitor required to limit possible voltage
spike.

The CLC-filter [see Fig. 4(b)] can be considered as a further
derivation of a C-filter suitable for boost-derived converters. In
this case, the first capacitor C; along with the inductor L; are
main filtering elements, while the output grid side capacitor
Cy is a suppressor. Fig. 4(d) shows the simplified equivalent
circuit of a sudden dc grid disconnection process in case of LC
filter. Straight after detecting a sudden dc grid disconnection, the
control system has to short circuit the output side of the converter
in order to minimize the voltage spike AV ¢ across the capacitor
Cy.

The idealized transient waveforms are shown in Fig. 4(c). It
will be accompanied by oscillation. In the analysis of the above
process that describes the equivalent circuit in Fig. 4(d), we can
derive a set of differential equations

Iy di;t(t) — i,()Rs — vo(t), Cy d”gt(t) —i, (). (1)

The initial conditions are defined as follows:
ve(0) = Vpe, iy(0) = Ipc 2

where V¢ is a dc grid voltage at the moment of disconnection,
while the /p¢ is a grid current at the moment of disconnection.
It is evident that straight after disconnection due to the energy
accumulated in the inductor the voltage across output capacitor
is starting to grow up to reaching maximum value Vcoarax.
The solution of (1) is simple but is very bulky. The series
resistance defines the damping ratio of this oscillation but does
not have a significant influence on the maximum value Vopza x.
Neglecting this resistance Ry, it is possible to derive a simplified
expression of the maximum voltage maximum across capacitor.
It can be assumed that all energy accumulated in the inductor is
flowing to the capacitor
C - (V2 -V2.) LI

C_MAX D

2 2

3

Finally, the expression for the voltage spike AV across the
capacitor C; can be obtained

Ly
71370 + VDQC

AVe = (Ve_max — Vpe) =+ o

- VDC.
“

The value of the voltage spike is proportional to the initial
current and filtering inductance, while it is opposite to the value
of the suppressing capacitor. As a result, design guidelines have
to take into account maximum acceptable voltage spike across
the capacitor and maximum power of the converter. In the case
of CLC- and LCLCfilters, Fig. 4(e) shows the equivalent circuit
for the estimation of the voltage spike across the suppression
capacitor at a sudden dc grid disconnection. Based on this circuit,
the expression for the suppression capacitor can be derived in
a similar way of solving differential equations. Using the same
approach demonstrated in (3) and (4), we can show that voltage
spike across suppression capacitor can be defined as follows:

All other passive components of the converter side part of the
filter can be calculated similar to the classical approach [42]—
[46], [48] keeping the ripple in the current as a main parameter
to be reduced.

In summary, to provide universality of the protection circuit
and the output filter, the CB has to satisfy the demands for dc
grid protection, while the output filter can be designed as a filter
for conventional ac application with an additional small output
capacitor (suppressor) to eliminate voltage spike at a sudden grid
disconnection.

V. DESIGN EXAMPLE OF THE UNIVERSAL SOLAR DC/AC
CONVERTER AND COMPARISON WITH
CONVENTIONAL SOLUTIONS

In this section, the design example of the conventional solar
inverter, dc—dc solar converter and universal solar converters
are given. The same dc-dc buck-boost cell is selected as the
semiconductor stage for all solutions in order to analyze the
redundancy of the discussed solutions. Fig. 5 shows the selected
solutions. They will be compared in terms of size of passive
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voltage are also taken into account
Ns
S = Z VBs. (6)
i=1

L

Fig. 5. Competitive solutions rated for 3.6 kW. (a) Solar dc—dc
converter. (b) String solar inverter. (c) Universal single-phase solar
converter.

TABLE |
TARGET PARAMETERS OF THE SOLAR CONVERTER

Parameters Value
RMS grid voltage Vg, V. 230 AC/400 DC
Output power range P, W 100-3600/100-500
Input voltage range, V 100-600
MPPT voltage range, V 150 — 450
Maximum input current, A 10
Switching frequency 62 kHz

components, semiconductors, number of voltage and current
sensors, and protection circuit’s requirements.

Table I shows the target parameters of the solar converter. On
the one hand, it corresponds to the typical market representative
of the single-phase solar inverter [49]. On the other hand, it has
a double type output voltage specification: 230 V ac grid and
400 V dc grid.

All solutions are designed for the same input voltage range,
maximum input current, and nominal output power. First, we
assume that the same high-switching semiconductors are con-
sidered for all solutions. Itis explained by the same voltage stress
across semiconductors and the same switching frequency. The
maximum voltage stress is defined by maximum input voltage.
The difference between efficiency in the different modes is
discussed in the experimental section.

In order to estimate the contribution of the semiconductors to
the discussed solutions, their number and maximum blocking

AVeo =

20105 Vpe +203Vpe + Ipcy/(C3Cy + C3Ch) - L

The switching frequency range has to be in agreement with
electromagnetic compatibility (EMC) standards that define 150
kHz as a minimum frequency of the conducted emissions
(EN61000-6-3). As a result, in most commercial solar convert-
ers, 65 kHz is recommended as a maximum switching frequency
in order to satisfy EMC requirements. The ac grid has a slightly
smaller peak voltage compare to the dc grid. It means that
unfolding transistors in the universal solution have to be rated
to the slightly higher output dc voltage that will be taking into
account in (6).

The next step is to select passive components. In case of dc—
dc converter, the capacitor C; is selected to provide a high-
frequency current mitigation.

Its value can be neglected compare to the capacitor C; for ac
application. In this case, large electrolyte capacitor is required
in order to provide the PV panel’s voltage ripple AV py/Vpy not
higher than 3—4%. It is assumed that PV current ripple has to be
limited to 10%. These numbers are enough to provide maximum
power point tracking (MPPT) efficiency not less than 99% that is
industrial standard [50]. In our case 4 mF capacitor is required in
order to provide double-frequency power decoupling. All other
passive components have to be calculated taking into account
requirements to the output capacitor value that is discussed
above. In case of dc—dc converter Cy is a suppressor capacitor
and does not have direct influence on the quality of injected
current. It means that inductance L; defines the current ripple
and can be calculated for the buck and boost modes

L Ve __Vbe
~ Krp-Ipc- fsw VIN_ max
Vin Vin
L4 >—(1—- 7
Y= K -Ipo- fsw VDC) @

where K7 is the output current ripple coefficient and Viy-psax
is a maximum input voltage. Similar analysis can be found here
[51].

There is no any significant voltage spike expected in case of
grid disconnection in the dc—dc converter illustrated in Fig. 5(a).
It is explained by the possibility of the inductor decoupling.
Thus, the upper value of the capacitor Cy is limited only by
possible current spike during the grid-connection process. Ac-
cording to (7) setting, the output current ripple not higher than
5% the inductance L; has to be equal to 4.2 mH.

Guidelines for the design of an output filter for an inverter
based on unfolding circuit are given in [52]. It belongs to the
dc—ac operation mode [see Fig. 5(b)]. Taking into account the
same output current ripple coefficient, we can obtain very similar
values for L, C, and L. These and other values are summarized

2 Vpe. Q)

2-(C1Cy + C3)
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TABLE Il
RESULTS OF COMPARISON

Operation mode

Parameter de-dc dc-ac dc-dc/ac
Decoupling capacitor, uF 5 4000 4000
Capacitor C, uF 1 1.3 1.3
Capacitor Cs, pF 1
Inductor L;, mH 4.2 1.6 1.6
Inductor L,, mH 0.33 0.33
Number of high-switching 4 4 4
semiconductors
Number of low-switching 0 4 4
semiconductors
Speed of relay disconnection, 1/sec 400 12.5 12.5
Number of sensors 5 4 5
Dc-dc mode De-ac mode
Unfolding
High frequency transistors Decoupling

transistors capacitor’s energy, mJ

Overall number

Inductor’s
of sensors

energy, mJ

Speed of relay

. ¢ High frequency
disconnection, 1/msec

capacitors, mJ

Fig. 6. DC-DC and dc-ac mode comparison.

in Table [1. The same components can be used for universal solu-
tion [see Fig. 5(c)] along with additional suppression capacitor
C3. In this case, the suppression capacitor has to be calculated
taking into account the already defined value of inductors Ly, Lo,
and capacitor Cp. From (5), in order to keep voltage spike not
higher than 20% of the nominal dc-link voltage, the suppression
capacitor has to be not smaller than 0.9 pF. It corresponds to
the nominal 9 A output dc current. Also, it should be noted that
configuration of the output filter selected for universal solution
requires a larger suppression capacitor value, but significantly
smaller overall size of inductors.

Finally, the results of comparison are illustrated in Fig. 6.
There are many specific parameters that are taken into account.
In the above-presented analysis, the values of passive compo-
nents were defined. However, it is well known that the size and
cost of the passive components are defined by the maximum
accumulated energy and technology of manufacturing [53].

Assuming the same technology for the same types of compo-
nents, we can analyze the accumulated energy

o= Li+ B R4 Ci Vi

Ep = — L2 Fo = —Saaat 8

L 7221 5 ,Ec 2221 5 (8)

where L and C are estimated inductances and capacitances,
Ipax and Vg4 x are the maximum inductor current and max-
imum capacitor voltage. For convenience and generalization
of the analysis, N;, and N are number of components. The
most important conclusion that despite on the higher required
inductance value in the dc-dc mode, the size of the inductor is

F

Vv, [ 230vac
400V DC

Fig. 7. Universal single-phase 3.6 kW (5 kW) dc—dc/ac solar converter
selected for experimental verification.

TABLE IlI
PROTOTYPE PARAMETERS AND COMPONENTS

Parameter Value (Size)
Capacitors Cy; = Cp» 2.1 mF (0.57 dm®)
Capacitor C; 1.3 uF (0.009 dm®)

Inductors L,, L,
Grid side inductance L,
Grid side capacitance C,

1.6 mH (0.5 dm’)
330 puH (0.27 dm?)
1 uF (0.008 dm?)

Switching frequency 62 kHz

High switching frequency transistors S, S, S, S;  IMZ120R030M1H
High switching frequency transistors S, S, S5, S5 C3M0021120K
Unfolding circuit transistors 7;-7 FCHO60NS0O

slightly smaller due to the absence of low-frequency ripple. As
it was pointed out, the fast relay is required in the dc—dc grid.
In order to count this parameter into the comparative diagram,
we introduced the speed of relay disconnection, which is the
reciprocal value.

Finally, the number of sensors in order to implement the
stable operation of the converter is taking into account. In
case of dc—ac operation, usually the grid voltage is measuring
only, while dc—dc mode requires control of the output voltage
from the converter side in order to provide output capacitor
precharging. In order to generalize the results of the comparison,
all values are given in relative scaled units. Low values of the
parameters demonstrated in the diagram correspond to the best
case. Such approach allows demonstrating redundancy of the
universal solution. At the same time, it can be seen that the most
significant redundancy lies in the requirements to the relay and
the necessity of output suppression capacitor. If dc—ac converter
will be accompanied by these features and proper control it can
be adapted to the universal application.

VI. EXPERIMENTAL VERIFICATION

Due to the lower passive component count, finally, the solution
based on unfolding circuit was selected as the most promising for
experimental verification. Fig. 7 shows the realized experimental
prototype of the universal de—dc/ac converter rated for 3.6 kVA
power in the dc—ac mode and 5 kW in the dc—dc mode. Converter
specifications are listed in Table L.

Provision of high efficiency and smaller size of inductors
is enabled by the interleaving approach of the high-switching
cell, which is a common approach for industrial solutions. The
parameters of the output filter along with other components
are shown in Table II. Their values correspond to the above-
presented design of the converter. Table III summarizes the
passive components along with semiconductors that are selected
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Fig. 8. Control system illustration and prototype. (a) DC—AC mode. (b) Diagrams of the control approach in the dc—ac mode. (c) Sketch of the
dc—dc mode.

to provide reference efficiency. MOSFETs FCHO60NSO0 are used
as power switches in unfolding circuit. These are conventional Si
transistors with poor dynamic but good static characteristics. The
SiC transistors C3M0021120K were selected as high-frequency
switching transistors for S;, Sy, S5, Sg. It was shown in [28]
that these switches have a significant contribution in terms of
conduction losses and have to be optimized. At the same time,
IMZ120R030M1H were selected as high-frequency switching
transistors for Sy, S, Ss S7. They have slightly worse static
characteristics but lower price. All the semiconductors have
significant voltage blocking value that corresponds to industrial
solutions and provides reliable operation.

A. Control System Description

Fig. 8 shows the control system that was realized in order
to provide both modes of operation. It discloses dc—ac mode
[see Fig. 8(a)], diagrams of the control approach in the dc—ac
mode [see Fig. 8(b)] and dc—dc mode [see Fig. 8(c)]. The
proportional resonant controller belongs to the PI-based linear
regulators that were first proposed in [54]. This controller is often
found in inverter applications [55]-[57]. At the same time, our
preliminary research demonstrated that this approach may have
a zero-crossing distortion and nonlinear control can be applied
in order to solve this problem [58]. It was shown that the model
predictive control (MPC) is a suitable technique to provide
desired output current. Fig. 8(b) shows the sketch of the grid
voltage and absolute value of the unfolding capacitor voltage.
The absolute value of the unfolding capacitor voltage defines the
common-mode voltage waveform. It demonstrates the control
system approach. MPC block defines the reference value of the
unfolding capacitor voltage v*, which is given to pulsewidth
modulation (PWM) block as a modulation signal. The PWM
block defines the high-switching transistor states, while simple
comparator defines the state of the unfolding circuit.

The phase shift between unfolding capacitor voltage and grid
voltage defines the grid current amplitude and phase. As any
other solar inverter, it can inject active and reactive power. Such
an approach provides very good dynamics and robustness of the
control system. In advance, it can provide off-grid operation. In
this case, the grid current is replaced by output voltage in the
cost function calculation.

Fig. 8(c) shows the sketch of the dc-grid control system. It is
quite similar to the ac system in terms of unfolding the control

Control and

/ measurement board

1* buck-boost
inductor

.__Grid side

Input capacnors\ inductor

Heatsink and
semiconductors

Fig. 9. General view of the 3.6 kW (5 kW) laboratory prototype of the
universal single-phase dc—dc/ac converter.

circuit. Depending on the polarity of the output terminals, the
corresponding switches are conducting. In this case, the con-
verter is the conventional buck-boost dc—dc converter and does
not suffer from zero-crossing distortion. As a result, the MPC
block can be replaced by the conventional PID controller. It
provides a reference value of the unfolding capacitor voltage
which in turns defines the grid current value. The reference grid
current is defined by the MPPT block that is designed based
on well-known incremental conductance method with output
integrator [59], [60].

B. Experimental Setup Description

Further, we describe the experimental verification of the pro-
posed solution. All the measurement results were obtained by
voltage probes Tektronix TPA-BNC, current probes Tektronix
TCP0150 and by the digital oscilloscope Tektronix MDO4034B-
3. For testing different PV profiles and operating points, Chroma
62150H-1000S power supply (PV simulator) was used. Preci-
sion power analyzer YOKOGAWA WT1800 was used to esti-
mate the efficiency. The dc voltage source along with the dc
electronic load were used to emulate the dc grid.

The experimental setup is shown in Fig. 9. It has a common
heatsink for all semiconductors, which helps to dissipate the
power losses and equalize the temperature of semiconductors.
It has two printed circuit boards (PCB); the top PCB con-
tains measurement circuits and the control system realized on
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Experimental results of the steady-state ac operation modes.(a

(f)

) Only active component in the off-grid mode. (b) Capacitive load in the

off-grid mode. (c) Inductive load in the off-grid mode. (d) Nonlinear load in the off-grid mode. (e) Grid-connected mode with pure active power.

(f) Reactive power injection in the grid-connected mode.

TMS32028379DPTPT. This is a C with two cores and two
subcores specially designed for power electronics application
and allows realizing any complex control algorithm. The bottom
PCB contains capacitors, semiconductors, and relays.

The experimental study was targeted to achieve several aims.
The first aim was to evaluate the operation of the universal
converter in the dc and the ac modes. Detailed efficiency study of
the solutions in different operating points was a second goal. The
different PV profiles that correspond to Table I can be connected
to the designed converter.

C. Operation Evaluations

In the case of ac operation, the grid-connected and off-grid
mode along with different load impacts were evaluated. Fig. 10
is devoted to the demonstration of steady-state operation in the
grid-connected and off-grid modes. The steady-state operation
in the off-grid mode under maximum power is presented in
Fig. 10(a). It can be seen that the performance of the converter
corresponds to the expectation. Also, the operation with ca-
pacitive and inductive loads are shown in Fig. 10(b) and (c)
correspondently. In these cases, the active component was two
times reduced, while reactive component was introduced. In the
first case, a 15-uF capacitor was added in parallel, in the second
case, a 2-mH inductance added in series. Phase shift between the
output voltage Vo7 and current i o is recognizable in case
of capacitive load, and very small in the case of an inductive
load.

Fig. 10(d) shows the converter performance in the off-grid
mode in the case of a nonlinear load. The simple half-bridge
rectifier with electrolytic capacitor and resistive load was con-
nected. Compared to the previous cases, the output voltage

waveform is slightly distorted but acceptable. If in case of
linear load, the voltage THDy, was about 3-4%, in case of
nonlinear load it was about 5% while current THD; was about
30%. Commercial uninterruptible power supply inverters cannot
provide ideal output sinusoidal voltage Vo7 [61] in such load
condition.

The ac grid-connected mode is illustrated in Fig. 10(e). It
shows the half of the maximum power. Even in this case the
THDy of the grid current i, is less than 3%. Further power
increase leads to the power quality improvement. The pure
reactive power injection capability is illustrated in Fig. 10(f).
Due to the nonlinear nature of the converter, a slight distortion
is observed, but not significant. This feature can be demanded
in some modern applications.

Fig. 11 is devoted to the different transient modes. Fig. 11(a)
shows the capability to inject distorted current to the grid.
Such feature can be used in applications capable of providing
ancillary services (e.g., in active filtering) to the utility grid
and in islanding detection. Also, it demonstrates good dynamic
characteristics of the converter. Fig. 11(b) shows the same ref-
erence current generation in the islanding mode. In this case,
the correspondent voltage shape changes is observed and it can
be used for islanding mode detection. Finally, the load step
change is shown in Fig. 11(c). It demonstrates capability of
the grid-forming operation. The MPC control recognizes a load
change and reacts correspondently.

Fig. 12(a) shows the steady-state diagrams for the dc grid
operation. It can be seen that in this case almost ideal ripple-free
input and output currents can be observed in the steady-state
mode. The rapid changing of the reference current does not evoke
any problems. The grid-connection process is very smooth and
has no specific features in ac operation mode. Fig. 12(b) shows
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a start-up process in the case of dc residential grid. It can be seen
that at the very beginning the output voltage v o ;77 across output
capacitor C, is equal to zero. Due to the initial precharging of
the suppression capacitor, there is no significant current spike
during grid connection, nor is there any voltage spike during the
load step.

A sudden grid disconnection case is more complex and is
shown in detail in Fig. 12(c). It can be seen that at some
moment of time, the grid current falls to zero, which means
that the grid was disconnected. Straight after that, the voltage
across the output capacitor is starting to grow. The control sys-
tem that detects this process immediately stops high switching
transistors operation and sets transistors Sg, Sg, S7 Sg in the
conducting mode. It is only for a few seconds when the output
capacitors are fully discharged that the converter operation can
be stopped. It helps to discharge the unfolding capacitor and
mitigates the voltage spike across the output capacitor and
the energy that is accumulated in the buck-boost inductors is
dissipating through the drain-source resistance of transistors. It
means that this energy does not create any voltage spikes across
capacitors. From another side, the energy that is accumulated in
the grid side inductor L, is dissipating in the circuit created
by grid side inductor, unfolding capacitor C;, and grid side
capacitor C,. It means that both capacitors are involved in the
voltage spike mitigation. As a result, the spike across output
capacitors does not exceed 25% of the nominal voltage. This
is one of the features that provide competitive advantage to
the solutions with unfolding circuits in terms of safe margin
operation.

The above presented experimental results show that the pro-
posed solution can work as a conventional solar inverter with
ancillary services like reactive power injection or islanding
operation and solar dc—dc converter. The detection of islanding
operation can be implemented based on conventional algorithms
for ac [62] and dc operation modes [63].

A. Efficiency Study

The very precise four wire measurement method by means
of Yokogawa WT1800 was used. The power was investigated
in a range from 150 to 5 kW. In both the ac and the dc cases,
the peak efficiency ¢ is higher than 98%. This is achieved due
to the use of minimum number of switching semiconductors.
The efficiency profile as the function of the input voltage with
constant input current is illustrated in Fig. 13(a). The blue dotted
line corresponds to the ac output mode study while the solid red
line corresponds to the dc output mode study. A wide range of
current was considered. The first case corresponds to the input
current 8 A. Another diagrams are shown for 1 A input current.

It can be seen that, in case of reduced current, the efficiency
is lower, which is normal and partially explained by auxiliary
power supply consumption, which is constant and does not
depend on the operating power. The reduction in efficiency with
a voltage drop is explained by the decreased level of the input
power. A similar effect can be observed with the current increase.

Fig. 13(b) shows the efficiency dependence as a function of
input power under constant input voltage. It can be seen that
peak of the efficiency curve in the dc—ac mode corresponds to
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Fig. 13.  Efficiency study of the proposed solution. (a) Efficiency ver-
sus input voltage with constant input current with ac and dc mode.
(b) Efficiency versus input power with constant input voltage with ac and
dc mode. (c) Losses distribution in the ac and dc modes. (d) Thermal
image of the converter in the ac mode.

nominal power, while there is no decline in the efficiency curve
in the dc—dc mode. Due to the higher efficiency in the dc—dc
mode, the input power can be increased up to 5 kW.

An important conclusion from the efficiency study is that de—
dc mode is more efficient almost at any point. The dc mode
operation does not have any double frequency ripple that leads
to more efficient operation. Some superior performance of ac
mode can be observed in the points with low input voltage where
dc mode requires a slightly higher boost. In most of the other
points, the difference in the efficiency between the dc and the ac
application is around 1%.

Fig. 13(c) shows the losses distribution that corresponds to
360 V input voltage and nominal power 3.6 kW. The losses in
semiconductors were estimated by temperature measuring. Only
two simultaneously switching semiconductors explain relatively
low losses in the high-switching stage at any moment of time.
It can be seen that auxiliary supply circuits create some losses
contribution that are significant in case of low power operation.
It is also interesting to note that losses in the unfolding circuit
in the dc mode are three times smaller than in the ac mode.
It is explained by a smaller output current RMS value for the
same power. Other losses belong to losses in the inductors,
capacitors, and wires and are calculated by means of subtraction
of the overall losses and defined losses in the semiconductors
and auxiliary supply. In advance, Fig. 13(d) shows the thermal
picture of the converter in the ac mode at nominal power 3.6 kW.
It can be seen that the heatsink temperature is about 42°C
(104.6 °F) that corresponds to the expectations. In addition, it can
be seen that the hottest point corresponds to the auxiliary supply.

The main conclusion from this section is that the highest
efficiency about 98.6% corresponds to 400 V input voltage
operation point with the output dc grid. This operation point
has minor dynamic losses of semiconductors. Almost in all
other points the dc mode is more efficient as well. It means that
converter designed for 3.6 kW power in ac mode can handle more
power in the dc mode due to the absence of double frequency
ripple. At the same time, the efficiency of the converter in dc—ac
mode is not inferior to commercial solutions.

VIl. CONCLUSION

This article presented a novel concept of the universal solar
converter suitable for the dc and the single-phase ac application.
The main goal was to elaborate converter featuring minimal
redundancy.

Different semiconductor stages, output filter design along
with proper protection circuit selection for dc and ac grids were
considered. All possible modes were verified by means of ex-
perimental prototype. Based on the results of the research, it was
possible to underline that the main redundancy of the proposed
universal solar converter compared to the dc—ac application
consists in the CB requirements to be adopted for the dc grid
application and generalized for all types of solutions.

The design process had to take into account that dc application
required a grid side capacitor to fix the converter voltage before
connection to the grid and store energy at sudden disconnection.
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At the same time, it had to be quite small to avoid significant
current spike during grid connection. Other passive components
designed for ac grid utilization will be definitely suitable for dc
applications.

If to summarize the power electronics converter initially de-
signed for dc—ac application with modification of the output filter
stage and fast relay can be considered as a universal solution.
This approach can be recommended for industrial solutions for
low voltage dc and ac grids. DC-DC mode was more efficient
in the most of operating points due to the absence of the double-
frequency power ripple. It means that the dc mode can be rated
for higher power.
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Feasibility Study of Model Predictive Control for
Grid-Connected Twisted Buck—Boost Inverter

Oleksandr Matiushkin
Jose Rodriguez
and Indrek Roasto

Abstraci—This article studies the model predictive con-
trol (MPC) for a twisted buck-boost inverter based on un-
folding circuit. The focus is on the practical implementation
of the MPC algorithm for the microcontroller designed for
application in power electronics. Selection of proper cost
function parameters along with a continuous control set
reduced prediction horizon, at the same time keeping good
quality of the grid current. The results showed that simpli-
fied differential equations and a multicore microcontroller
contribute to the sample time reduction, which in turn in-
creases the sampling frequency with the corresponding
increase in the output current quality. The simulation and
experimental results confirmed theoretical predictions. In
conclusion, the MPC technique suits for reducing zero-
crossing distortion and in applications based on unfolding
circuit.

Index Terms—Boost, buck, inverter, multicore systems,
power electronics, predictive control.

|. INTRODUCTION

UMEROUS topologies and relevant techniques exist in
N the field of power electronics. In the most common case,
the integral-based techniques are used for power electronic con-
verters. For example, the proportional resonant (PR) controller
is often found in inverter applications [1]-[3]. PR controllers
allow the fundamental harmonic with rather high accuracy of
the grid current to be supplied. Besides, an additional resonant
is used to suppress unnecessary frequency.
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Fig. 1. Buck—boost twisted dc—ac converter based on unfolding circuit.
Alg
t
Fig. 2. Zero-crossing distortion of the grid current in a buck—boost

inverter with unfolding circuit based a PR controller.

A combination of various techniques in a single system can be
applied [4]. Integrated control methods allow one to eliminate
the steady-state error [5]-[7]. Such techniques do not require
faster sample rate in many cases.

Another auxiliary technique allows to overcome the delay
problems. The repetitive controller (RC) with phase-lead com-
pensation mutually with proportional integral (PI) is shown in
[8]. The bidirectional grid-connected inverter reported in [9]
showed precise tracking for the periodic reference signal based
on RC.

However, the integral control methods do not provide high
accuracy during the whole set range of the input power. This
issue is especially evident in nonlinear circuits. The family of the
buck—boost inverters based on unfolding circuits is presented in
[10]. The twisted buck—boost inverter based on unfolding circuit
described in [11], [12] is shown in Fig. 1.

The topologies based on unfolding circuit may have spikes
near grid voltage zero-crossing [13], [14]. Fig. 2 shows the zero-
crossing distortion of the grid current based on a PR controller.

0278-0046 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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The hybrid method for soft-switching of the inverter with
unfolding circuit based on a PR controller is described in [15].
Several other inverters based on unfolding circuit have similar
benefits and shortcomings [16]-[18].

Model predictive control (MPC) has become a frequently used
algorithm in power electronics [19]. Basically, MPC can be as a
continuous control set (CCS-MPC) as a finite control set (FCS—
MPC) type. The continuous control MPC has a fixed switching
frequency and needs a modulator. Otherwise, the FCS-MPC
allows online optimization and has a variable frequency. FCS—
MPC sets out the chief parameter faster, but it requires a faster
control unit, as reported in [20].

MPC has several advantages over integral methods. The main
instrument of MPC is the cost function that can observe different
parameters, such as power, voltage, current, and duty cycle. The
MPC selects the exact variant of the suitable current value, which
consequently improves accuracy. As a rule, a greater prediction
horizon decreases the total harmonic distortion (THD) value of
the grid current [21]. MPC is found in dc—dc converters with
different nominal powers as well [22], [23]. Some interesting
results obtained with grid-connected systems are reported in
[23]-[26].

The initial idea of the selected MPC strategy was presented
in [27], but only for simulation. The aim of this article was
to provide practical implementation, which includes significant
algorithm modifications and a feasibility study.

This article describes the implementation of the unfolding
circuit based grid-connected buck—boost twisted inverter to the
grid. The main purpose is to reduce the zero-crossing distortion
by using MPC as a main functional block in the control system
and to implement computational reduction of each sample.

The article is organized as follows. Section II describes the
case study system. Section III is devoted to the optimal MPC
description. Section IV shows the experimental confirmation.
Finally, Section V concludes this article.

Il. CASE STUDY SYSTEM

The twisted buck—boost inverter based on unfolding circuit
has several benefits. The design of the passive components
showed that the total energy of the passive elements is less in
comparison with the conventional solution [10]. The twisted
inverter has two parts: the high-frequency buck—boost part (S,
S») and the low-frequency unfolding circuit (S3—S¢). The phase
shifting between the buck—boost and the unfolding parts leads
to reducing the zero-switching distortion discussed in [12]. Due
to the low number of high-switching semiconductors, lower
switching losses are expected. Also, its high-switching com-
ponent of the common mode voltage is insignificant, which
leads to the absence of problem with leakage current for solar
application. In addition, the twisted buck—boost inverter can
operate in a wide range of the input voltage and the input power.
Switches S; and Ss are related both to the buck mode and the
boost mode. Switch S; is considered the primary switch and
switch Sy is the complementary transistor to the primary switch.
The expression of the duty cycle can be obtained through the

Vin I
i, | MPPT [
)
Ve PLL Thet:
ig A,
—
3 | P
T’ Model — >
———>| Predictive - > PWM
—N_ 51 Controller [Suel )
Vg
- Unfolding
Fig. 3. Structure of the control system based on MPC.
input and the grid voltages:
ve . Aig
D=————vc=vy+1,  (Rg+Rpg)+Ly-—= (1
Vo + o c 9 9 ( g Lg) 9 Ty (¢))

where Rg is a grid side resistance, RLg is the resistance of the grid
inductance, TS is a switching period, and Lg is a grid inductance.

Despite benefits, a twisted inverter based on unfolding circuit
has a few significant drawbacks. The voltage drops of the buck—
boost semiconductors equal the sum of the input and the output
voltages. Thus, in (2), it is required to select transistors with a
higher drain-source broken voltage:

USW1 = Usw2 = VIN + VC- 2)

Also, it assumes the maximum current in the coil. Itis possible
to express the inductor current using the dependence of the duty
cycle:

ig=(1-D)-ip 3)

where iL is the instantaneous value of the inductor coil.

As a result, the inductor current represents the sum of the
input and output currents. The maximum values in both cases
relate to the phase ; thus, the peak value of the inductor current
is the sum of the maximum currents:

ir, = 4N + g, Ipmax = Iinmax + Igmax “4)

where /INMAX is the maximum value of the input current and
IgMAX is the amplitude of the grid current.

In summary, this section has addressed the analysis of the
shape of the power signals. As a result, necessary ratings of the
capacitor voltage, inductor currents, and transistor drain-source
broken voltages have been selected.

Fig. 3 shows the functional structure of the control system
that consists of four blocks. Each of them helps to determine
or to regulate the power parameters. MPC is a certain block of
the control system. It should be noted that an indirect MPC
(CCS-MPC) was implemented in the control because MPC
permits calculation of the high-frequency ripple in the passive
elements. Thus, the stability of the system is increasing with
high-frequency sampling. On the other hand, the accuracy might
be reducing because of limited opportunities for changing the
power signals.
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Fig. 4. High-frequency waveforms of the states.

However, the direct MPC typically requires a higher pos-
sibility of the microcontroller performance because it should
observe both turning ON and turning OFF the switch. Therefore,
the sample frequency is the same as the pulsewidth modulation
(PWM) frequency. The measurement delay is one cycle of the
PWM. Hence, the system should analyze power states during
the previous period. The CCS-MPC also provides control of
the low-frequency part (unfolding circuit). The unfolding part
signals are changed with regard to the sign of the predictive
output capacitor voltage.

Regarding to the signal shapes, some simplifications are re-
quired. As a rule, the states are the currents in the inductors and
the voltages across the capacitors. All the values of the power
states are added to the cost function, even for each switch of
the main transistor during the future periods. Fig. 4 shows the
shapes of the power states due to the switching of the main
buck—boost transistor Sy. The high-frequency ripple of the input
inductor current has a triangle view as the output capacitor
voltage. However, the shape of the grid current is a significant
nonlinear signal. Thus, it is not easy to get values during the next
period of the PWM. Besides, the instant power signals create a
shift for the higher harmonic of the grid current.

I1l. OPTIMAL MPC DESCRIPTION

The computational time is a mandatory parameter when the
MPC is used as a control block. Usually, the integral techniques
operate faster than MPC and require short computation time. The
study in [28] confirmed it by a comparison between the PI and
a moving discrete control set MPC. Thus, systems that provide
MPC, in particular those with high horizon, require expensive
chips with high computational burden, as shown in [29], [30].
The DSP within FPGA chips allows complex parallel computa-
tions of the MPC [31], [32]. The design of weighting factors is an
open problem in MPC applications. Although some automated
design procedures based on artificial intelligence have been
proposed recently [33], the conventional design approach is to

Fig. 5. Case of the input energy storage (a). Case of the storage
energy transferring to the grid (b).

employ computer simulations to determine the weighting factors
heuristically [34].

The major instrument of the MPC is the cost function. As
a rule, the cost function should contain the parameter that is
considered as a parameter of the regulator. Logically, the grid
current is the suitable parameter in the grid-connected systems.
However, in some systems, it is required to take into account
other parameters because they have special features. This sec-
tion studies the behavior of the system with different MPC
approaches.

Fig. 5 shows equivalent circuits during the switching of the
main buck—boost key. The Relays REL; and REL, provide the
connection inverter to the grid. Fig. 5(a) shows the equivalent
circuit that relates to the input energy storage. Fig. 5(b) describes
the transfer of the storage energy to the grid. The resistor of each
element was considered in the design. The voltage of the input
capacitor was equal to the input.

The differential equations were obtained for each equivalent
circuit. The expressions for the first equivalent circuit are as
follows:

dig, (t

Ly - 7§t(f) = UIN (t) — i (t) . (RIN + Rswi1 + RL) 5)
di

Ly Zfit(t) =wve (1) = v (t) —ig (1) - (Rg + Rig) (©6)
dve (t .

Cy - “St( ) i) )

where RL is the inductor resistance, RIN is the input side resistor,
RSW1 is the resistance of the switch S1, C1 is the output
capacitor, L1 is the input inductance.
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The second equivalent circuit is the third-order system. The ip[k+ 1) 43 [k+1] 427y [k + 1] I
calculated equations are the following: - 2.0, “h (18)

dig, (t . i 1] =4 1
L1'% =wvc (t) —ir (t) - (2 Runrorp + Rsw2 + 1) g [kt 1] = [k + 1]
(8) +(i/L[k+1}+Z‘L[I€+1})'L17’[}‘(][l€+1]'t1 (19)
2-L ’
dig (t) . !
L, —2 =vc () —v, (t) — iy (t) - (R, + Ry, 9)
7 dt ¢ (B =05 (t) =iy (1) (By o) The predictive values of the grid current can be derived
dve (t) ) ) based on (14)—(19). So it requires six equations with different
Cr- =ir (t) —ig () (10) operations, like divide, multiply, add, and subtract. The cost

dt

where RSW2 is the resistance of the switch S2 and RUNF is the
resistor of the unfolding switch.

A. Cost Function Based on the Grid Current

The classical approach of the MPC is to predict the grid
current. This section explains the strategy of the grid current
prediction. The simple differential equations are used for pre-
dictive values. First, a definition of the duty cycle is considered.
The new value of the duty cycle may be found in 0.5-3% near
the voltage ratio. The range of the duty cycle depends on the
initial values of the sample:

_ vg [k + 1]
Dlk+1]= TR ERIEET +0.01 (11)
to=Dk+1] Ts,ti=1-D[k+1]-Ts  (12)
D'[k+1]=1-D[k+1]) Ts (13)

where vIN/k] is the initial value of the input voltage, vg[k+1] is
the value of the grid voltage at the next PWM period.

The classical differential equations were used to obtain the
predictive values during the next samples. The control system
is fitting and smoothing each predictive value to determine the
states on the next sample. The parameters of the input capaci-
tance RIN and CIN have low effect on the main inductor current.
Thus, the equations do not include the input capacitor branch in
the nominal mode. The value of the input inductor current is
obtained by differential equations in the case of the input energy
storage:

VIN [k] ~to+ Ly -ig, [k’]

i k+1] = - (14)
U,c[k"‘l}zvc[k]—%-to (15)
. . Veolk+1]+vo k] —2- v,k
Zg[k‘l’l}zlg[k‘]‘F(UC[ ] QUCLE]} Ug[])'t()
(16)

where iL[k], vC[k], ig[k], and vg[k] are the initial values of the
current sample.

The differential equation is more complicated in the second
case that corresponds to transferring the storage energy to the
grid side:

(vo [k + Vo [k +1])
2.1y

ip[k+1] =4, [k+1]— e (A7)

ve lk+1) =vp [k +1]

function of the system can be expressed as follows:

3 " a .
J = i g.[ a4 0 L
min g > (+ |i'y [k + j] = igrer [k + J] - W2
(20)
where Wjl: W11, W12, W13, Wj2: W21, W22, W23 are fixed
weight factors.

Jj=1

B. Cost Function Based on the Inductor Current

All the issues around the grid current create distortion on
the real signal, whereas the input inductor current does not
participate in the cost function at all. Frequently, the system
goes beyond stability because the current in the main inductor
reaches huge values. Therefore, adding the inputinductor current
to the cost function as a main parameter increases the stability
and quality of the grid current.

So under the hypothesis of this article that the input inductor
current is the main parameter, the quality of the grid current
should be increased.

A taking into account that the inductor at the grid side reduces
high-frequency ripple and the grid current does not change
abruptly, the next predictive values of the grid current can be
applied similar to the previous sample:

iglk+3]=ig[k+2| =iy [k+1] =i, [K] 21
where ig[k+3], ig[k+2], and ig[k+1] are predictive values of
the grid current for the next PWM periods.

The duty cycle should change slowly rather than sharply in
the nominal mode. Thus, it is not required to consider the range
of the full possible range of the duty cycle that is from 0%
to 100%. Thereby, the duty cycle selected previously must be
kept in the memory of the microcontroller. The new value of
the duty cycle may be found in 5%-10% near the previous
value. All recent arguments lead to greater reliability and to
lower computational requirements. The range of the duty cycle
depends on the previous value:

D[k+1]=DJ[k £0.1 (22)
where DI[k] is the previous value of the duty cycle.

Logically, the accuracy of the grid current should be higher
if the horizon of the prediction is greater. The reason is that the
higher horizon finds the most suitable point at a deeper analysis
of a prediction. The cost function of the MPC in the nominal
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Fig. 6. Simulation results of the grid-connected inverter with MPC based on the grid current: with a single horizon (a), with the second horizon (b),

and with third horizon (c).

TABLE |
PARAMETERS OF THE SYSTEM DURING THE
SIMULATION AND THE EXPERIMENT

Parameter Value
Output Capacitor C1 1.0 uF
Input Capacitor Civ 150.0 uF
Input Inductor L/ 1680.0 uH
Grid Inductor Lg 680.0 uH
Input Resistance RN 0.1Q
Grid Resistance Rg 0.1Q
Input Inductor Resistance Rz 1.0Q
Ouput Capacitor Resistance RC 0.1Q
Ouput Inductor Resistance Rig 05Q
Resistance of S7 05Q
Resistance of S2 05Q
Resistance of §3-S6 03Q
Sample Frequency fsample 62.5 kHz
PWM Frequency fPwum 62.5kHz
Grid Frequency fg 50.0 Hz
Grid Voltage Amplitude Vv 320V

mode is as follows:

2 ) o )
J = min Z ( li% [k + 7] — iLrEF [kJrJ”‘le+>

=1 + |LL [k +]] — ILREF [k + J“ . ng

(23)
where i ‘L{k+j]: i‘LIk+1], i ‘L[k+2], iL[k-+j]: iL[k+1], iL[k+2]
are predictive values of the inductor current during the
next PWM periods, iILREF[k+/]: iLREF[k+1], iLREF[k+2]—
reference values of the inductor current.

C. Simulation Verification

The simulation tool allows one to increase the horizon of
the prediction and to obtain almost ideal shapes during all
power ranges, but the real control system always has timing
and hardware limits. Thus, the simulation was done for the
real implementation and possibility of the microcontroller. The
selected system was simulated in PSim11. The parameters of
the system are listed in Table 1.

First of all, Fig. 6 shows the simulation results for the MPC
approach based on the grid current in the cost function with
different horizons. The input voltage is equal to 350 V. The peak
of the reference signal for the grid current is 3 A. The single
horizon cannot provide a good quality of the grid current, as

shown in Fig. 6(a). The amplitude is smaller than it is needed.
An appearance of zero-crossing distortion is an indicator for
instability. The second horizon allows avoiding zero-crossing
distortions [Fig. 6(b)]. However, the amplitude is still a defi-
ciency. Only the third horizon allowed to get a suitable peak of
the grid current, as it is seen from Fig. 6(c). Although the third
horizon was applied, the THD value is quite significant. The
iteration number was 24 per each full horizon. Thus, considering
three horizons, the total amount of iteration is 24° = 13 824.
Further horizon increase may lead to the THD improvement, but
the number of computational efforts is unacceptable for practical
implementation.

The simulation results described above can be explained by
a nonminimum phase system, as it was mentioned in [35]-[36].
These types of systems are complex to control. They require
complex algorithms to provide a desired output current.

Fig. 7 displays the simulation results of the nominal mode
after the grid connection for the different buck and boost ratios
with the inductor current in the cost function. The results of the
high boost ratio are shown in Fig. 7(a). The input voltage was
160 V. The input power equals 650 W, whereas the grid current
peak reaches 4 A. The inductance current attains 12 A in those
conditions. Fig. 7(b) demonstrates the simulation results with
only buck mode with a single ratio. The input voltage equals
320 V. The input power is 1.1 kW, with 7 A of the grid current.
As in a single buck case, the input power within the grid current
amplitude was the same for a higher buck case [Fig. 7(c)].

A no-load (no grid) case requires the grid voltage genera-
tion on the output capacitor. The same voltage of the output
capacitor and the grid side eliminates the sharp spike of the grid
current. Fig. 8 shows the simulation results of the soft-start mode
with different depths of the predictive horizon and different
increments of the duty cycle. The input voltage equals 100 V
that relates to 3.2 of the boost ratio. The reduced step changes
of the duty cycle provide an unsatisfactory capacitor voltage
[Fig. 8(a)]. A higher number of the duty cycle step changes does
not improve the performance, as shown in Fig. 8(b). Finally,
an increase of the predictive horizon excludes any unstable
occurrences, as shown in Fig. 8(c).

Simulation results showed that monitoring of the input induc-
tor current as a main parameter improves the performance, as
it was supposed. The CCS-MPC system supplies a fundamen-
tal harmonic even with four iterations for one horizon of the
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Fig. 7. Simulation results of the main operation mode. The waveforms of the output capacitor voltage, the grid voltage, and the grid current at the

input voltage 160 V (a), the input voltage equals 320 V (b), and the input voltage is 450 V (c).
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Fig. 8.

Simulation results of the precharging: waveforms of the output capacitor voltage and grid voltage with a reduced value of the duty cycle

step (a), with a higher increment of the duty cycle of a single predictive horizon (b), and with a higher increment of the duty cycle along with second

predictive horizon (c).

prediction. Figs. 7 and 8 show the model with two-step hori-
zon of MPC, but the second horizon is with the approxima-
tion. During the first horizon calculation, 5 iterations and only
10 iterations with the second approximated horizon calcula-
tion were used, while 25 required without approximation. The
MPC reduced a zero-crossing distortion significantly, as was
assumed in the theory. The simulation results confirm theoretical
statements.

The key points of the simulation verification allow obtaining
an optimal MPC horizon and factors of the tuning. The quality
of the grid current and the computational opportunity of the
microcontrollers are regarded as the main factors of the tuning.
The second horizon had a higher priority in the system; therefore,
the weight factors have ratio 2:1, which corresponds to the
second horizon versus the first one. The heuristic methodology
[34] was applied to obtain the following set of weighting factors:
W11, W12, W21, and W22.

IV. EXPERIMENTAL CONFIRMATION
A. Setup of the Twisted Buck—Boost Inverter

Two boards (control and power) were designed for the ex-
perimental setup. Fig. 9 shows the experimental prototype of
the twisted buck—boost inverter based on unfolding circuit. The
inductances are connected by external terminals. The auxiliary
supply of the control and measurement board was 12 V and
corresponds to 10 W of the power losses.

; Grid side
Main -
Inductor

Control and —¥
Measurement
Board

Fig. 9. Experimental prototype of the buck—boost twisted inverter
based on unfolding circuit with the control board.

The control board includes the measurement channels: five
voltage and three current sensors. The current sensor ACS720
enables the overcurrent detection with the digital output. It has
fast and slow overcurrent detection that allows the system to be
stopped as quickly as possible. All the sensors are isolated from
the control part. The analog digital converter (ADC) receives the
differential signal that avoids the common mode interference.
The rating of the switches limits and passive limits are collected
in Table II.
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TABLE Il
RATING OF ELEMENTS LIMITS

Parameter Value
Output Capacitor C7 600 V
Input Capacitor Civ 500 V
Input Inductor L/ 15A
Grid Inductor Lg 10 A
Switch S7 1200 V
Switch S2 1200 V
Switches S3-S5 650 V
Multicore microcontroller of the Texas Instruments

TMS320F280379D is the main brain of the prototype. MCU
operates at 200 MHz of the input frequency. The safety system
consists of the software and hardware protection. The software
protection estimates the measured parameters according to the
safe limits. The hardware protection emits digital signals from
the current sensors to the microcontroller. The microcontroller
stops the PWM directly because it has the corresponding
opportunity. Each channel of voltage measurement has a
varistor for safety at the overvoltage.

The control and measurement board includes two relays that
allow connecting or disconnecting the grid side from the inverter.
Thus, if some parameter is exceeding the hardware or software
limits, the system starts to turn OFF all PWM channels, relays
and buffers, but it leaves the unfolding working for energy
discharging through the grid.

B. MPC Task Distribution

The simulation results showed high stability even for a single
horizon, but the soft-start was stable only with the second
horizon, as described in Section III. It is necessary to take into
account that the time of data conversion is limited by the sample
period when MPC is a main control block. Due to the previous
facts, the amount of the iterations is bound as well. Many mi-
crocontrollers cannot provide the second horizon even with fast
arithmetic operations. The microcontroller TMS320F280379D
has four parallel cores. Each of them allows quick calculating,
multiplying, and dividing. The MCU has a hardware trigono-
metric unit that calculates sinuses, cosines, and tangents in a
few ticks. All registers are operating with the shadow mode.
The shadow mode is intended for a clear time of data loading.
The system delay is one sample period due to the shadow mode.
A new duty cycle value will be set to the start of the next PWM
period; thus, when the algorithm comes to MPC, it needs to take
into account the previous duty cycle value.

Fig. 10 shows the block diagram of the principle of data
handling. The end of ADC conversions launches the data check-
ing. If the error does not occur, the code is going into MPC to
calculate the predictive values. The idea is to distribute the MPC
iterations between the cores. The first core is a master for all other
structures. When the algorithm comes to the MPC part, it emits
a signal to the other cores to start the MPC as well. Each core
corresponds to the own iteration range of the MPC. The results
from all cores are compared between each other and the most
suitable variant is applied to the duty cycle.

End of ADC | |MPC(range 1)| |

Conversions

Get ADC Results

| | Safety check | |
Calculate next
| | PLL block | | values (horizon 1)
v
[Tanowcoe2 [] || ey thorizon 2
Calculate
| [MPC (range 1)] |
cost function

Choose min cost
function (core 1
and core 2)

v
Choose duty cycle
(core 1 and core 2)

Fig. 10. Block diagram of the nominal mode with the multicores
distribution.

min_cf = cf
dmin = dcurr

Finally, the distribution of the MPC task allows a double
increase in the amount of the iteration with the second cores.
The working of both cores decreases the computational time
twice in comparison with only one operating core.

C. Experimental Results

The experiment with the grid connection confirmed the theo-
retical hypothesis and repeated the simulation results. The mon-
itoring of the inductor current proved the best way to stabilize
the system and to obtain high accuracy of the grid current.
Zero-crossing distortions were reduced or even eliminated in
some cases of the input power. It is necessary to inject a delay
for entering the nominal mode after the inverter connection to
the grid. The reason is that if the system is going to the normal
amplitude sharply, it can damage the elements. Thus, a slow
increase of the grid current was implemented at the beginning
of the nominal mode.

The case of the lower input power had a small spike near the
sine zero. The synchronous transistor S2 allows both reduction
of the static loss and fast discharge of the capacitor voltage near
zero. The shift between the buck—boost part and unfolding circuit
helps to avoid zero-crossing distortion as well.
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Fig. 11.  Experimental results of the steady-state operation: the waveforms of the input and output voltages and currents for the lower input power

in the case of boost (a), only buck (b) and with higher buck ratio (c).
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Fig. 12.
power at the input voltage 160 V (a), 320 V (b) and 450 V (c).

Fig. 11 displays the experimental results with the amplitude
1 A of the grid current that confirms a reduced distortion. The
case of the triple boost ratio showed that the grid current is of a
sine shape while the current in the input inductance is reaching
up to 5 A. Fig. 11(a) shows the input and the grid voltages
and currents. THD of the grid current was 3.15% in the boost
case. The single and higher buck cases are shown respectively in
Fig. 11(b)and (c). THD was no more than 3% in both buck cases.
The higher buck case corresponds to 450 V of the input voltage.
A bigger ripple of the input current occurred in the higher boost
case.

On the other hand, Fig. 12 displays the results for the double
boost ratio with 650 W of the input power. The inductor current
reaches 14 A due to the high-frequency ripple. The input power
equals 1.1 kW in the buck cases [Fig. 12(b) and (c)]. THD
value was less than 3% in all cases. A high-frequency ripple
confirmed the previous theoretical design [Fig. 12(b)] reported
in [15]-[16]. A higher buck case is the most critical point for
semiconductor voltage stresses. Voltage spike during switching
was not significant at 450 V of the input voltage. Though the
voltage stress reached 850 V, the transistor worked correctly.
Hence, the experiment was done at 150 W of the minimum input
power. The results showed that greater zero- crossing distortion

(e ora— ) i e

(b)

T [ @ ey
W points

| [~ ) |
106 points

Experimental results of the steady-state operation: the waveforms of the input and the output voltages and currents for the higher input

appeared in the higher buck case. The maximum tested power
was around 1.1 kW.

When any emergency is recognized, the unfolding part is still
working for some time while the buck—boost circuit is stopped
immediately. The equivalent circuit corresponds to three parallel
branches: the main inductor branch, the output capacitor branch,
and the grid side branch. As a result, the storage energy of the
passive components is flowing to the grid. The transient process
corresponds to the damped harmonic transient type. Thus, it is
possible to observe some fluctuations on the capacitor voltage
and in the inductor’s currents, but they are not significant.

The dynamic behavior of the system demonstrated good exe-
cution. Fig. 13 confirms the good performance of the control sys-
tem under the input voltage variations. The knob spinning of the
power supply influenced the input voltage change [Fig. 13(a)].
The input voltage was changed from 360 to 260 V, while the
grid current was stable during each period. At the same time,
the system mode is changing from buck to boost mode. Usually,
the PV voltage is changing slowly, which corresponds to several
dozen periods. Thus, it was decided to generate a fast voltage
step by using the programmable dc supply.

Fig. 13(b) and (c) is responsible for the case of the input
voltage step. The time of the step equals 4-5 periods of the grid,
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(b), buck case VIN (f) = 240 V, IgMAX = 8 A (c).

while the grid current is the same and has not any transients
or distortions. Thus, we can underline that the system is stable
under input voltage variations.

In advance of the input voltage step change test, the system
was tested under the step change of the reference grid power.
The power was changed by using a software debug window.
Fig. 13(d)—(f) show the experimental results at the change of the
grid power from 320 to 640 W. The amplitude of the grid current
is moving from 2 to 4 A [Fig. 13(e)] and thereafter is coming
back to 2 A [Fig. 13(f)]. The test showed superior performance
of the MPC over the integral techniques due to the immediate
response without any oscillations.

r Var e MmO Sdoe

e

& )= 7

Experimental results for 50% of the grid voltage: boost case VIN (f) = 100 V, IgMAX = 4 A (a), buck case VIN (f) = 160 V, IgMAX = 6 A

It should be noted that the values of the passive elements and
of the transistors were measured or taken from the datasheets.
However, the real values are not the same as those measured
because each equipment like a tester or an RLC analyzer has
an error of measurement. If the values are correct, other condi-
tions influence the transistor and the passive elements, such as
temperature, switching frequency, power level, etc. Thus, one of
the good results is the operation of the converter with wrong or
approximately the same values of the passive elements. Fig. 14
shows the experimental results with 50% of the grid voltage. The
autotransformer was used for reducing the peak value of the grid
voltage down to 160 V. The serial grid inductance that is not taken
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Fig. 15.
input voltage (b), higher buck ratio IN = 360 V (c).

into account was injected in the system by the autotransformer.
As it is seen, the system behavior is stable, but high-frequency
ripples were increased. The inverter performance is good in the
boost case [Fig. 14(a)]. The input power was 320 W. The buck
case is accompanied by high ripples of the inductor current, as
shown in Fig. 14 (b) and (c). The maximum showed power is
650 W [Fig. 14 (¢)].

The last experimental tests correspond to the THD estimation.
The used oscilloscope Tektronix MSO 4034B has a feature
of a harmonic analyzer. The standard IEC 61000-3-2 is the
requirement for THD estimation. The experimental prototype
was tested for THD determination with the input voltage range
from 100 to 450 V and with different input powers. Fig. 15
shows three tested points of THD estimation for boost and buck
cases. Fig. 15(a) presents THD value in the boost mode. The
input voltage was 160 V along with 320 W of the input power.
The single buck case that corresponds to 300 V is presented in
Fig. 15(b). THD value less than 4%. The input power is 800 W.
The third picture regards to 360 V of the input voltage with the
same 800 W of the input power. The THD value is approximately
the same as thatin a single buck case. All measured results passed
the standard even in the low power mode.

V. CONCLUSION

Features associated with the experimental implementation of
the twisted buck—boost inverter based on the unfolding circuit
were presented. The hypothesis that MPC should set the inductor
current as the main parameter in the cost function was found to
be reasonably supported.

Predictive values were obtained by differential equations,
which simplified the calculation process. No trigonometric func-
tions (TF) were used in the equations, which enabled reduced
calculation time. However, the computational time goes beyond
the PWM period at the higher horizon or the greater amount of

(b)

(©

THD estimation of the converter under different input voltages: boost case with 160 V of the input stress (a), buck case with 300 V of the

iterations because the PWM frequency is 62 kHz. One iteration
without TF takes 1.5-2 pus.

Simulation results showed that the soft start was stable only
with the second horizon that increased the requirement for the
microcontroller performance. The horizon of the nominal mode
was a single horizon, while the amount for the iteration did not
go beyond 10. The simulation confirmed the hypothesis about
the reduction of the zero-crossing distortions as well.

The experimental prototype was presented within the control
and measurement board: five voltage and three current sen-
sors provided all necessary measurements for the stable work
of the MPC. The brain of the control board is the multicore
microcontroller that contributes to the MPC task between the
cores and makes the calculation process faster. The experiment
revealed reduced zero-crossing distortion. The operation range
of the input voltage was from 100 to 450 V. The minimum input
power was 150 W, whereas the maximum equals 1.1 kW. The
operation of the system is stable under different input stresses
and under different grid powers without any transient processes
and distortion in the grid current observed.

Finally, MPC is suitable for topologies based on unfolding
circuit within the performance of the multicore microcontroller
for decreasing zero-crossing distortion. At the same time, the
multicore controller allows reduction of the computation time.

REFERENCES

[1]1 H. Komurcugil, S. Bayhan, F. Bagheri, O. Kukrer, and H. Abu-Rub,
“Model-based current control for single-phase GSSrid-tied quasi-z-source
inverters with virtual time constant,” IEEE Trans. Ind. Electron., vol. 65,
no. 10, pp. 8277-88286, Feb. 2018.

O.Matiushkin, O. Husev, D. Vinnikov, and V. Gordienko, “Grid-connected
buck-boost inverter based on unfolding circuit,” in Proc. [EEE 59th Int.
Sci. Conf. Power Elect. Eng. Riga Tech. Univ., Nov./Dec. 2018, pp. 1-6.
K. Seifi and M. Moallem, “An adaptive PR controller for synchronizing
grid-connected inverters,” IEEE Trans. Ind. Electron., vol. 66, no. 3,
pp. 2034-2043, Mar. 2018.

[2]

[3

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on January 29,2022 at 11:19:24 UTC from IEEE Xplore. Restrictions apply.



2498 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 69, NO. 3, MARCH 2022
[4] S.Yang, Q.Lei,and E. Z. Peng, Z. Qian, “A robust control scheme for grid-  [25] Y. Shan, J. Hu, Z. Li, and J. M. Guerrero, “A model predictive control
connected voltage-source inverters,” [EEE Trans. Ind. Electron., vol. 58, for renewable energy based AC microgrids without any PID regulators,”

no. 1, pp. 202-212, Jan. 2011. IEEE Trans. Power Electron., vol. 33, no. 11, pp. 9122-9126, Nov. 2018.

[5] Y. Han, H. Chen, Z. Li, P. Yang, L. Xu, and J. M. Guerrero, “Stability =~ [26] H. Young, V. Marin, C. Pesce, and J. Rodriguez, “Simple finite-control-set
analysis for the grid-connected single phase asymmetrical cascaded mul- model predictive control of grid-forming inverters with LCL filters,” IEEE
tilevel inverter with SRF-PI current control under weak grid conditions,” Access, vol. 8, pp. 81246-81256, Apr. 2020.

IEEE Trans. Power Electron., vol. 34, no. 3, pp. 2052-2069, Mar. 2018. [27] O.Matiushkin, O. Husev, D. Vinnikov, and C. Roncero-Clemente, “Model

[6] Y.-W. Cho, W.-J. Cha, J.-M. Kwon, and B.-H. Kwon, “High-efficiency predictive control for buck-boost inverter based on unfolding circuit,”
bidirectional DAB inverter using a novel hybrid modulation for stand-alone in Proc. IEEE 2nd Ukraine Conf. Elect. Comput. Eng., Jul. 2019,
power generating system with low input voltage,” IEEE Trans. Power pp. 431-436.

Electron., vol. 31, no. 6, pp. 4138-4147, Jun. 2016. [28] L. Chen et al., “Moving discretized control set model-predictive control

[7] J. Selvaraj and N. A. Rahim, “Multilevel inverter for grid-connected for dual-active bridge with the triple-phase shift,” IEEE Trans. Power
PV system employing digital PI controller,” /EEE Trans. Ind. Electron., Electron., vol. 35, no. 8, pp. 8624-8637, Aug. 2020.
vol. 56, no. 1, pp. 149-158, Jan. 2009. [29] T. Dorfling, T. Mouton, T. Geyer, and P. Karamanakos, “Long-horizon

[8] B. Han, J. S. Lee, and M. Kim, “Repetitive controller with phase-lead finite-control-set model predictive control with non-recursive sphere de-
compensation for cuk CCM inverter,” IEEE Trans. Ind. Electron., vol. 65, coding on an FPGA,” IEEE Trans. Power Electron., vol. 35, no. 7,
no. 3, pp. 2356-2367, Mar. 2018. pp. 7520-7531, Jul. 2019.

[9] O. Kwon, J.-S. Kim, J.-M. Kwon, and B.-H. Kwon, “Bidirectional grid-  [30] Y.Xu,D.Li, Y. Xi,J.Lan, and T. Jiang, “Improved predictive controller on
connected single-power-conversion converter with low-input battery volt- FPGA by hardware matrix inversion,” IEEE Trans. Ind. Electron., vol. 65,
age,” IEEE Trans. Ind. Electron., vol. 65, no. 4, pp. 3136-3144, Apr. 2018. no. 9, pp. 7395-7405, Sep. 2018.

[10] O. Husev, O. Matiushkin, C. Roncero-Clemente, F. Blaabjerg, and [31] O. Gulbudak and E. Santi, “FPGA-based model predictive controller
D. Vinnikov, “Novel family of single-stage buck—boost inverters based for direct matrix converter,” IEEE Trans. Ind. Electron., vol. 63, no. 7,
on unfolding circuit,” [EEE Trans. Power Electron., vol. 34, no. 8, pp. 4560-4570, Jul. 2016.
pp. 7662-7676, Aug. 2019. [32] Y.Zhang, X. Yuan, X. Wu, Y. Yuan, and J. Zhou, “Parallel implementation
[11] O. Matiushin, O. Husev, and D. Vinnikov, “Small signal model of the of model predictive control for multilevel cascaded H-bridge STATCOM
buck-boost bidirectional DC-AC converter based on unfolding circuit,” with linear complexity,” /IEEE Trans. Ind. Electron., vol. 67, no. 2,
in Proc. IEEE 60th Int. Sci. Conf. Power Elect. Eng. Riga Tech. Univ., pp. 832-841, Feb. 2019.
Oct. 2019, pp. 1-6. [33] T. Dragicevi¢ and M. Novak, “Weighting factor design in model predic-
[12] O. Husev, O. Matiushkin, C. Roncero-Clemente, D. Vinnikov, and tive control of power electronic converters: An artificial neural network
V. Chopyk, “Bidirectional twisted single-stage single-phase buck-boost approach,” IEEE Trans. Ind. Electron ., vol. 66, no. 11, pp. 8870-8880.
DC-AC converter,” Energies, vol. 12, Sep. 2019, Art. no. 3505. Nov. 2019.
[13] Y.-S.Jeong, S.-H. Lee, S.-G. Jeong, J.-M. Kwon, and B.-H. Kwon, “High ~ [34] P. Cortes et al., “Guidelines for weighting factors design in model predic-
efficiency bidirectional grid-tied converter using single power conversion tive control of power converters and drives,” in Proc. IEEE Int. Conf. Ind.
with high quality grid current,” IEEE Trans. Ind. Electron., vol. 64,no. 11, Technol., Feb. 2009, pp. 1-7.
pp- 8504-8513, Nov. 2017. [35] J.Huang and S. Liu, “Analysis of non-minimum phase in buck-boost con-
[14] T.V.Thang,N.M. Thao,J.-H. Jang, and J.-H. Park, “Analysis and design of verter,” in Proc. Asia Conf. Power Elect. Eng., Apr. 2016, Art. no. 01008.
grid-connected photovoltaic systems with multiple-integrated converters ~ [36] Y. Lu, Y. Wang, and H. X , “Adaptive memristor-based PI control of a

[15

[16

[17

[18

[19

[20

[21

[22

[23

[24

and a pseudo DC-Link inverter,” IEEE Trans. Ind. Electron., vol. 61,no.7,
pp. 3377-3386, Jul. 2014.

] C.-S. Yeh, C.-W. Chen, M. Lee, and J.-S. Lai, “A hybrid modulation
method for single-stage soft-switching inverter based on series resonant
converter,” [EEE Trans. Power Electron., vol. 35, no. 6, pp. 5785-5796,
Jun. 2020.

] U. R. Prasanna and A. K. Rathore, “Current-fed interleaved phase-
modulated single-phase unfolding inverter: Analysis, design, and experi-
mental results,” IEEE Trans. Ind. Electron., vol. 61, no. 1, pp. 310-319,
Jan. 2014.

] X.Liand A. K. S. Bhat, “A comparison study of high-frequency isolated
DC/AC converter employing an unfolding LCI for grid-connected alter-
native energy applications,” JEEE Trans. Power Electron., vol. 29, no. 8,
pp. 3930-3941, Jan. 2014.

| Z.Zhao, M. Xu, Q. Chen, J.-S. (J.) Lai, and Y. Cho, “Derivation, analysis,
and implementation of a boost-buck converter-based high-efficiency PV
inverter,” IEEE Trans. Power Electron., vol. 27, no. 3, pp. 1304-1313,
Mar. 2012.

] S. Kouro, P. Cortés, R. Vargas, U. Ammann, and J. Rodriguez, “Model
predictive Control—A simple and powerful method to control power
converters,” [EEE Trans. Ind. Electron., vol. 56, no. 6, pp. 1826-1838,
Jun. 2009.

] P. Cortés, M. P. Kazmierkowski, R. M. Kennel, D. E. Quevedo, and
J. Rodriguez, “Predictive control in power electronics and drives,” /[EEE
Trans. Ind. Electron., vol. 55, no. 12, pp. 4312-4324, Dec. 2008.

| P. Falkowski and A. Sikorski, “Finite control set model predictive control
for grid-connected AC-DC converters with LCL filter,” IEEE Trans. Ind.
Electron., vol. 65, no. 4, pp. 2844-2852, Apr. 2018.

| P. Karamanakos, T. Geyer, and S. Manias, “Direct voltage control of DC-
DC boost converters using enumeration-based model predictive control,”
IEEE Trans. Power Electron., vol. 29, no. 2, pp. 968-978, Feb. 2014.

] M. Khomenko, O. Veligorskyi, O. Husev, and K. Tytelmaier, “Model
predictive control of photovoltaic bidirectional DC-DC converter with
coupled inductors,” in Proc. IEEE Ist Ukraine Conf. Elect. Comput. Eng.,
May /Jun. 2017, pp. 578-583.

] W. Song, Z. Deng, S. L. Wang, and X. Feng, “A simple model predictive
power control strategy for single-phase PWM converters with modulation
function optimization,” IEEE Trans. Power Electron., vol. 31, no. 7,
pp. 5279-5289, Jul. 2016.

DC/DC converter non-minimum phase system,” in Proc. IEEE Int. Power
Electron. Appl. Conf. Expo., Nov. 2018, pp. 1-6.

Oleksandr Matiushkin (Student Member,
IEEE) received the B.Sc. and M.Sc. degrees
in industrial electronics from the Chernihiv
National University of Technology, Chernihiv,
Ukraine, in 2016 and 2018, respectively.
He is currently working toward the Ph.D.
degrees (double doctoral study) at the Tallinn
University of Technology, Tallinn, Estonia, and

~ the Chernihiv National University of Technology,
working on power electronics.

He was a Junior Researcher with the

Department of Electrical Engineering, Tallinn University of Technology.

His

research interests include modeling, calculation of dynamic

processes, design and control converters for photovoltaic applications,
and applied design of new topologies of power electronics converters.

Oleksandr Husev (Senior Member, IEEE) re-
ceived the B.Sc. and M.Sc. degrees in indus-
trial electronics from Chernihiv State Techno-
logical University, Chernihiv, Ukraine, in 2007
and 2008, respectively, and the Ph.D. degree
in industrial electronics at the Institute of Elec-
trodynamics, National Academy of Science of
Ukraine, Kyiv, Ukraine, in 2012.

He is a Senior Researcher with the De-
partment of Electrical Power Engineering and
Mechatronics, TalTech University, Tallinn, Esto-

nia. He has authored/coauthored more than 100 publications and is the
holder of several patents. His research interests include power electron-
ics systems, design of novel topologies, control systems based on a
wide range of algorithms, including modeling, design, and simulation,
applied design of power converters and control systems and application,
and stability investigation.

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on January 29,2022 at 11:19:24 UTC from IEEE Xplore. Restrictions apply.



MATIUSHKIN et al.: FEASIBILITY STUDY OF MODEL PREDICTIVE CONTROL FOR GRID-CONNECTED TWISTED BUCK-BOOST INVERTER

2499

Jose Rodriguez (Life Fellow, |IEEE) received
the Eng. degree in electrical engineering from
the Universidad Tecnica Federico Santa Maria,
Valparaiso, Chile, in 1977, and the Dr.-Ing. de-
gree in electrical engineering from the University
of Erlangen, Erlangen, Germany, in 1985.

He has been with the Department of Electron-
ics Engineering, Universidad Tecnica Federico
Santa Maria, since 1977, where he was Full
Professor and President. Since 2015, he has
been the President and since 2019 he has been
a Full Professor with the Universidad Andres Bello, Santiago, Chile. He
has coauthored two books, several book chapters, and more than 400
journal and conference papers. His research interests include multilevel
inverters, new converter topologies, control of power converters, and
adjustable-speed drives.

Prof. Rodriguez was the recipient of the number of best paper awards
from journals of the IEEE. He is a member of the Chilean Academy
of Engineering. In 2014, he was the recipient of the National Award
of Applied Sciences and Technology from the government of Chile. In
2015, he was the recipient of the Eugene Mittelmann Award from the
Industrial Electronics Society of the IEEE. In years 2014 to 2020, he has
been included in the list of Highly Cited Researchers published by Web
of Science.

Hector Young (Member, IEEE) was born in Val-
paraiso, Chile, in 1984. He received the B.Eng.
and M.Sc. degrees in electronics engineering
from the Universidad de la Frontera, Temuco,
Chile, both in 2009, and the Ph.D. degree in
power electronics from the Universidad Tec-
nica Federico Santa Maria, Valparaiso, Chile, in
2014.

Since 2014, he has been an Assistant Profes-
sor with the Electrical Engineering Department,
Universidad de La Frontera. His research inter-
ests include modeling and control of power converters and electrical
drives, renewable energy systems, and microgrids.

Indrek Roasto (Member, IEEE) received the
M.Sc. and Ph.D. degrees in electrical engineer-
ing from the Tallinn University of Technology
(TalTech), Tallinn, Estonia, in 2005 and 2009,
respectively.

He has spent a year with Gdynia Maritime
Academy, Gdynia, Poland, as a Postdoctoral
Researcher, in 2013. He is currently a Se-
nior Lecturer with the TalTech. He has au-
thored/coauthored more 100 publications, owns
five Utility Models, and three patents in the field
of power electronics. His research interests include digital control of
switching power converters, interfacing renewable energy sources, and
power quality in microgrid.

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on January 29,2022 at 11:19:24 UTC from IEEE Xplore. Restrictions apply.



[PAPER-IV] A. Fesenko, O. Matiushkin, O. Husev, D. Vinnikov, R. Strzelecki, P. Kotodziejeko,
“Design and Experimental Validation of a Single-Stage PV String Inverter with
Optimal Number of Interleaved Buck-Boost Cells,” open access Energies,
Apr. 2021. https://doi.org/10.3390/en14092448.

125






energies

Article

Design and Experimental Validation of a Single-Stage PV String
Inverter with Optimal Number of Interleaved Buck-Boost Cells

Artem Fesenko 1, Oleksandr Matiushkin 12, Oleksandr Husev 12, Dmitri Vinnikov 2*©®, Ryszard Strzelecki 3

and Piotr Kolodziejek 3

check for

updates
Citation: Fesenko, A.; Matiushkin,
O.; Husev, O.; Vinnikov, D.; Strzelecki,
R.; Kotodziejek, P. Design and
Experimental Validation of a
Single-Stage PV String Inverter with
Optimal Number of Interleaved
Buck-Boost Cells. Energies 2021, 14,
2448. https:/ /doi.org/10.3390/
en14092448

Academic Editor: Adolfo Dannier

Received: 25 March 2021
Accepted: 22 April 2021
Published: 25 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Radiotechnics and Embedded Systems, Chernihiv Polytechnic National University,
14039 Chernihiv, Ukraine; gudrunas.ch@gmail.com (A.F.); oleksandr.matiushkin@gmail.com (O.M.);
oleksandr.husev@gmail.com (O.H.)

Power Electronics Research Group, Tallinn University of Technology, 19086 Tallinn, Estonia

Faculty of Electrical and Control Engineering, Gdansk University of Technology, 80233 Gdansk, Poland;
ryszard.strzelecki@pg.edu.pl (R.S.); piotr.kolodziejek@pg.edu.pl (PK.)

*  Correspondence: dmitri.vinnikov@taltech.ee

Abstract: Increasing converter power density is a problem of topical interest. This paper discusses an
interleaved approach of the efficiency increase in the buck-boost stage of an inverter with unfolding
circuit in terms of losses in semiconductors, output voltage ripples and power density. Main
trends in the power converter development are reviewed. A losses model was designed and used
for the proposed solution to find an optimal number of interleaved cells. It describes static and
dynamic losses in semiconductor switches for buck and boost mode. The presented calculation
results demonstrate the efficiency of the interleaved approach for photovoltaic system. 1 kW power
converter prototype was designed with two parallel dc-dc cells for experimental verification of
obtained theoretical results. The experimental results confirm theoretical statements.

Keywords: buck-boost cell; unfolding circuit; interleaved approach

1. Introduction

The Google Little Box Challenge (GLBC) has shown a close relation with the topic of
high-power density inverters for Photovoltaic (PV) applications that have demonstrated
extremely high-power density of power electronics converters achievable [1-3]. One of the
GLBC project outcomes is the concept of a very high-power density converter. The finalists
demonstrated a similar approach. It includes the basic full-bridge interleaved inverter, an
active decoupling circuit and use of Wide Band-Gap (WBG) semiconductors.

WBGs market has an upward trend in today’s power electronics due to their high
electron mobility and high voltage breakdown field [4-6]. As a result, fast switching high
voltage semiconductor devices are already available on the power electronics market. The
challenge is still the cost of those devices, which, however, is decreasing year by year.

At the same time, several configurations may be used in the PV systems [7,8]. Single
PV panels are available for low power applications. They suffer from the voltage drop
when the temperature is increasing. In the serial or string connection, one of the major
drawbacks is a significant voltage drop at partial shadowing. Both connections lead to
a wide range of input voltage variation during the energy utilization time. The GLBC
solution is intended for narrow input voltage regulation, and it cannot provide a high and
efficient PV energy conversion in heating or shadowing conditions. Neither can dual-back
inverters [9,10] or boost inverters reported in [11,12] be considered as a solution at a wide
range of regulation. Intermediate voltage boost dc-dc converters are used to overcome this
drawback. At the same time, this solution is more complex and more expensive.

An alternative is to use single-stage buck-boost for a single input dc source. In this
solution, inverters with an active boost cell are used [13-16]. They can provide very
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high boost of the input voltage but suffer from high current spikes in semiconductors
and passive elements. The buck-boost solutions based on an active boost cell are rare in
industrial applications.

New solutions are required to design an inverter with wide input voltage regula-
tion along with high-power density and acceptable efficiency. For almost a decade, the
impedance-source converters have attracted attention of the researchers [17-22]. But only
a few attempts of industrial design can be found [23,24].

Several interesting single-stage buck-boost inverters are proposed in [25-29]. The
solution based on the input boost and buck converter along with a line frequency unfolding
circuit seems to be interesting for practical applications [29-31].

Another perspective method to decrease the size of passive components is using an
interleaved approach [32-38]. In a general case, this method assumes use of two parallel
circuits with the phase shift of control signals. The main advantage of such approach
is reducing current through each single component, which allows reducing energy in
the passive component and switch conduction losses that are proportional to the current
and sizes.

Interleaved approach has been applied to different topologies, such as boost inter-
leaved inverters with coupled inductors [33], two-phase interleaved inverters [35], three-
phase grid-connected interleaved inverters [36], buck-boost interleaved inverters [37], and
the three-level interleaved topology [38]. The advantages of the interleaved approach in
terms of power density, cost and total converter efficiency have resulted in the improvement
of the boost and buck stage in the power factor corrected rectifier system [39-41].

The main disadvantages of this topology are greater number of passive and active com-
ponents, higher voltage drop on active components, and more complicated control technique.

This paper focuses on further modifications of the buck-boost inverter with unfolding
circuit using the interleaving approach. Figure 1 shows the inverter structure with the
N-cell dc-dc stage. This approach allows for the reduction of losses in semiconductor
components, in inductor energy and output voltage ripples. The main goal of this work is
to find an optimal number of the interleaved cells.

L,

gri

PV

PV [0..N] Cell [0..N]

DC side AC side

Figure 1. The inverter structure with the buck-boost N-cells.

2. Description of the Case Study System

First, the selected system is intended for PV application. Thus, the PV panel (PV
string) is the input source for this topology. As a rule, a PV station has several solar panels,
which can be reconfigured as parallel or serial connections to obtain the higher current or
voltage, respectively. This section explains the characteristics of the real PV string applied
along with brief topology features.

The set of HNS-SD140 solar panels was used as the PV string. Figure 2a shows the
real PV string on the roof of the Chernihiv Polytechnic National University. The string
consists of seven panels connected in series. The single panel generates around 140 W with
a full panel lighting. The open circuit voltage equals 75 V with the single panel and 525 V
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with the PV string, while the short circuit current is 2.5 A. The total output power reaches
up to 1 kW. The PV string parameters from the datasheet are listed in Table 1. Figure 2b
demonstrates the real power characteristic of the PV string in the middle of the day.
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Figure 2. (a) PV string on the roof, (b) real power performance of the 7 serial-connected panels in one PV string.
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Table 1. PV string parameters from the datasheet.

Ne Parameter Value

1 Input power, W up to 1000

2 Open circuit voltage, V 525

3 Short circuit current, A 25

4 Maximum Power Voltage, V 413

5 Maximum Power Current, A 217
Topology Description

The aim of the inverter is to convert the PV string power into the ac power and to
deliver it into the grid. The buck-boost inverter has two parts of circuits. The buck-boost
part is the high-switching circuit that generates the unipolar sine shape at the output side
using PWM. The unfolding circuit changes the sign of the output signal. The unfolding
part is a low-switching part. Besides, the unfolding circuit commutes under zero voltage
and zero current; thus, the dynamic losses equal zero. One of the advantages of the inverter
is a wide range of the input voltage regulation. The input voltage can vary from 100 V to
500 V, while the peak of the output voltage is 320 V. Thus, the converter might be operating
in a buck or in a boost mode. If the value of the grid voltage is less than the input voltage,
the system operates in the buck mode, otherwise the boost mode is chosen. Figure 3 shows
the principle of mode selection based on the grid voltage value.

Vi

~Vpr

—Vu |
Buck | Boost | Buck | Buck | Boost
——r—— > —>»|

Figure 3. The principle of the buck or the boost mode selection for the buck-boost inverter based on unfolding circuit.
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Figure 4 shows the commutation principle of both modes for a single buck-boost cell.
Only two switches are operating during the PWM period. The principle of the buck mode
is to connect or disconnect the PV side from the inverter. The boost mode is operating with
energy storage by the input inductor and is giving the storage energy instant to the grid.

Buck

YGrID

Boost ()

Figure 4. Switching principle of the inverter based on unfolding circuit with a single buck-boost cell: (a,b) for the buck
mode, (¢,d) for the boost mode.

If the buck-boost cell is not a single cell, the PWM channels are shifted between each
other. The shifted phase is calculated as follows:

360° .
=—i

Pi N 1)

where N is the number of buck-boost cells, i is the current cell number.

3. Losses Model for the Buck-Boost Cell and Unfolding Circuit

It is known that the results of the calculations and those of the experiment cannot be
absolutely the same because experimental parameters depend on different factors, such
as the environment conditions, quality design, and other factors. Thus, the following
calculation regards the power loss under ideal external conditions.

The designed model includes both types of the power losses: dynamic and static. The
power signals were analyzed in detail during the model design. Figure 5 explains the high-
frequency ripples of the semiconductor currents during the operation of the buck-boost
case. Moreover, the buck and the boost modes require separate calculation of the power
losses. Therefore, it is required to have correspondence of transistors with the modes:

S1 = Spuck, S2 = Snpuck, S3 = Spoost, S+ = SNBoOST, S6 = S7 = SuNnroLD,S5 = Ss = SNUNFOLD- (2)
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ixunFoLD 4 || t,ms (e)
i, 4 t,ms U
Ts/2 Ts 3%y2 2T tms

(®
Figure 5. The high-switching current ripples of the semiconductor: (a) the input buck switch Spyick,
(b) the complementary buck switch Sypiick, () the boost transistor Spoost, (d) the complementary

boost transistor Sypoost, (e) the forward polarity unfolder switch Synrorp, (f) the reverse polarity
unfolder transistor Snynrorp, (g) and the inductor current.

So, it is necessary to take into account dependences of the duty cycle for each mode.
The expressions of the duty cycle are the same as in the case of a simple buck and boost
dc-de converter, but the output voltage is considered as a sine shape signal:

lvgrip| = vpv

|ogriD|
upy |ogrip|

Dpuck = » Dpoost = , oGriD = Vi - sin(g), ®)
where vggip is the grid voltage, vpy is the PV voltage, V) is an amplitude of the grid
voltage, ¢ is the current phase of the grid voltage, vc output capacitor voltage.

In the context of the steady state analysis, the currents depend on the input power and
on the duty cycle. It is worth nothing that the inductor current is inversely proportional to

the number of the buck-boost cells. The expressions are as follows:

- 2-P . . ipy . ipy
ipy = — -sin i = 1 = — 4
PV = oy (¢), iL_Buck N + IL_BoOST = 7 4

Dpuck
where P is an average value of the input power, N is the number of buck-boost cells.

The steady state analysis allows obtaining the expression of the ripples in the passive
elements. The pulsations of rising and falling states are considered the same. Figure 5g
shows the high frequency ripple of the inductance current. The expressions of the inductor
current ripples for the different modes are given below:

. Upv — |UGRID . Upv
Aip guck = W - Dpuck, Dir_poost = W - Dpoost, ()
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where fgyy is the switching frequency, L; is the value of the inductance.

Further calculations take into account each high-switching period. The dependences

of the rising and falling of the inductor current are obtained using a canonical equation of

the line. The inductor current depends on the time and on the current switching period.
The expressions of the buck mode are as follows:

t—1i- Ty

(6)

iL_BUCK_RISE = iL_BUCK — Dir_puck + 2 Mip_puck Dovcx - Tsw’

. , . . t — (i+ Dpuck) - Tsw
ir,_BUCK_FALL = i1_puck + Mir_puck — 2+ Nip_puck - (1(7 Dpuck) ')Tsw . D

uin
1

where Tgyy is the switching period, “i” is the current number of the high-switching period.
The same equations are used for the boost mode. Moreover, any power signal or other
variables are presented as the function of the current switching period:

¢ — (i) = wo - i-Tsw,ir_puck_rise = ir_puck_rise (i), ir_suck_rarr — ir_puck_rarr(i), (8)

Dguck — Dpuck(i) , Doost —+ Dpoost (i) )

However, the currents of the transistors are not continuous, so it is required to consider
a different time span for each semiconductor.

3.1. Static Losses Model

The static model corresponds to the law of Joule-Lenz. Thus, the overall static losses
are equal to the sum of each semiconductor power loss. The general static losses are derived
with the next expression:

M
Pcross = Z(I?_RMS : RDSON)z (10)
i-1

where M is the number of transistors, I; ryss is the RMS value of the transistor current,
Rpson equals the ON-state resistor declared in the document of the element.

On the other hand, the current ripples through the semiconductor element were
taken into account during the RMS calculation. Certainly, each high-switching period is
considered. So, the square RMS values of the semiconductor currents are expressed as:

o | (+DPsuck (@) Tsw

1
12 - / 2 iy-dr) |, (11)
T_BUCK RMS = To 1;) g ( ©_suck_rise (i) )
LSw
. o (i+1)-Tsw
I} NBuCK RMS = Tome D (i%_BUCK_FALL(i) ‘dt) , (12)
=0 i+ Dpyck (i) Tsw
0 (i+Dpoosr (i) Tsw
2 1 i2 (i) - dt (13)
T_BOOST_RMS T_BOOST_RISE ,
TSINE i=0 i
Isw
. o (i+1)-Tew
I3 NBoOST RMS = Tome. Y. / (i%_BOOST_FALL(i) ‘df> , (14)
=0

(i+Dpoost (i) Tsw
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(i+Dpuck (i) Tsw

1 (% suck rise(E) - dt)

Q .
I%_UNFOLD_BUCK_RMS = Tome E l'(,ri%msw , (15)
=+ J (% suck_rarr (i) dt)
(i+Dpuck (i) Tsw
0 +1) T,
I3 UNFOLD BOOST RMS = TSIN 12 / (1% BoosT_rarLi(i) " dt) , (16)

(i+Dpoost (i) Tsw
where Tgng is the sine period, Q is the amount of the high-switching periods per one
sine period.
3.2. Dynamic Losses Model

The dynamic losses can be obtained using the same principle: consider each high-
switching period. The next expression allows the calculation of the switching loss during
the sine period:

1 (tdON + £

+taorr +1 5
Ppross = Tow / “Ip_avc - Vp_ave +t1 “Qp - Vp AVG) 17)

2

where t;op is the turn on the delay time, ¢, is the rise time of the transistor, f;orr is the
turn-off delay time, f is the fall time, Ip_avG equals an average value of transistor current
spikes during the grid period, Vp sy is the average value of the transistor drain source
stress during the sine period, Q, is the reverse recovery charge of the reverse diode.

The average current spikes during the grid period can be obtained from previous
Equations (3)—(15) for each switch. As is known, they correspond to the maximum ripple of
the inductor current at each moment of the transistor conduction (one high-switching period):

It guck (i) = ir_puck (i), It npuck (i) = ir_suck (i), (18)

It soost (i) = ir_oost (i), It Npoost (i) = ir_oost (i), (19)

The average voltage spikes can be derived from a simple differential equation of
equivalent circuits. The values of the peak of one high-switching period are as follows:

vps_puck (i) = vpv (i), vps npuck (i) = vpv (i), (20)
ops_poost (i) = vpv (i), vps Npoost (i) = vpv(i). (21)

4. Study of the Optimal Number of the Buck-Boost Cells

An interleaved approach for the buck-boost stage of the inverter has some advantages
and disadvantages. Parallel connection of dc-dc cells increases the number of semicon-
ductor switches, and as a result, it increases the number of high-frequency commutations,
and even may increase the total converter volume and the size. On the other hand, an
interleaved feature allows the distribution of the input current between the cells, which
leads to the reduction of conduction losses in the semiconductors. At the same time, the
input inductances can be redesigned for lower current. This section is devoted to finding
an optimal number of cells.

4.1. Conclusions from the Calculations

Section 3 described the calculation based on the real semiconductor parameters. The
transistor UJC0650K was chosen for the buck-boost part, while IPP60R060P7 is embedded
in the unfolding part. The parameters of the switches are listed in Table 2.
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Table 2. Parameters of the semiconductors.

Parameter UJC0650K IPP60R060P7
Vps, V 650 650
Rps_on, O 34 60
IDJnnxx A 36.5 38
ty on, NS 29 23
t, ns 10 12
td?offlns 70 79
tf, ns 15 4
Qur, uC 0.95 29

Note that the semiconductor parameters from the datasheet are given under some
conditions: constant drain current, environment temperature, case temperature and other
conditions. Thus, it is impossible to acquire the same efficiency obtained in the exper-
iment tests. Besides, the parasitic parameters of the board also influence the dynamic
characteristics of the switches. Therefore, the calculation has some errors and expresses an
approximate shape of efficiency as compared with that of a real case.

First, the static loss will be considered. Logically, to increase the number of cells, the
static losses should be decreased because the current is evenly split between the cells. The
last statement is an advantage. Figure 6 presents dependences for the static loss. The
boost case causes significant differences in the static losses with different amounts of cells.
However, a big difference can be seen with the higher input power, for example, from 1 kW,
as shown in Figure 6a. On the other hand, the lower input power does not affect static
losses considerably, even with a great boost ratio (Figure 6b).

Psuaiicc W

V=400V il

V=160V — — + v

500

140
Pry=2000W——

Ppy=500W— — -

s 100

60

0 y
1500 2000 2500 3000 100 150 200 250 300 350 400 450
Pry, Py, V

(a) (b)

Figure 6. (a) Dependence of static losses on the input power at constant PV voltage, (b) dependence of static losses on the

PV voltage at constant input power.

Despite the static losses decreasing under greater number of cells, the dynamic losses
are increasing. The reason is the number of commutations, because four semiconductors
are added with each additional cell. However, the current distribution in the case of several
buck-boost cells provides fewer dynamic losses for a single component, but the number of
components is increasing. Figure 7 shows dependences of dynamic losses based on the PV
voltage and the input power. The dynamic losses are rising linearly with a higher input
power, while the PV voltage is constant, as shown in Figure 7a. The dynamic losses with
three buck-boost cells are greater than with one or two cells during a wide range of the
input power and voltages. Thus, when an engineer designs an interleaved approach, the
weight of static advantages versus the weight of dynamic drawbacks must be estimated.
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Figure 7. (a) Dependence of dynamic losses on the input power at constant PV voltage, (b) dependence of dynamic losses

on the PV voltage at constant input power.
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¢ Efficiency, %

Finally, the dependences of the efficiency based on the input voltage and the input
power were built. Figure 8 shows that the interleaved approach is more effective with
higher input power. The inverter with two or three cells has better efficiency at the input
power over 800 W in the case of boost (Figure 8a). The buck mode is more effective at the
input power over 2 kW, as shown in Figure 8b. However, the results of the efficiency depend
on the switches that were chosen, i.e., this efficiency dependence is in correspondence only
for an inverter with selected transistors (Table 2).

Efficiency, %

96

94

Vpy=320V ——

Vor=160V ——— >~ 9 .
~ = — —
Vor=100V— — - S~ Pr=400V
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
By, W By, W
(a) (b)

Figure 8. The results of the switch efficiency calculation for different number of buck-boost cells: (a) in the case of buck-boost,

(b) in the case of only buck.

Switch S, can be changed by diode. In Section 3 equations for transistor were pre-
sented. Comparative study of system with transistor and diode reviled small influence of
this factor on efficiency in general. Transistor instead of diode allows for a more flexible
control strategy. On the other hand, it should be mention that transistor in boost mode
has bigger static losses then dynamic. And in buck mode dynamic losses prevail on static
losses. Figure 9 demonstrate insignificant influence of component type on efficiency in
buck-boost and buck mode for a different number of parallel cells. For these reasons, diode
was chosen for experimental study.
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Figure 9. The results of the switch efficiency comparison of buck-boost cells: (a) in the case of buck-boost, (b) in the case of

only buck.

4.2. Qualitative Assessment of the Interleaved Approach

Based on the results obtained, theoretical assumption about the efficiency of the inter-
leaved approach for the buck-boost cell in terms of active component losses was verified.
On the other hand, there are other parameters that should be taken into account during
designing, such as size of the power converter because it requires a greater number of
switches and more driver circuits; the cost of element base; the passive elements. This sec-
tion presents the qualitative comparison between the single-, two- and tree cells by a square
of the power board, overall energy of inductances, efficiency and cost of semiconductors.

The influence of the interleaved approach on the linear size of the converter was ana-
lyzed. This parameter establishes relationship between the number of active components,
their control circuits and PCB size. The area for the one buck-boost cell Sgp . consists
of the area of inductors Sy, the area of the active switch Sg, which is multiplied on the
number of active components and the area of the driver Sp,;,, for each semiconductor.
The area for unfolding circuit was calculated by the same method for different types of
switches and is presented as a constant parameter Syynr. The overall area of the inverter
can be obtained by the next expression:

S=N- (SL +4- (SSW + SDriver)) +4- (SUNF + SDriver)- (22)

The second parameter compared is an overall inductance energy of the inverter. This
parameter contains the sum of the energy of all inductances. The energy of the inductor
allows indirect estimation of the size of the inductor because it depends on the inductor
value and the maximum current. The overall energy of inductances is as follows:

2 2
IL Ly + IGRID . LGRID.

E; =N -
L 2 2

(23)

The third parameter is the cost. With regard to the interleaved approach, it is necessary
to consider the cost of all semiconductors Cgp_sw, Cunrorp_sw and their drivers Cpyiyer.
Besides, the cost of the inverter depends on the board size Cpcp. The cost of the inverter
based on the number of cells is obtained by the next expression:

C=4-N-(Cpp_sw + Cpriver) +4- (Cunrorp_sw + Cbriver) + Cpcp- (24)

The last parameter mentioned in Section 4.1 is the efficiency. All the parameters
were normalized on the single cell, except for the efficiency. However, some aspects were
missing. For example, with the number of parallel cells increasing, the control system
complexity also increases. This trend leads to extremely expensive MCU or even FPGA for
three and more parallel cells. But many chips contain a sufficient number of PWM channels
that cover single-, two-, or three cells.
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Figure 10 shows the diagrams that compare the buck-boost cells in relative units. The
condition of the comparison was that the efficiency of several buck-boost cells is higher or
the same with a single cell. The overall inductance energy is 2 times lower in the case of
two buck-boost cells and 3 times lower in the case of three cells, respectively. However, the
cost and the area are increasing linearly with the higher cells, as shown in Figure 10a. The
efficiency of the inverter is the same for all sets of cells in the case of the buck mode. The
boost mode is more effective for higher sets of cells (Figure 10b).

Yey=160V
Ppy =2kW -~

Figure 10. Comparison diagrams for the cost, the area on board, the inductor energy and the efficiency: (a) for the buck
case, (b) for the boost case.

| Veer |

ey

Finally, the optimal number of buck-boost cells can be obtained from the previous
calculation and estimation. In the case of the current case study system, the optimal number
is single-, or two- buck-boost cells because with the second cell, the efficiency is growing
up in the boost mode, while it is the same during the buck mode. Further cell number
increase will lead to a significant cost increase without a significant efficiency increase.

5. Control System Description

For the efficiency measurement, the open-loop system was chosen. Figure 11 shows
the strategy of the modulator with Pulse Width Modulation (PWM). The principle is as
follows: the sine signal is generated by the control unit; the reference signal is compared
with the input voltage and with zero; the result of the comparison with the input voltage
leads to choosing a suitable mode, while the comparison with zero changes unfolding
circuit signals; all the results are going to PWM, as shown in Figure 11a. The principle of
PWM is demonstrated in Figure 11b.

uVREFI
Dyoosit 1 Dk
Compare ok JsTE’: ) 12: : // \\ AN AW I\ AVAWAY
Boost: | -\Vk;\ﬂ, . 1:0 /“\ \ /“\\
| Vrer | PWM > 05 /V/\A/\/\/\)\/\K/\A/\/\/\\A
Compare Unfolding 0.0 v v \/ \/ W \/ V \/ \/
5 0 3 6 ofy 12T, 157
Time

@ (b)

Figure 11. The modulator inside strategy: (a) generation reference signals for PWM, (b) the PWM principle.
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Grid
Inductor

Power

The closed-loop system provides stable operation with a grid connection. The control
system consists of the next blocks: Phase-Locked-Loop block (PLL), Maximum Power Point
Tracking (MPPT), Model Predictive control (MPC) and Modulator, as shown in Figure 12 [42].

wmppT [REE

Ve PLL Theta TOpOlOgy Yorid
RN D S
iL Model
—L ode
“’1’+> Predictive |Unfolding PWM
.| Controller

Figure 12. Closed-loop control system structure based on Model predictive control.

There are three current and voltage sensors in the system. These sensors provide
measurement of the input and the output voltages and currents. Measurements of the
current in the inductances and the voltage of the capacitor are necessary to achieve the
required accuracy.

The system is synchronized with the network voltage by using a PLL block. The MPPT
calculates the amplitude of the PV output current to produce the reference signal. The
system selects the operation mode and calculates the optimal value of the duty cycles for
the converter based on the weather conditions, solar irradiation, and other parameters. The
MPC block predicts the next values of the currents and voltages and selects the necessary
duty cycle for the next high-switching period. MPC also defines the state of the unfolding
circuit. Finally, the new duty cycle and the unfolding states are sent to PWM.

6. Experimental Verification

Results of experimental verification were obtained from the designed converter pro-
totype (Figure 13). The prototype consists of the power PCB with all active and passive
components, filters, driver circuits, control and measurement PCB based on the microcon-
troller unit (MCU) TMS320F28379 of the Texas Instruments, which provides the MPPT
and MPC control algorithm. Selected MCU contains four independent cores that provide
sufficient computing resources to implement a complex control system. In addition, MCU
includes a fast 16-bit differential Analog to Digital Converter (ADC) block.

Main
Inductors

Control and ,
measurement  Buck-boost Buck-boost Unfolding

board board transistors diode transistors

(2)

(b) ()

Figure 13. (a) Experimental prototype of the converter, (b) buck-boost transistors, (c) unfolding transistors.
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The control and measurement PCB contains five voltage sensor channels. Two of
them provide AC voltage measurement in the range from 0 V up to 500 V. The other
three sensors were designed for DC voltage measurement. The whole control circuit is
galvanically isolated from the power part. The control system has the hardware and
software protection items, such as a fuse, varistors, relays galvanic isolated buffers, and
some software predefined limits for the measured parameters.

The inverter power PCB was designed for two parallel DC/DC cells with individual
inductors, one unfolding circuit, input and output filters, and switch driver circuits. All the
inductors were designed manually. Two inductances for the DC/DC stage have current
limit of 10 A and the grid inductor current limit is up to 15 A. The input filter consists of
three electrolytic capacitances, which are equal to 100 uF. The output filter includes an
inductance of 0.3 mH.

Two different models of transistors were used for the high frequency DC stage and
low frequency unfolding circuit. The main parameters of all the used active components
are presented in Section 4, Table 2. DC/DC stage contains six switches UJC0650K in
two parallel cells. Unfolding stage includes four transistors IPP60R060P7 (Figure 13c).
The transistor S2 of the buck-boost cell is replaced by a SiC diode CREE C3D10065. All
buck-boost semiconductors are placed on a common heatsink (Figure 13b). The unfolding
switches have only static losses, they were placed on the power board without any heatsink.

Figure 14 demonstrates a particular case of the experimental results for the open-loop
system of the buck-boost inverter based on unfolding circuit with two cells. Diagrams for
the boost case are presented in Figure 14a—d and for the buck case in Figure 14e,f. The
input voltage equals 190 V or 250 V for boost cases and 320 V for the buck case. The
output voltage satisfies the main requirements for the grid voltage. Figure 14b,d,f shows
the high-frequency ripples of the input inductor current.

v

our » S00V/div

A A Y e A A Y Ay A Al T A AT AT AT A

AR 50V/div Lour , SA/div

/\‘(,“,/ , 500V/div 500V/div
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(o)
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Figure 14. The input and output currents and voltages along with the high-frequency ripples of the input inductor currents
of the buck-boost inverter based on unfolding circuit with two cells: (a,b) three panels VIN = 190 V, (c,d) four panels
VIN =250V, (e, f) five panels VIN = 320 V.

The efficiency diagram is presented in Figure 15. The results for the efficiency are
approximately similar to those calculated, as it was explained in Section 4. In the deter-
mination of the differences between the mathematical expressions and the experimental
results, as established in the losses model, thermal changing of the parameters of the
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Efficiency, %

switches, such as revers recovery charge Q, and measurements error, were not taken into
account. Consequently, theoretical assumptions were confirmed by experimental results.
The efficiency was measured with the analyzer YOKOGAVA WT1800. Figure 15a shows
the real efficiency along with theoretical in the boost mode. The buck case lines are shown
in Figure 15b.

Efficiency, %

T R
96 3 ‘ ;
lr 92
| | 88
i i : Experl;mental 84
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Figure 15. Experimental efficiency of the buck-boost inverter based on unfolding circuit along with the calculated curve:
(a) boost case, (b) buck case.

The results of the closed-loop system based on MPC are shown in Figure 16. The
integral MPPT algorithm is used. The PV string contains five serial panels. The open-circuit
voltage was around 410 V. The MPP voltage equaled 350 V, while the MPP current reached
2 A, as seen in Figure 16b. The system is stabilized with the THD of the grid current less
than 5% (Figure 16¢). The sine shape of the grid current is so good that it allowed us to tune
the MPPT with no problems. As a result, the experimental results confirmed the control
strategy within the efficiency theory.

250V 1div LG

¥ Ve 250V/1div

TAAAAAAAAAA LN
vv\/vv\/f\/vvv

Jorp 2507 /(/1\ lGRID, 5A/1dlv

Ly, IA/'ldi\‘

LN
e 251mA

L I
()

T i i
o

1 s )

Figure 16. Experimental results of the closed-loop system: (a) MPPT operation, (b) the grid and input currents and voltages,
(c) THD estimation.

7. Conclusions

The design and experimental validation of a single-stage PV string inverter with an
optimal number of interleaved buck-boost cells are presented. The inverter can provide
stable operation under the range of the input voltage from 100 V up to 500 V. Moreover,
different PV strings can be applied for this solution. Thus, the selected topology of the
inverter is suitable for PV application.

The theoretical calculation allows the estimation of real efficiency and finding the
optimal number of the buck-boost cells. The theoretical dependences of the efficiency
were obtained based on the parameters of the transistors UJC0650K and IPP60R060P7.
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The optimal number of cells depends on the cost of the inverter, on the area of the power
board, on the overall energy of the inductances, and on the efficiency. The results showed
that the cost and the area of the power board are increasing linearly when the additional
buck-boost cell is added. The energy of inductances is also decreasing linear, so it is possible
to reduce the size of the inductances with the larger number of cells. Besides, the efficiency
is increasing with the higher input power. Thus, two cells were obtained as the optimal
number for this research.

The real PV string characteristics with the real PV string were used in theoretical
and experimental parts. The set of the 7 serial HNS-SD140 panels provided 1 kW of the
input power. The real prototype was designed for the theoretical verification. The simple
open-loop system was used for the efficiency measurements. The closed-loop system based
on MPC provides reliable operation of the inverter in the grid-connected system.
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Abstract: This paper describes a bidirectional twisted single-phase single-stage buck-boost dc-ac
converter based on an output unfolding circuit. This solution is derived by the combination
of an inverting buck-boost dc-dc converter and an unfolding circuit. The operation principle,
component design guidelines, along with the control approach are presented. The zero-crossing
distortion problem is discussed and solved by a simple approach. The simulation and experimental
results confirm all theoretical statements. Loss distribution and achievable efficiency are analyzed.
Finally, the pros and cons of the proposed solution, along with the most promising application field,
are analyzed and discussed in the conclusion.

Keywords: unfolding circuit; bidirectional dc-ac converter; buck-boost converter

1. Introduction

Renewable energy sources require advanced technologies. A photovoltaic (PV) system stands out
among the present and future energy systems. The concept of a near zero energy building requires the
presence of additional storage elements, which raises the cost of the overall system.

A solar inverter, as part of the PV system, contributes substantially to the overall price and
efficiency of the system. System optimization, in terms of price, efficiency, input voltage range
operation, and power density, is the priority task in power electronics research. The Google Little Box
Challenge (GLBC) demonstrated a close relation with the topic of high-power density inverters for
PV applications [1-3]. The main GLBC project outcome is the concept of a very high-power density
converter. The finalists demonstrated that a basic full-bridge interleaved inverter with an active
decoupling circuit, along with wide band-gap semiconductors utilization, may give the best result in
terms of power density. At the same time, the mass production market demands simple and cheap
solutions. Usually, power density optimization is not a first level priority.

In PV systems, several configurations can be used [4,5]. Single PV panels are available for low
power applications. A partial shadowing in the serial or string connection leads to a significant voltage
drop, which in turns leads to a wide range of input voltage variations during the energy utilization
time. An intermediate voltage boost dc-dc converter can be used to overcome this drawback. It is
shown in Figure la.

Energies 2019, 12, 3505; doi:10.3390/en12183505 www.mdpi.com/journal/energies
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Another application field of the dc-ac converter with wide input voltage regulation is battery
storage. Lithium-ion batteries are targeted to become the most popular choice for on-grid and grid-off
solar battery storage in the foreseeable future. Such types of batteries have a wide range of input
voltage. A converter that accepts different storage elements is preferable.

Several single-stage alternatives were presented as alternative solutions. Inverters with an active
boost cell were described in [6-9]. These inverters provide very high boost of the input voltage but suffer
from high current spikes in the semiconductors and passive elements. Impedance-source networks have
been reported in many research papers as a promising single-stage solution. Z-source inverters (ZSIs)
and quasi-Z-source inverters (qZSIs) were proposed for different applications. Existing solutions were
reviewed in [10-14], and different relevant issues are addressed in [15-20]. However, recent research
revealed evident drawbacks of the IS-based converters in terms of power density and efficiency [21-23].

Split-source inverters (SPIs) [24,25] were proposed as another alternative solution. According to
the literature, SPIs have less passive component counts accompanied by higher voltage and current
stresses at lower voltage gains, and they do not have short circuit immunity.

Several interesting single-stage buck-boost inverters were proposed in [26-29]. At the same time
all of them did not find industrial application. For example, the solution [26] requires reverse-blocking
IGBTs, while others are quite complex solutions.

An Aalborg inverter (Figure 1b) is proposed as an inverter that combines buck and boost
functionality [30-35]. These solutions have two independent buck-boost stages that are responsible for
output sinusoidal voltage generation. The main advantage of the proposed solution is in the minimum
voltage drop of the filtering inductors in the power loop at any time. At the same time, this solution
uses a double number of semiconductors and an inductor in the buck and boost stage, which is an
obvious drawback. Another drawback consists in the two power sources utilization. A similar idea
with double components is discussed in [36].

The solution based on the input boost and buck converter along with a line frequency unfolding
circuit was proposed in [37,38]. The input voltage is boosting to the constant dc-link voltage. The Buck
stage performs further modulation, which is unfolding to the sinusoidal voltage.

A modified solution based on the inverting buck-boost dc-dc converter that allows reducing
count of inductors is proposed in [39,40]. This paper discusses a grid-connected application of
the proposed above discussed solution along with its bidirectional application which extends its
application. The objective includes designing a closed-loop control along passive component design
with efficiency estimation.

Positive Stage
L D

Boost Stage
@

— [
Negative Stage
(b)

Figure 1. Conventional boost dc-dc converter along with voltage source inverter (a), Aalborg inverter
(b), buck-boost inverter with unfolding circuit (c).

2. Control System of Twisted Single-Phase Single-Stage Inverter based on Unfolding Circuit

The discussed single-phase single-stage buck-boost dc-ac converter based on the unfolding circuit
is depicted in Figure 2. This circuit consists of inductances L;, L, capacitors C; and C,, switches Sy,
Sy, and low frequency switches T1—T4. The switch S, can be replaced by a diode D; in the case of
unidirectional operation.
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Figure 2. Single-phase twisted single-stage bidirectional buck-boost dc-ac converter based on
unfolding circuit.

According to the classical definition of the unfolding circuit, transistors T1-T} realize a simple
unfolding circuit. However, these switches can also be used for high frequency modulation.
The proposed solution is derived from the conventional buck-boost dc-dc converter that has a

following gain factor B:
D

e @

where D represents the duty cycle of the switch S;. Taking into account the instantaneous reference
output voltage v¢;(t), the instantaneous value of the duty cycle D(f) can be expressed as follows:

[oc(t)]

_ el 2
o + [oc(t)] @

Figure 3a shows a general control system approach along with the modulation technique.
It should be mentioned that the main task of a high-level control system depends on the particular
application. Using an output current as a feedback signal, the modulation signal V;op can be derived
by different control approaches including a resonant controller, DQ control, model predictive control,
etc. A well-known Second Order Generalized Integrator (SOGI) phase-locked loop (PLL) algorithm for
grid synchronization is used in [41].

/ sin(O), e P
REF ‘ . s ; . .
i - s)

REF
2 (Y

i
9“

(@)

Figure 3. Control system structure for the proposed solution (a) and closed-loop control equivalent
circuit (b).

The duty cycle modulator defines the duty cycle value according to Equation (2). This value
defines the switching signal of the transistor S; by means of a very simple modulation technique.
The unfolder’s transistors are controlled by a simple comparison of the capacitor voltage with the
zero level.

The modulation signal Vjiop is derived from the output current controller. In this case, a simple
proportional-resonant (PR) controller with Harmonic Compensation (HC) was used. The control
system tuning is based on the transfer function of the proposed solution, which is derived from a small
signal model [42]. The transfer function is shown in Figure 3b.
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The PR-controller factors were determined based on the transfer function, which takes into account
the input stress as the changing of the duty cycle:

_ N(s)
"~ sM(s) ®)

(03

G(S)lazo =

The small signal designing is a suitable approach for explaining the topology by analytic
expressions. The equivalent circuits include the parasitic resistance of each passive element (Figure 4).
These parasitic parts include resistors of on-state semiconductor switches. The presence of three
passive elements leads to polynomials with third order in the denominator:

N(s) = GiRsH) [Lls(vg +Vp - (Ug +omw + VD)D)+

R(1+D’) @
(201y + 3vg +3Vp - (vg + oy + Vp)(3+ D) - D)- R],
M(s) = [C1L1Lgs3 +CRs? - (Lg - (1+D') + 2Ly )+
s-(CIR2- (14 D'- (24 D)) + Lg- (D')* + Ly )+ ®)

R-(14+D)]-s,

where D’ is a reverse value of the duty cycle, and each parasitic resistance is replaced by R.

Vin Q

(b)

Figure 4. Equivalent circuits of a twisted buck-boost converter-based unfolding: on-state of forward
transfer (a), on-state of reverse transfer (b).

The tuning approach described in many research papers does not contain any novelty.
Reference current Igpr can be derived from a high-level algorithm that depends on a particular
application, which is out of scope of this paper. If the power flows from the dc to the ac side, it can
be derived from the high-level maximum power point tracking algorithm or the battery discharging
algorithm. In an opposite power flow, it can be derived by the battery charging algorithm or an
additional capacitor voltage v, control loop.

3. Component Design Guidelines for Bidirectional Operation

This section describes guidelines for the design of passive and active components taking into
account predefined parameters and target losses level in the system.

The main approach of passive element design has relevance to the steady-state analysis.
Each period occurs with the processing of energy storage by the input inductance (Figure 4a) and is
immediately transferred to the load (Figure 4b). It should be noted that the parasitic parameters are
not taken into account in the calculation.

As arule, the expression of the pulsations of the output capacitor voltage depends on the capacitor
current, the switching frequency, and the value of the capacitance. However, the change of the output
current depends directly on the ac-part of the capacitor voltage. The area of the capacitor voltage
ac-part is proportional to the ripples of the output current.
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The values of passive components are expressed as:

Vi Vi fin(e)

Li(p) = 6
1(9) 2K Pf(Vin + Vi - [sin(@)]) - (Vin + Vi) ©
2P -sin® ()
Ci(p) = 7
1e) 2KV f(Vin + Vi - [sin(p)|) @
KcV2,
Le(p) = —2L 8
(@) 16K, Pf (8)

where ¢ is a current phase of the grid voltage, Vj is the amplitude of the grid voltage and K;, K¢, Kq
are coefficients of corresponding element ripple. The ripples of elements are defined as follows:

2Ai 2Av 2Ai v
Ky = —5 Ke= =5 K g,vmp‘u.:%. ©)

=L K=
Irmax Vm Iemax

The obtained expressions show the dependence between the optimal values of the passive
components and the phase of the grid voltage. Also, the high-switching side of the topology allows
obtaining a current with only positive values.

Figure 5 shows the influences of the passive component values on the ratio between the input
stress and the amplitude of the grid voltage (Equation (9)) at constant input power and input current.

Const current —— Const current Const current
Ly, p.u. — — Const power C), p.u.— =Const power L. p.ut. — — Const power
180 A, 4 —
e 3 i
6 > aeid 8 el
4 P \ 2 -
- 4f-\ 1 =
2 1// ~ -
0 0 = 0E
0.125 1.00 2.00 3.00 4.00 0.125 1.00 2.00 3.00 4.00 0.125 1.00 2.00 3.00 4.00
Viv, p.u. Vin, p.u. VIN, p.u.
(a) (b (c)

Figure 5. Influences of the buck-boost on the passive elements at constant input power and current:
the main inductance (a), the output capacitance (b), the output inductor filter (c).

The ripple factor is constant for each element. All the values of inductances or the capacitor are
normalized to their value at a point when the input voltage equals the grid voltage maximum:

L C L
Llp.u. = L_(lj, Clp.u. = C_(l)/Lgpu. = L_ggO/ (10)

where Ly, Lgo, Co represent values of the passive elements when the ratio Viyy.,,. is equal to one unit.

To select a semiconductor, the losses model of the proposed solution is proposed and analyzed.
The switching and conduction losses of the MOSFET transistors are taken into account [43].
The conduction losses model is illustrated in Figure 4—it includes the drain-source resistance R4 of
transistors, the equivalent series resistance R, of capacitors and voltage drop on the diode Vfd.

Figure 6 demonstrates the power losses of the topology as the function of the power and the
input voltage.

The switching losses at the constant input current and the constant input power are shown
in Figure 6b. Figure 6¢ shows the overall expected efficiency of the converter as a function of the
input voltage. In this case, different distributions between the conduction and the switching losses
are considered. In the first case (dotted line), semiconductors with a good static characteristic are
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considered, while in the second case, the conduction losses dominate. The main idea of this quality
analysis is to show the possibility of the maximum efficiency point tuning and optimization.

Const current Const current

Pc, W — _ Const power | Ps,.;,W — — Const power & %
O]
30 )
\ “ pesp,

20 \ L7 Sl Psyi>Pcr
0] S —— S
0 1 96.5

50 150 250 350 450 50 150 250 350 450 50 150 250 350 450

Py, W Py, W PN, W
(a) (b) (c)

Figure 6. Power losses estimation of the inverter: conduction losses of semiconductor switches (a),
switching losses of transistors (b), efficiency estimation (c).

As a conclusion of this section, the values of the passive elements determine the pulsations of
current in transistors. The proper selection of the passive components can avoid discontinues current
mode, that could lead to unstable behavior. At the same time, the selected topology does not have a
dc-link stage, thus no dc-link electrolytic capacitors are required.

4. Simulation Verification of Bidirectional Operation Capability

To verify the theoretical statements and basic operation modes, simulations were performed for
proposed solutions in PSCAD simulation tool (Figures 7 and 8). Since the PV or different storage
batteries are considered as possible application scenario, a wide range of the input voltage is defined.
The values of passive components are illustrated in Table 1.

Table 1. Passive components used for simulation verification.

Passive Components Value
Input capacitor, C; 330 uF
Inductor, Ly 1800 uH

Unfolding capacitor, C, 2.1uF
Grid side inductor, L, 670 uH
Switching frequency 60 kHz
Sampling frequency 15 kHz

Figure 7 shows the simulation diagrams for low input voltage and low input power operation
mode. Figure 7a shows the rectifier mode, while Figure 7b shows the inverter mode. An ideal
sinusoidal grid is considered. In the inverting operation, the average dc input voltage is equal to 250 V,
while RMS output voltage is equal to 230 V, and input power is about 250 W. It can be seen that the
input current has a continuous mode which is achieved by means of a simple input capacitor.

At the same time, its value is relatively small. In the reverse operation, the sign of reference PR
controller current is changed, while the control structure remains the same.

Figure 8 demonstrates very similar simulation results for an increased input voltage (350 V) and
power (850 W).

The main outcome from these figures is that simulation results correspond to the theoretical
expectation. A very simple control system can provide bidirectional operation with acceptable grid
current quality.
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Figure 7. Simulation results for Vout = 250 V, Pin = 250 W in rectifier mode (a) and inverter mode with
Vin =250 V (b).
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Figure 8. Simulation results for Vin = 350 V, Pin = 850 W in rectifier mode (a) and inverter mode (b).
5. Experimental Verification

Figure 9 shows the experimental setup for the studied solution. It consists of an inverter PCB
board, a control board and an inductor. The passive elements correspond to the simulation study.
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The high switching transistors Sq, S, are realized on the MOSFET SiC transistor C2M0080120D
along with SiC diode D; C3D10012A. The diode was used as an alternative solution for unidirectional
operation. The unfolding circuit is based on the MOSFET transistors IPB60R0O60P7ATMA1.
These transistors have the poor dynamic characteristics but low static losses.

All the diagrams were derived by current probes Tektronix TCP0150, and voltage probes Tektronix
TPA-BNC along with the digital oscilloscope Tektronix MDO4034B-3. A general approach to the
experimental verification is shown in Figure 4. A high performance power analyzer YOKOGAVA
WT1800 was used for efficiency measurement.

The control system is based on a digital signal processing (DSP) controller and a low-cost
field-programmable gate array (FPGA). External ADC converters were implemented to provide high
accuracy. This approach is justified by the very high switching frequency of the transistors and the
high-level demand of the calculation resources. As a result, the functionality is detached between the
FPGA and the DSP. This test bench allows the realization of any PWM technique with a high switching
frequency and high resolution. At all operation points, the switching frequency was 60 kHz.

Our experimental study was targeted to achieve several aims. First, the aim was to analyze the
influence of the separate control of high switching and unfolding transistors on the zero crossing
distortion. Second, the focus was on the influence of synchronous switching of transistors S; and S, on
the zero crossing distortion. Finally, a detailed efficiency study was conducted.

Measurement

Output capacitor

Inductor

Figure 9. Experimental setup of the twisted buck boost converter with unfolding circuit.

Figure 10 shows the experimental results at low input voltage V;, = 250 V, and at low power
Pj, =250 W in the inverter mode. In this case, several scenarios were tested. The first scenario
(Figure 10a) corresponds to the case without synchronous switching of transistors S; and S, and
without separate control of the unfolding transistors.

THD<143%

AR

NN NNV

f\/\/\/\/\/\/\ﬂf\/\

ir 10.0 Adiv.

2.0 A/div.

. inv

Figure 10. Experimental results for V;, = 250 V, P;, = 250 W in the inverter mode without synchronous
switching and separate control (a), without synchronous switching and with separate control (b),
with synchronous switching and with separate control (c).
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Figure 10a shows the output voltage in the grid-off mode, v,, voltage before unfolding circuit,
inductor i1, and input iy currents. As can be seen, zero crossing distortion is present. Figure 10b shows
the same diagrams without synchronous switching of transistors S; and S, but with separate control;
zero crossing distortion is slightly reduced but not completely eliminated.

Finally, the influence of synchronous switching was estimated. Figure 10c shows that an ideal
output voltage shape is achievable in this case. It is explained by an additional discharge circuit
that helps to keep the output voltage across the unfolding capacitor very close to sinusoidal shape.
The THD value was estimated for all cases and confirms that the last case corresponds to the lowest
value <1%.

Similar experimental results are shown in Figure 11 with increased output current. First of all,
it should be underlined that an increase in power leads to a decrease in distortion, even in the worst
case. Both of these figures show the open loop operation with a simple passive load.

To confirm the grid-connection operation capability, Figure 12 shows the diagrams in the
grid-connected mode. It can be seen that despite current distortion, the experimental results are very
similar to the simulation results. Slight distortion is caused by non-ideal laboratory grid voltage that
can be improved by more sophisticated control, which is beyond the scope of this work. In this working
point, THD values in all cases were less than 1%.
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(c)

Figure 11. Experimental results for V;, = 350 V, P;, = 850 W in the inverter mode without synchronous
switching and separate control (a), without synchronous switching and with separate control (b),
with synchronous switching and with separate control (c).
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Figure 12. Experimental results of the grid-connected converter in the inverter mode.
6. Efficiency Estimation

The efficiency profile as the function of the input power with constant input voltage is shown in
Figure 13a. The open loop unidirectional mode was utilized when the transistor S, was replaced by
a diode.

It can be seen that the characteristic has the peak value of efficiency at about 95%. The point of
maximum efficiency is different at different input voltages. The solid line corresponds to 250 V, while
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the split line corresponds to the input voltage of 350 V. At a lower input voltage, the peak efficiency
belongs to the input power of 300 W. At an increased input voltage, the maximum efficiency can be
achieved with an increased input power as well.

At the same time, Figure 13b shows the dependence of the efficiency as the function of the input
voltage with constant power. The power was investigated in a range from 100 W to 1000 W. The two
cases are shown. In the first case, the reduced input power is 250 W. It can be seen that the peak
efficiency occurs at a relatively low input voltage. A further increase in the input voltage in the constant
power mode will lead to the overall efficiency decreasing. In the second case, illustrated by a split line,
the power was increased to 850 W. In this case, the peak efficiency point is evidently shifted to the

higher voltage.
Efficiency & % iy =250V Vix=350¥ Efficiency ¢ % LPiw=250W Pn=850W
T T T
96.5 96.5
94.5 94.5
92.5 92.5
90.5 90.5
] ] !
100 400 700 1000 1300
Input Power Py, W Input Voltage V 1y ,V
(a) b)

Figure 13. Efficiency versus input power in unidirectional mode with constant input voltage (a),
efficiency versus input voltage with constant input power (b).

The main conclusion is that the converter has some optimal operation point that depends on
the input voltage and power level. This conclusion correlates with the theoretical losses model
described above. The overall efficiency mostly depends on the conduction losses in the high-switching
semiconductors and unfolding transistors. At the same time, it can be optimized for a certain operation
point by means of selecting different semiconductors for high switching and unfolding circuit.

Figure 14 shows the next set of experimental tests devoted to the efficiency study in the bidirectional
operation mode.

Efficiency €,% Vw=250v V=350V Efficiency ¢,% _AIn=230W  Piy=850W
T T T T T T
96.5 96.5
94.5 94.5
92.5 92.5
90.5 90.5
1 1 1 !
100 400 700 1000 1300 150 250 350 450
Input Power Py, W Input Voltage Vyy, V
(a) (b)

Figure 14. Efficiency versus input power in the bidirectional mode with constant input voltage (a),
efficiency versus input voltage with constant input power (b).

In this case, the diode was replaced by the transistor S,. The diagrams in Figure 14 are similar to
those in Figure 13. It can be seen that the efficiency profile behaves very similar to the unidirectional
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mode. The main difference lies in the significant efficiency increase, which in turn, is explained by the
reduction of conduction losses. The maximum 96.2% efficiency is observed in this case.

Figure 15 shows pictures from the thermal camera. In the first case (Figure 15a,b) the input
voltage and power were reduced, the total efficiency was about 96%. In the second case, the input
power increases along with the input voltage. Figure 15¢,d shows the corresponding thermal picture.
The efficiency in this case was about 95%. Due to the lower efficiency and higher power, the temperature
of the semiconductors was significantly higher as well. Figure 15a,c corresponds to the high switching
semiconductors, while Figure 15b,d corresponds to the unfolding transistors. At the same time, it can
be seen that all semiconductors have an acceptable temperature up to 90 °C.

Another important conclusion is that losses across the high switching transistor Sy are larger than
losses across the high switching transistor S,. It directly confirms that efficiency increases in case a
diode is replaced by a transistor for a bidirectional operation. It is especially evident for the first case
when the boost mode is applied and the conduction time of the transistor Sy is significantly larger.

The losses can be split and estimated separately taking into account datasheet parameters and
current in semiconductors. Figure 16 shows the loss distribution for the operation point discussed above.

(a)

476
- 45
a2
-39
- 36
33
L 29
oC

(d)

Figure 15. Efficiency study of the proposed solution in the unidirectional mode: thermal picture for
250 V and 550 W (a,b), and 350 V, 1150 W (c,d).

Conduction losses have a major contribution in both cases. It is evident that conduction losses
increase as the input current increases.

Losses, W Losses, W
15 15
10 10
5 S,
S S, Unfolding Other S, S, Unfolding  Other
transistors  losses transistors losses
(a) (b)
‘onduction -Swilching Losses in passive
losses losses. components

Figure 16. Losses distribution for 550 W at 250 V input voltage (a) and 1150 W at 350 V (b) input voltage.

The main conclusion from the efficiency study and the thermal pictures is that a converter may
have high efficiency in a wide range of input voltage. The efficiency of 96% can be achieved without
any extraordinary semiconductors or an interleaving approach. At a constant input current profile,
the maximum efficiency does not correspond to the maximum voltage, which perfectly suits the
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PV profile. At the same time, this solution can be optimized for a certain input voltage level and
bidirectional operation that in turn, means good applicability for battery storage interfacing.

In contrast to conventional solutions, reduced switching losses and EMI are expected since only
two semiconductors are involved in the high switching performance.

7. Conclusions

This paper has presented a novel bidirectional twisted buck-boost converter based on the inverting
buck-boost circuit and output unfolding circuit in the grid-connected mode. Component design
guidelines, along with possible control strategies are given. Simulation and experimental results are
confirmed by the theoretical analysis.

The overall efficiency can be very high because only two transistors are involved in high switching
performance in any period of operation. Also, it may give benefits in reduced EMI compared to any
other competitive solution.

It is demonstrated that a typical problem encountered in an unfolding circuit-based solution that
consists in zero voltage distortion can be solved by a simple approach. Synchronous switching of the
transistors along with proper control of unfolding transistors enables elimination of the zero crossing
distortion. At the same time, synchronous switching leads to higher efficiency.

Also, it is demonstrated that the main advantage of this solution is simplicity, in the ability to
work in a wide range of input voltages with high efficiency and high flexibility of the optimal operation
point tuning. On the one hand, the maximum input voltage is limited by the maximum voltage stress
across high-switching semiconductors. On the other hand, the high-voltage high-switching MOSFET
transistor is a verified technology that enables reduction of price and removal of any serious challenges.

As a result, taking into account that efficiency for higher boost is not decreasing, it can be
recommended for applications with PV arrays or storage batteries.
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Optimal LCL-filter study for Buck-Boost Inverter
Based on Unfolding Circuit

Oleksandr Matiushkin
Dept. of Electrical Power
Engineering and Mechatronics
Tallinn University of Technology
Tallinn, Estonia

Oleksandr Husev
Dept. of Electrical Power
Engineering and Mechatronics
Tallinn University of Technology
Tallinn, Estonia

Abstract— LCLfilter design for a buck-boost inverter based on
unfolding circuit is addressed. Our aim is to find the
dependencies between the passive components of the smallest size
and the stable mode of the system. Guidelines for the design of
passive components are provided for both modes. The simulation
results confirmed the design and helped to estimate a stable
option in different sets of passive elements. In conclusion, the
LCL-type can be replaced by the LC-filter based on the correct
selection of the output capacitor.

Keywords — inverter, unfolding, buck, boost, filter.

I. INTRODUCTION

Today’s power electronic converters comprise novel
topologies that require an additional analysis to gain the right
control and the stable condition tuning. The math approaches
[1]-[2] are often used when a question of the dynamic
characteristics of the system appears. The ratio between the
passive elements should be taken into account as well.

The task of selecting a dc-ac converter topology is a hard
exercise, because it depends on pros and cons of the structure.
For instance, the grid-connected converters [7]-[8] require
algorithms for supplying the stable mode.

One of the methods frequently used is the Proportional-
Resonant (PR) controller. The control system based on a PR
block can provide high accuracy of the main harmonic of the
output current, as it is shown in [9]-[10]. However, a PR
controller has a transient process at the start of grid connection,
and can lead to unstable mode with different input powers.

On the other hand, many new studies are using the non-
linear predictive management technique. The Model Predictive
Control (MPC) [11] employs one of the non-linear algorithms.
Previously, this method was excluded from the field of power
electronics because the resources of the processors did not
allow many calculations to be performed quickly. Presently,
the existing FPGAs and microcontrollers enable many
calculations to be made in a very short period of time. The
main benefit of MPC is a creative approach to the cost function
of every system. The cost function can comprise both the next
predictive values of current and voltages and power loss. Thus,
the method of predicting becomes feasible in industry [12]-
[13]. Many research papers are devoted to the grid-connected
systems based on MPC, such as in [14]-[15].

The implementation of non-linear predictive technique is
challenging even for a simple topology in power electronics.

978-1-7281-4218-0/20/$31.00 ©2020 IEEE

467

Carlos Roncero-Clemente
the Electrical, Electronic and
Control Engineering
University of Extremadura
Extremadura, Spain

Dmitri Vinnikov
Electrical Power Engineering
and Mechatronics
Tallinn University of Technology
Tallinn, Estonia

The reason is that different math approaches are available to
obtain the next predictive values of current and voltages, but
the question is - which is a better approach. The State-Space
model is a suitable method to obtain the states of a system.
Many studies are using the State-Space model for the model
predictive control [16]-[18].

The dc-ac converters usually include one of the known
filters, such as L-, LC-, LCL- and LLCL- filters. A convention
L-filter has an excellent value of inductance, which affects the
size of the inverter. The grid-connected inverters traditionally
have a L-filter at the output side [19]-[20]. A LC-filter is used
in topologies when the control of the output voltage is
required. The traditional filter for grid-connection is a LCL-
filter, which has a small size and a reduced cost [21]-[26].
Another LLCL-filter was proposed in [27]-[28].

This article describes guidelines for the components design
and energy estimation in the coils for the buck and boost
modes for a buck-boost inverter based on unfolding circuit.

The main aim is to conduct theoretical analysis and select
the passive components of the buck-boost inverter based on
unfolding circuit. The objective is to obtain stability of the
selected system in according to the LCL-filter resonance
frequency.

Section II addresses the design of the passive elements for
buck and boost modes. The control system is described in
section III. Section IV presents the results of the simulation, the
results of the design and component selection. The final section
summarizes the main conclusions of this research.

1
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Fig. 1. Buck-Boost inverter based on unfolding circuit.
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II. DESIGN OF PASSIVE COMPONENTS

The selected topology is a combination of the buck-boost
de-dc converter with an additional unfolding circuit, which
provides the necessary sign of the voltage on the output
terminals. One of the objectives is to study the shape of the
power. It is because the average power in case of ac is not the
same as with the dc bus application. The resulting average
power is half the maximum power:

p=l.

— [ Pusin® (9Mo, By =2:P, ()

S =N

where B, - the maximum power, ¢ - the phase
instantaneous value of the output voltage.

A. Definition of Passive Components in the Buck Case

Buck case is related to the higher input voltage versus the
output voltage. The buck mode keeps the all-in-one LCL-filter
during the switching period. This feature complicates the
process of passive component design. Thus, the closed-loop
with the grid-connected inverter was considered.

In the design of a LCL-filter only the high switching
harmonic is taken into account. A perfect network with just the
main harmonic is considered. Figure 2 shows the equivalent
circuit for a non-fundamental harmonic definition.

L; L

Il-/((‘%ur') \’(rj =G

Fig. 2. The equivalent circuit of a non-fundamental harmonic definition.

As is known, the Laplace domain is a powerful tool in the
math for the spectrum analyzer. Hence, the definition of a high
harmonic of the grid current requires movement in the Laplace
domain. The gain of the grid-connected inverter is calculated
by the following expression:

_L(s) _ 1
Vi(s) CL LS +(L+L)s

G (5) 2)

i

where /, (s), ¥, (s)- the grid current and the input impact

in the Laplace domain, G, L,, L, - passive components.
The stability of the system is an important condition in the
filter design. The resonance frequency is one of the key

parameters, which depends on the passive elements and can be
derived from the denominator of Eq. (2):

foo- 1 Li+L, 3)
2 \GL-L,

Moreover, in the design, it is required to define and refer to
the resonance frequency. The LCL-filter should consider the
whole structure because each of the passive elements depends
on the resonance frequency.

The Bode plots of the LCL-filter transfer function are
shown in Fig. 3. As is known, the switching frequency along
with the sample frequency should be as a minimum two times
higher than the resonance frequency (Fig. 3(a)).
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Fig. 3. The Bode plots of a LCL-filter: the magnitude spectrum (a), the phase
specturm (b).

The next step is entering the auxiliary relationship between
the coils, as shown in Egs. (4)-(5):

1
L =rL,L=————— 4
e~ 4.7° Cl'fRzES, @
1
L=trenr, =0 )

where 7 is the inductances coefficient.

The spectrum of the grid current has different values of the
high harmonics. The switching harmonic that brings also some
minor frequencies is a significant part. However, only the
switching frequency was taken into account.

The Total Harmonic Distortion (THD) of the grid current
depends on the inductor factor r; thus, the final task is to solve
Eq. (13) with the unknown variable 7:

[, ’ *SW pRSw
THD, == = G

G IG

=f(r). (6)

The capacitor value was determined previously in [28], as
in a simple LCL-filter:

_A2-P

T2
Vi - Ogg

) (N
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where A - the relative value of the reactive power. It is
used in the conventional approach for a LCL-filter in
conventional voltage source inverters.

B. Definition of Passive Components in the Boost Case

In the non-linear condition, there are shapes in the boost
case, but most of the shapes of the power signals can be
distributed in two linear cases. Both equivalent circuits in the
boost case provide different passive component connections.
Figure 3 shows the equivalent circuit of the buck-boost inverter
based on unfolding circuit in the boost mode.

®)

Fig. 4. Equivalent circuit: storage energy by the input inductance (a), energy
given to the load (b).

The simple boost converter has the well known gain factor,
but the gain of the buck-boost inverter based on unfolding
circuit depends on the phase’s instantaneous value of the
output voltage:

B ‘VM ~sin(¢)‘—V

N
‘VM -sin ((0)‘

D(9) (®)

where V), is the input voltage,

The design of the input inductor and the output capacitor
are the same as in a simple boost converter based on a LC-
filter. The difference is that there is an additional output
inductance as a filter. Thus, the steady state analysis allows us
to find the values of the passive components based on the
predefined ripples. The differential equations of the first circuit
and the change of the inductor current within the change of the
output capacitor are given below:

4y o e

1 dl IN’ 1 dt g, (9)

a =0 -D(p) Ty . Ave =2 D() Ty, , (10)
2.1, : 2-R-C,

where i, - the output current, v, - an instantaneous

value of the output voltage, R - the load resistance, T, - the
switching period.
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On the other hand, in the design of the output inductance, it
is required to study ripple shapes in detail. The reason is that a
ripple in the output current depends only on the ripple across
the capacitor. Therefore, it is possible to obtain the inductance
value by using the equation with the coil flow, because the
flow equals the integral of the inductor voltage. The change of
the output current can be obtained by taking a square of the
capacitor voltage ripple:

Av,
Ty,
L Sw

g

L-(2:00,) =AY, Ai, = (11)

oo

where AW - changing of the coil flow.

The ripple factors for each passive element were considered
for convenience. The maximum values of the currents in
inductances are shown below:

2. 2.P
Ty == Loy =——> (12)
LMAX I/, R gMAX VM
2-Ai 2-A 2-AiL
K, =22 g =22 g =T (13)
[LA/IAX I/M [gMAX

Thus, the ripples in the passive components depend
on the instantaneous value of the output voltage. As a result,
the previous statement leads to the dependences of the
inductances and the capacitor on different parameters:

) V2 (‘VM ~sin((/7)‘—Vn\") 14)
" 2-PK, - fo ‘Vw -sin(p)|
. :Z.P.(VM-sin((D)—V/N) (15)
! V,v31 K- fow ’
__VaKe (o
T 16-P~Kg f '

where f - the switching frequency.

III. CONTROL SYSTEM DESCRIPTION

The control system is used as an instrument to confirm the
theory. It requires an open loop system in the boost case, but
the ideal tuned control system based on the Model Predictive
Control was chosen in the buck mode. Figure 5 shows the
structure of the managing system based on MPC for the buck-
boost inverter based on unfolding circuit.

The control system consists of four main blocks. The
Maximum Power Point Tracker allows the determination of a
suitable peak of the grid current.

One of the important issues is fast and correct
synchronization with the network voltage in the inverter. The
phase locked loop provides good phase managing of the grid
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current in the network connection system. The necessary
reference signal is generated by the previous two blocks. The
MPC structure takes into account the instantaneous value of the
reference signal. Certainly, the control system should obtain
the measure values of the input voltage and the input current.
Nevertheless, it is required to manage the grid current, the
control system manages the output side by controlling the
current in the input inductor. It is difficult to obtain an
expression of the grid current with an explicit view because the
high switching harmonic is non-linear. Thus, the main states in
the system are measurements based on the other parameter.

D,

—p BN Switching
Vin > PMZC_iel_ Pulse-Width | signa[?
i redictive | Doy | Modulator
—»| controller »

VGRID >

Fig. 5. The control system structure based on MPC for a buck-boost inverter
based on unfolding circuit.

The input inductance current is calculated from the input
current value. The output capacitor voltage should also be
taken into account because this parameter is a state. Based on
the states and the value of the input and grid voltages, the MPC
is used to find a suitable duty cycle. The depth of the predictive
is two. The cost function of the MPC is as follows:

J:‘(

. =T -DT
where iy, - the reference current, i,” and i, - the values

=DTs

ir W, +|D,, — D

curr

~ g ) + (iR[:'F - lf ) Wy, 17

of the input inductor current during the switching period, W]
D

curr

and W, - weight factors, D - the duty cycle during the

prev?

previous and the current periods respectively.

IV. ESTIMATION OF OPTIMAL LCL-FILTER VALUES

A. Buck case

The LCL-filter is a non-split structure; thus, all the filter
parameters depend on the resonance frequency. Therefore, the
main points that were considered during the simulation are
listed in Table L.

The main idea is to decrease the size of the overall filter by
enlarging the capacitor. In the filter, inductances occupy the
largest area because, as a rule, the converters have inductors
with the ferrite coil. The size of the coils depends on the
maximum current rating as well. Thus, the size of the filter
depends on the energies in the passive components.

Figure 6 shows the dependence of the coil values on the
value of the capacitor with the constant values of the output
ripples, the power and the frequencies. Figure 6 (a)
demonstrates that the input coil is increasing with a rise in the
capacitor value because the resonance frequency does not

change. On the other hand, the value of the grid coil is
decreasing in the same way as the input inductor is growing.
However, the ripple in the coils should be several percent,
while the ripple in the input inductor can be up to 20%. Thus,
the overall energy of the coils remains the same, it can even be
reduced.

TABLE I. PARAMETERS OF THE BUCK CASE.

C,=042pF | C =0.84 uF C, =126 uF
Parameter
LCL | LC | LCL| LC LCL LC
Current change of the grid
inductor Ai,, A 0.2 - 0.19 - 0.21 -
Current change of the
input inductor Ai, , A 1.55 | 139 | 13 1.25 | 1.25 1.21
Voltage change of the
output capacitor Av, ,V 8.5 8.27 4 3.72 2.9 2.4
Grid inductance L, , pH 137.58 61.75 40
Input inductance Z, , pH 665.48 741.31 763.06
Frequency of switching 50
fsw, kHz
Sample frequency, kHz 50
Input voltage V,,, V 450
Grid Amplitude voltage
VoV 320
M >
Grid Frequency voltage 50
-/ter’\'E : HZ
Input Power P, W 1600
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The value of the input coil can be reduced and the output
ripples still will be the same, but the resonance frequency will
grow. Otherwise, higher values of the capacitor cause
additional distortions across zero of the grid current.

Inductance, wH by, [ S0 fu 201
800
ANY S J
400 [
|
200
0 \A/ L g
E; .mJ (@)
40.9
40.7
40.5 \
40.3
0.42 2 4 6 8 10
Capacitor, uF
(b

Fig. 6. Estimation of the passive components: dependences of the coils on
the capacitor value (a), energy dependence on the capacitor value (b).
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Fig. 7. Simulation results for the buck case: the output voltage and current within the grid voltage (a), the inductor current (b), the output pararmeters with a
double capacitor (¢), the inductor current with a double capacitor (d), the output parameters with a triple capacitor (e), the inductor current with a triple

capacitor(f).
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Fig. 8. Simulation results of the boost case: the ouput current (a), the main inductor current (b), the output voltage (c), the ripple in the ouput current (d), the

ripple in the input inductor (e), the ripple in the output voltage (f).

Another interesting result is obtained by reducing the grid
filter to the value less than 50 pH. The latter indicates that it
is unnecessary to use the output coil. The reason is that the
line of the grid has small inductance up to 40 uH. Thus, it is
possible to replace a LCL-filter by a simple LC-filter. The
comparisons of the voltage ripples of the currents between
the LCL- and LC- filters are shown in Table I. Figures 7(a)-
(f) demonstrate the simulation results for the buck mode with
different output capacitors.

B. Boost case

In the boost case, the LCL-filter does not function for the
whole structure. The ripples of the output current depend
only on the pulsations of the output capacitor. Here a greater
value of the capacitor according to Eq. (17) is required for
the same pulsation of the output capacitor system. The main
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simulation parameters are shown in Table II. Figure 8 shows
simulation results for the boost case.

TABLE II. PARAMETERS OF THE BOOST CASE.
Parameter Value

Output current ripple factor K, ,% 4
Ouptut voltage ripple factor K.,% 30
Input current ripple factor K, ,% 24
Output inductance L, , pH 960
Input inductance L, , uH 286.46
Output capacitor C, , pF 0.9
Input voltage V,, , V 100
Input power P, W 1000
Frequency of switching fsy, kHz 50
Grid amplitude voltage V,, , V 320
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V. CONCLUSIONS

The design of a LCL-filter for a buck-boost inverter
based on unfolding circuit for both cases was studied. Our
results showed that the LCL filter can be improved in size by
increasing the capacitor in the buck mode. However, the
resonance frequency should be in a range for stable
conditions.

On the other hand, the system requires a larger capacitor
to reduce the ripples of the output current in the boost mode.
As result, a compromise between the capacitor of the buck
and boost modes is required, while the LCL-filter structure
must be kept. The LCL-filter can be replaced by a simple
LC-filter at an increase of the capacitor at least three times.
A large capacitor can cause imbalance in the stability of the
system, but the MPC can provide a stable mode of operation.
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Abstract — Photovoltaic (PV) string converter for residential
dc microgrids is presented. The concept of the converter is based
on the interleaved buck-boost dc-dc converter with a wide input
voltage range operation capability. The main control unit is a
continuous control set model predictive control. The control
system uses a simple droop control unit based on a proportional-
integral regulator to ensure stability of the grid voltage. An
experimental prototype based on a universal solar dc-dc/ac
converter with the unfolding circuit was designed, featuring the
MPPT voltage window from 150V to 490 V and the nominal
power of 3.6 kW. The efficiency benchmarking of a universal solar
dc-dc/ac with connection to the dc microgrid is considered. Three
real-world PV string profiles were considered during the
experimental verification of the proposed approach. Based on the
California Energy Commission (CEC) standard, the efficiency of
the approach was well over 97 % in all selected case study
scenarios.

Keywords—droop control, buck, boost, microgrid.

L. INTRODUCTION

Demand for electrical energy is increasing each year.
Modern power distribution systems require different types of
power electronic converters. Although the ac grid is traditional,
the DC Microgrid (DCMG) is attracting more attention since
many generation systems and loads have a dc nature. Also, as
the number of renewable energy systems is increasing, higher
attention is attached to DCMG. Conventional grid requires
many energy conversions between the source and the consumer,
which leads to power losses. The DCMG is free from harmonics,
reactive power, and synchronization issues. Moreover, the
DCMG systems are more reliable, more efficient and require
simple control strategies [1]. Fig. 1 shows the DCMG
architecture addressed in [2] -[3]. Photovoltaic panels, fuel cells
and battery energy storage systems provide only dc output,
wherein large amounts of loads also consume dc power. A wind
turbine may require an additional ac-dc or ac-ac converter for
the correct nominal operation.

Dc-dc converters can be evaluated by several parameters,
such as power density, cost, efficiency, reliability, and control
complexity [4]. Also, dc-dc converters can be used for full and
partial power conversions [5]. The full power conversion
directly transfers electrical energy from a PV panel to the output
while the partial power conversion is used to compensate the
mismatch between the PV panels by processing only a fraction

of the full power [6]. Usually, a deep boost ratio leads to lower
efficiency because of high input current. Despite that, different
converters have been reported to provide good efficiency
performance even at high boost operation points [7]. All of the
high step-up non-isolated converters are built on series boost
cells, coupled inductors or switched capacitors. At the same
time, all of them have significant drawbacks and have not found
industrial application. For example, solutions based on a
coupled inductor give flexibility to propose versatility of new
solutions, but magnetic components are very large and require
particular attention to the leakage inductance problem. Switched
capacitor cells usually have problems with inrush current and
require particular attention in the switching cell design.

Thus, if a high step-up feature is required, a transformer-
based solution is a preferable choice [8]. Galvanically isolated
converters based on the transformer are simpler to design and
have high step-up ratio with lower losses. There are many
derivatives of the isolated dc-dc converters with extended
voltage regulation. An isolated impedance dc-dc converter is
one of the solutions for distributed generation systems [9]. The
quasi-Z-Source converter (qZS) [10]-[11] has small component
stress and operates with continuous input current. The qZS
based converter has more advantages than other impedance-
sources [9]. The dc-de Series-Resonant Converter (SRC) has
many benefits over other solutions, one of which is zero-voltage
switching [12]-[13]. As a result, SRC has minimum dynamic
losses. All the considered dc-dc converters can be used in
distributed generation systems, partial in PV applications.

4 Grid .Q'%

Wind turbine PV array Storage  DC Load

ac-dc de-de ac-dc de-dc de-de

v Y ! § 1

dc bus

Fig. 1. DCMG architecture.
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TABLE 1.

COMMERCIAL PHOTOVOLTAIC MODULES (UNDER STC).

Type Model and fact Open circuit | Short circuit MPP MPP Number of Efficiency, Cost,
of PV odeland manufacturer voltage, V current, A voltage, V | current, A cells/ output % EUR/W
CSM300-60
1 (Cell Solar Energy Co.) 39.82 9.84 32.55 9.23 60/300 18.44 0.141
CSM340-120
2 (Cell Solar Energy Co.) 41.34 10.16 34.12 9.83 60/345 20.45 0.141
JHM4/72BH445
3 (Yangzhou Jinghua New Energy 49.2 11.36 41.1 10.83 144/445 20.14 0.207
Technology Co.)

At the same time, we want to underline that PV systems do
not require high step-up solutions, but rather a wide input
voltage range regulation that needs a different approach. It was
demonstrated that a conventional non-inverting buck-boost
converter is one of the most suitable solutions for solar
application [14], [15]. This article discusses the PV string
converter for DCMG applications. The approach is based on the
interleaved buck-boost non-isolated dc-de converters, which are
the core parts of the universal solar dc-dc/ac converter earlier
presented by a team in [16]. In this paper, the focus is on the
efficiency benchmarking of the universal solar dc-dc/ac
converter with an interleaved feature during the operation in the
DCMG environment.

II. DESCRIPTION OF THE CONVERTER

A. Topology and Specifications

A generalized power circuit topology of the universal solar
dc-de/ac converter is presented in Fig. 2. The solar converter
includes the unfolding circuit for ac grid connection, while the
dc-de mode requires no switching of the unfolding part. The
universal converter [16] features interleaved control for
decreasing the values of the inductances and reducing the power
losses because two buck-boost cells divide into two times the
input current in.

il o)
T 230V AC
380V DC

Fig. 2. Universal solar converter based on the unfolding circuit with two buck-
boost cells.

It was confirmed in [17] that an interleaved feature with two
buck-boost cells increases the efficiency with a higher input
power. In contrast to the ac mode, the dc grid requires a fast
relay. Solid State Relay (SSR) is a suitable element for fast
disconnection from the dc grid side. The topology in Fig. 2 has
an additional LC filter on the output for reducing the grid spikes
under the grid disconnection. The output filter reduces the high
switching ripples of the grid current. The fuse and the varistor
are the elements for hardware protection. Besides, the software
protection should also exist for detecting the overcurrent or the
overvoltage conditions. When the fault appears, the system stops
generation of control signals and allows current discharging in
the inductances. For safety reasons, the inductances current
should be lost not through the grid, thus the transistors S5, S3, S5,

S7help to do short circuits on the input inductances. The grid
current is charging the output capacitor at the grid disconnecting.

Available photovoltaic modules should be taken into
account. Table I presents the parameters of three commercial
photovoltaic modules with Standard Test Conditions (STC). In
the PV string, these modules are connected in series for
increasing the input voltage and the power of the PV system.
The maximum voltage of the PV system is typically limited by
1.5 kV, which means that the maximum number of series
connected PV modules CSM300-60 and CSM340-120) is up to
36. Three profiles were considered in this paper. The MPP
equals approximately 3.6 kW in all cases. Table II shows the
parameters of the profiles. The idea is to demonstrate the
performance of the converter under different input voltage and
different input power variations. The first profile corresponds
only to the buck mode with lower input current around 9 A and
composes 12 solar panels of CSM300-60. The second profile
has 11 CSM340-120 PV panels. The converter operates almost
in the buck mode with MPP current 10A. Finally, the last profile
is for the boost mode and for higher PV current (11 A). The MPP
voltage is 329 V in the last case.

TABLE IL. PV ARRAY PROFILES CONSIDERED DURING EXPERIMENTAL
EVALUATIONS.
1 1 12 478 391 9.8 | 9.2 3.6
2 2 11 455 375 | 10.1 | 9.8 | 3.68
3 3 8 394 329 113|108 | 3.55

Fig. 3 shows the input power and the input voltage ranges of
the converter. The nominal input power of the converter is
3.6 kW. The maximum output dc current is 10 A. The converter
operates with an input voltage range from 100V to 500 V.
MPPT range is from 150 V to 490 V. The nominal voltage of
the dc grid was considered as 380 V. Boost case is accompanied
by a high level of the input current. Considering maximum input
current of the solar converter is 15 A, the boost case has a
negative slope according to the input power. For example, the
maximum input power is around 2.2 kW at 150 V of the input
voltage. The maximum power point depends on the panel
temperature and on the solar irradiance. It is known that
irradiance has impact on both PV parameters: voltage and
current. Thus, the efficiency of the converter was measured
under different solar irradiances. Fig. 4 shows the PV
characteristics of the chosen profiles. The ideal operating
conditions without shading and high ambient temperatures were
considered for the benchmarking. Profile 2 is demonstrated at
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different solar irradiance levels. Fig. 4 shows that the solar
irradiance shifts the MPP down, while the open circuit voltage
drops but not significantly. The same approach was applied for
profile 1 and profile 3.
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Fig. 3. Converter input voltage range along with MPPT range.
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Fig. 4. Characteristics of different PV profiles at different solar irradiance
levels.

B. Control System Description

The main regulator in the control system is the Model
Predictive Control. In [18], the details of the MPC for a twisted
buck-boost inverter based on the unfolding circuit are described.
The main statements about the control system are summarized
below. Fig. 5 explains the structure of the control system for the
dc-dc buck-boost solar converter. Model predictive control is of
continuous control set type because Pulse Width Modulation
(PWM) is used. The control system contains the Maximum
Power Point Tracking (MPPT) and droop control blocks for
keeping stable grid voltage. The topology in Fig. 2 can be
considered as a non-minimum phase system. Therefore, the
traditional cost function is not suitable. The cost function based
on the internal inductor current is more appropriate for the grid
connected system:

2

. i'Ll[k+j]_iL1RE1- [k+j]"VV/1+
J =min ) 1 . A o
=l +‘ZL1 [k + /1=y mer [k+J]"Wf2

where i'Lifk+j]: i'Lifk+1], i'Lifk+2], icifk+j]: iLi[k+1],
ir1[k+2] are predictive values of the inductor current during the
next PWM periods, irirer[k+j]: irIREF[k+1], iLIREF[k+2] -

reference values of the inductor current. W;;, Wi, Wi, W, are
weight factors.

The MPC predicts the two next samples of the system, which
means using two horizons. However, the second horizon was cut
and used with approximation for faster computation actions. The
overall number of cycles iterations is 10. The amount of the duty
cycle step is also reduced due to the limitation of the
microcontroller unit. This approach increases the reliability and
allows a decrease in the time of computations. The system
predicts the next duty cycle value across the previous value,
considering a range of 10%:

D[k+1]=D[k]£0.1, @)

where D/k] is the previous value of the duty cycle.

The heuristic methodology allowed to find the most optimal
weight factors Wii, Wiz, W21, W22. The second horizon is
considered with a higher priority, the ratio between the second
horizon weight factors and the first one is 2:1.

llm» l\;,,~

MPPT D Sis

A Model ‘7'().\' EG 7>
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Droop Controller VEE ; >
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Fig. 5. Structure of the control system based on MPC.

Finally, the grid current cannot change sharply in the
nominal mode. The next values of the grid current are the same
during several PWM periods, because the inverter has an
additional L-filter that decreases the high-frequency ripple and
prevents a rapid increase in the grid current:

i [k+3)=i [k+2] =i, [k+1] =i, [k]. (3)

where ig/k+3], ig[k+2], ig/[k+1] are predictive values of the
grid current for the next PWM periods.

C. Droop Control and Power Clipping/Curtailment

The droop control is a basic technique for a stable de grid
voltage. Despite the lower efficiency of MPPT, the droop
control allows considering resistance of the grid line and
eliminating the voltage change of the grid [19]. Fig. 6 shows the
principle of the grid behavior under an injection current process.
Rgd is aresistance of the grid line. This resistor can be calculated
taking into account the slope of the voltage change.

Several interesting methods for the droop control are
described in [20]-[22]. Droop control can be implemented with
MPC, integral methods and in other cases. Fig. 7 describes a
simple Proportional-Integral (PI) regulator for the droop control.
The main strategy is to decrease the reference current at the grid
voltage hike. Reference voltage for the grid is 380 V. It is worth
emphasizing that the maximum power of PV is not used with the
droop control, but the stability of the grid and the system is
increasing.
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Fig. 7. Structure of generation of the grid current reference within the droop
control and MPPT.

D. Selected Design Guidelines

In the design of the PV string converter, it is required to
calculate the filter, choose the semiconductors, sensors, and
protection systems. The protection system was explained above.
The number of sensors can be counted easily from the control
system structure. The proposed approach requires 6 sensors: 3
for currents and 3 for voltages. The converter has 12 transistors
that should be chosen according to the voltage stress across
them. In an ideal case, the maximum stress on the semiconductor
corresponds to the input voltage; however, factors such as
design of board, inductances and dead time configuration create
voltage spikes at the moment of switching. Thus, it should be
considered during transistor choice. The passive components of
the buck mode can be obtained in the same way as shown in
[23]. Design of passive elements requires a steady state analysis
for an open loop system. Equations (4)-(5) help to calculate the
values of the passive components in the boost mode:

P, (v, —v,,
C =M, 4)
vg'KC'fSW
L :L ZZAV?’"’.(vg_VPV) = V;.KC (5)
' ’ PPV'KL'fSW'Vg ¢ 4'PPlf"Kg'fyw

where fs - switching frequency, K¢, K;, K, are ripple factors for
every passive component.

III.  PERFORMANCE EVALUATION

A. Converter specifications

This section discusses the experimental verification of the
universal photovoltaic string converter during the operation in
the dc microgrid environment. The experimental prototype is
shown in Fig. 8. Its control board contains 3 current sensors and

5 voltage sensors. The model of the microcontroller used in the
project is TMS320128379d from Texas Instruments. It contains
12 complementary PWM blocks and 10 differential ADC
channels. All high-frequency switching transistors are SiC
MOSFETs. 82, 83, S5 S7 are IMZ120R030M1H 1200 V SiC
transistors with Rpsoy of 30 mOhm. The transistors S;, Sy, S5, Ss
are C3M0021120K SiC 1200 V with 21 mOhm of Rpsoy under
normal conditions. The unfolding part contains superfet
transistors FCHO60N&0 800 V with 60 mOhm of Rpson. Table
111 lists the specifications of the developed PV string converter.
The switching frequency is 62 kHz.

TABLE IIL. MAIN SPECIFICATIONS OF THE PV STRING CONVERTER.
Parameters Value
Input voltage range of converter, V. 100 — 500
MPPT voltage range, V 150 — 490
Maximum MPP current, A 12
Rated DC input power, kW 3.6
Nominal output DC voltage, V 380
Output DC voltage range, V 380 -390
Maximum output DC current, A 10
Switching frequency, kHz 62
Max. efficiency, % 98.8
CEC efficiency, % 98.34
Output DC voltage during fault, shut down or 380
disconnected from DC-bus, V
Input inductances, mH 1.6
Input capacitance, mF 4
Output capacitance, uF 1
Grid inductances, mH 0.33
Grid capacitance, uF 1
Control and

15t buck-boost

inductor
Input

capacitors\ =% by

A measurement board
O

Grid side
inductor

2" buck-boost
inductor

semiconductors
Fig. 8. Experimental prototype of a universal photovoltaic string converter.

B. Peak and CEC efficiency, efficiency map at different
input/output voltages

Fig. 9 shows experimental results for the buck-boost
universal converter with different profiles. Fig. 9a shows the
MPPT transient process for the second profile. Universal solar
converter requires pre-charging of the output capacitor to
remove current spikes during the relay switching (Fig. 9d). The
second set of the pictures in Fig. 95 and 9e demonstrates high
switching ripples of the PV side, the grid side, the input inductor
current and the output capacitor for profile 3 (boost profile). In
the boost case, the input inductor ripples reach higher values
than in the buck case. The pulsations of the grid current were
0.15 A, when the ripple of the input current was 0.07 A, which
is acceptable for PV applications. The first profile is shown in
Fig. 9¢, 9f. The grid suppressor capacitor about 1 uF is sufficient
to provide a soft transient process.
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Fig. 9. Experimental results of a universal solar converter in the de-dec mode, PV and grid voltage and current: during MPPT operation for profile 2 (a), high ripples
in profile 3 (b), switch-off waveforms in profile 1 (c). The waveforms of the input inductor current and output capacitor voltage along with the grid side: during
MPPT operation for profile 2 (d), high switching pulsations with profile 3 (e), during stop of the system with profile 2 (£).

As it was discussed earlier, some spike is appearing during
the disconnecting process or during stop of the system. The input
inductances are shorted circuit for current loss through a
transistor, hence it is possible to see some current increasing
(Fig. 9f green line). The converter was working stable under
each profile. Fig. 9 shows a waveform at the full profile input
power.

The efficiency estimation is the main objective to show the
operation of the converter with different profiles. The precision
power analyzer Yokogawa WT1800 was used to measure the
efficiency. Fig. 10 shows the efficiency curves based on the PV
power. The maximum measured efficiency was 98.8 % at the
PV voltage of 390 V. CEC efficiency was used for the
performance estimation. The most used profile corresponded to
a higher buck case (profile 1 with CEC efficiency 98.34 %).
Two profiles have lower efficiency under low input power. In
small buck and in small boost profiles, CEC efficiencies are
slightly different (97.64 % with profile 2 and 97.14 % with
profile 3). Though those unfolding transistors are present, their
contribution is not significant in terms of the power losses.
Unfolding switches dissipate only static losses. Hence, it is
possible to calculate an efficiency without the unfolding circuit
because it is required only to know Rpson of the transistor and
an average value of the grid current. Fig. 106 shows the results
of the efficiency calculation without the unfolding circuit. The
maximum efficiency value is 99.02 % at the same point 390 V
of the input voltage. The maximum CEC efficiency was
increased by 0.14 % and equaled 98.51 %. The efficiency in the
low power is approximately the same in all cases, the difference
is seen under higher PV power points (>2 kW).
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Fig. 10. Experimental efficiency of the prototype under different PV profiles
and with different solar irradiations: with unfolding circuit (a), without
unfolding part (b).

Despite the declared nominal power, the maximum
temperature of the transistors reaches 50 °C. Fig. 11 presents the
temperatures of the transistors. The unfolding part (Fig. 11a) has
no switching and contains only static losses. The maximum
temperature of the unfolding transistor was around 40 °C. The
buck-boost cell operated as a hard switching part. Therefore, the
temperature of the buck-boost transistors did not exceed 50 °C.
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Fig. 11. Thermal pictures of the solar converter under a maximum power point
operation: unfolding transistors (a), buck-boost cell switches (b).

IV. CONCLUSIONS AND FUTURE WORK

This paper presented the performance evaluation of a
universal photovoltaic string converter during the operation in
the dc microgrid environment. A pre-industrial prototype is
discussed within the control and the measurement systems. Such
type of a converter requires different types of protection:
software and hardware; the concept of protection was shown
along with the switch-oft process. The control system includes
MPC as the main regulator. The MPC provides stable levels of
the grid current due to the second horizon and a special cost
function. In addition, the control system has a droop control
block for the stable level of the grid voltage, as it can be in real
system with many converters connected to the same grid. The
droop control consists of a simple PI regulator, which is enough
for the current application. Three real PV string profiles were
chosen for an experimental verification. A pre-industrial
converter was implemented based on a universal solar dc-dc/ac
converter with the unfolding circuit that can operate under
3.6 kW of the input power. The temperature of the switches did
not exceed 50°C. The efficiency was estimated for the
considered profiles with the CEC standard. The maximum
obtained CEC efficiency is 98.37 % at a higher buck ratio, while
the efficiency without the unfolding circuit loss is 98.51 %.
However, the efficiency can still be improved, taking into
account the variable switching frequency approach.
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Most of the electronic devices that we are using every day at home or at the office require a similar approach in terms of the power electronics. For example, in residential buildings with a traditional ac grid most loads have a dc nature, therefore all our devices at home require an additional converter. A traditional laptop’s battery voltage is 
15 V – 22 V. It is known that the rectified ac grid voltage equals a peak of a one grid phase 310 V – 325 V. Consequently, a laptop battery requires a converter, which rectifies the sinusoidal voltage to a constant 320 V (ac-dc converter: a rectifier diode bridge) and which reduces 320 V to the necessary constant 15 V – 22 V (dc-dc converter). Thus, 
the main power electronics of traditional electronic devices are intended to rectify the traditional ac grid in a constant voltage level and subsequently convert it to the necessary voltage value (laptop charger, phone charger, TV, light systems, PC, etc.), as shown in 
Fig. 1.1a. At the same time, the amount of renewable energy systems which produce a dc voltage and current is increasing each year. The issue thus arises: “Is it reasonable to use devices with a redundant ac part, instead of simple dc-dc converter?”.

[bookmark: _Hlk103184321]Although the war between Tesla and Edison has long finished, the modern systems have forced humanity to revive this issue with renewed vigour [1], [2].  Nowadays, dc microgrids attract more attention because many sources and loads have a dc nature. 
For example, solar panels, fuel cells and energy storage systems generate only dc voltage and current. It would be logical to connect all devices with a common dc bus [3], [4], without redundant ac conversion. Fig. 1.1b shows an example of the possible DCMG architecture addressed in [5]-[8]. The considered DCMG system is more efficient and reliable. Moreover, the dc grid is free from harmonics and does not provide a reactive power. DCMG systems do not need complex synchronisation and control units.
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[bookmark: _Toc103555707]Figure 1.1 Traditional ac distribution system (a), Considered energy transmission system based on common dc bus (b).  

However, the ac grid still dominates because there is no clear standard for the dc grid. From an economical point of view the voltage level of 326 V is the most sustainable for the dc grid [9]. This voltage level is applicable to the grid systems using existing cables. However, a company in Netherlands claims that the possible standards are 350 V for low power and 700 V for high-power applications [10]. It is proven in [11] that a high-voltage dc system is more efficient than a traditional ac distribution system. Possible dc distribution systems imply the creation of a different voltage level standard for dc grid types, such as DCMG, dc nano grid, etc. [12], [13]. The modern base of the power electronics can provide any transformation of the power, however the price for that is still high. 

One of the main challenges for dc distribution systems is to develop a circuit breaker for dc grid systems. A conventional ac circuit breaker determines short circuit and works under a zero-crossing point (standardised solutions IEC 61869, IEC 60255, IEC 61850, and IEC 60834). The clearing time in ac grid systems is 80 ms (4 cycles) [14]. Dc grid voltage does not fall to zero, so the conventional protection systems are not suitable. In contrast to conventional relays, it should be a device that keeps the same features as traditional and disconnects the circuit fast. One possible solution is Solid State Relay (SSR) or hybrid mechanical breakers [15]. This type of breaker should offer following features [16]: a fast response, low power losses, high reliability, compact size, long lifetime, and low cost. There are several ideas for the implementation of a dc breaker [17],[18]. Despite the drawbacks of the dc systems, the benefits outweigh the disadvantages. The dc grid will probably appear during the next decade and is already attracting attention as a future electric transmission system. 
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Since the dc grid appeared as a trend, devices applicable to both types of grids have come into demand. For example, hybrid converters have several terminals for each grid bus [19], [20]. Most of the solar hybrid converters have intended power electronics for each type of electrical distribution system. Moreover, a hybrid converter usually has a dc terminal for a storage element. However, there is a converter that has several terminals for the ac and dc grid. The general term for this type of device is a multiphase or multiport converter [21], [22], [23]. Multiphase converters can be useful for multiphase ac and dc applications. Another possible solution is an energy router for residential applications [24],[25],[26]. They have terminals for each part of the system (dc grid, ac grid, storage, PV panels, etc.). However, all the mentioned converters have a significant drawback as an internal redundancy. This is because these converters require different parts of power electronics to provide transmission energy from/to source to/from the undefined grid. Moreover, these converters will have separate control units and induvial protection systems for each type of grid.
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[bookmark: _Toc103555708]Figure 1.2 Connection of loads, storage systems or solar string to: dc grid with dc-dc converter (a), ac grid with dc-ac converter (b), any type of the grid with universal dc-ac/dc converter (c). 

On the other hand, if in the near future the dc grid will be integrated into our residential buildings, a type of converter should also be suitable for the ac grid. For example, the dc grid socket will be integrated in a building and logically a customer will buy a dc-dc charger (Fig. 1.2a). In the second case, when this customer comes to an old building with a traditional ac grid socket, he will require an ac-dc charger for his laptop, as shown in Fig. 1.2b. From an economical part of view, a universal solar converter is cheaper and offers the benefits of dc-dc and dc-ac converters. The universal solar converter takes away inconvenience for the customer because the market is limited for dc-dc devices. Such a converter can be connected to both types of grid by the same terminals and at the same time has minimal internal redundancy (Fig 1.2c). The universal converter with minimum redundancy will use the same protection system and control unit for both types of grid, while the control system will automatically detect a type of connected grid. At the same time the universal converter can be bidirectional and suitable for PV applications or other renewable energy sources. 

[bookmark: _Hlk104194127]This thesis was conducted according to one of the research directions of the Power Electronics Group of Tallinn University of Technology. The aim is to gather knowledge and develop the universal solar converter for residential dc and ac grids with minimum redundancy.  The current work was supported by PRG675 “New Generation of 
High-Performance Power Electronic Converters Simultaneously Applicable for dc and ac Grids with Extended Functionalities”, and by EAG122 “Universal dc/ac battery storage interface (UniBSI)”, and by PRG1086 “Future-Proof Power Electronic Systems for Residential Microgrids” from Estonian Research Council, and by TAR16012AT “Zero energy and resource efficient smart buildings and districts” from the Archimedes Foundation and.
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The main aim of the PhD research project is to develop and experimentally confirm a concept of universal dc-dc/ac converter which is applicable for both types of grid. 
It considers a solution which may speed up transition from conventional ac systems to the hybrid dc/ac systems. The author set a goal to obtain acceptable efficiency in comparison with popular solutions by using the low-frequency unfolding circuit. 
The outcome of this work is to develop and launch TRL 6 prototype with a real ac grid and virtual dc grid.

Hypotheses:

Buck-boost cells with unfolding circuit may provide the universal operation with minimal redundancy. 

Buck-boost cells with unfolding circuit may provide the reactive current injection in the ac grid-connected mode.

Synchronous switches operation reduces zero crossing distortions and improves quality of the grid current.

Model Predictive Control (MPC) with modified cost function can be feasible for implementation with low-cost microcontrollers.

Research tasks:

1. [bookmark: _Hlk100070213]To review the existing solutions on the market. 

1. Research and design the most suitable power electronic interface for universal application. 

1. Research power electronics interface requirements for simultaneous applicability for AC and dc grids. 

1. Research and develop a control regulator for a grid-connected system. 

1. Design of the experimental setup and experimental verification of the universal converter simultaneously applicable for ac and dc grids. 

[bookmark: _Toc95121500][bookmark: _Toc95121524][bookmark: _Toc95121618][bookmark: _Toc95121632][bookmark: _Toc98431316][bookmark: _Toc98780084][bookmark: _Toc99064462][bookmark: _Toc99702373][bookmark: _Toc99702415][bookmark: _Toc100153225][bookmark: _Toc103184542][bookmark: _Toc104207689]Research Methods

The research methods used to carry out the thesis are based on the mathematical analysis, simulation models and experimental verification. New developed topologies and circuits are mathematically analysed using Steady-State Analysis (SSA) [27], [28] as well as transient analysis using functional analysis, including Laplace and Fourier transform techniques. To study the operating properties of the new topologies and control algorithms, dynamic and static models (with and without losses in components) are developed. Computer simulations are generally performed in the MATLAB, Altium Designer and PSIM software packages, which are all available at the Tallinn University of Technology (TalTech). Experimental investigation and validation of theoretically predicted results are performed using small laboratory physical models (≤5 kW) of new topologies, circuits, and unconventional arrangement.  The Power Electronics Research Laboratory of TalTech has modern facilities (digital oscilloscopes and function generators, power quality and efficiency analyzers, microprocessor development tools, PCB prototyping, and assembling tools, etc.) for the hardware and software development.

[bookmark: _Toc95121501][bookmark: _Toc95121525][bookmark: _Toc95121619][bookmark: _Toc95121633][bookmark: _Toc98431317][bookmark: _Toc98780085][bookmark: _Toc99064463][bookmark: _Toc99702374][bookmark: _Toc99702416][bookmark: _Toc100153226][bookmark: _Toc103184543][bookmark: _Toc104207690]Contributions and Disseminations

[bookmark: _Hlk104194225]The results of the research are presented via scientific publications, conferences, symposiums, doctoral schools, and presentations. During PhD studies the author contributed to 18 publications. Among them, nine papers were published in peer-reviewed international journals. The remaining papers were reported at international IEEE conferences. The dissertation is based on seven main scientific publications, including five journals and two conference papers presented at two IEEE international conferences. 

Scientific novelties:

[bookmark: _Hlk104194352][bookmark: _Hlk100070227]Development of novel family of topologies suitable for universal application.

Definition of requirements for the power electronics interface for universal application.

Synthesis of novel modulation approach for dc-dc or dc-ac converters.

Synthesis and control the grid current of the minimum phase system using MPC. 

Comprehensive comparative analysis of buck-boost inverter based on unfolding circuit and conventional solution as a H5, H6 and HERIC topologies. 

Practical novelties:

Reducing zero crossing distortion of the topologies based on the unfolding circuit using synchronous switches instead of diodes and shift methods. 

Developing a new type of device applicable for both types of grid with the same terminals and minimum redundancy. 

Two buck-boost inverters based on the unfolding circuit were assessed and experimentally confirmed with a grid-connected system: single-stage buck-boost inverter based on the unfolding circuit; twisted buck-boost inverter based on the unfolding circuit.

[bookmark: _Toc95121502][bookmark: _Toc95121526][bookmark: _Toc95121620][bookmark: _Toc95121634][bookmark: _Toc98431318][bookmark: _Toc98780086][bookmark: _Toc99064464][bookmark: _Toc99702375][bookmark: _Toc99702417][bookmark: _Toc100153227][bookmark: _Toc103184544][bookmark: _Toc104207691]Experimental Setup and Instruments

The experimental setup was assembled in the power electronics laboratory of Tallinn University of Technology. The workspace in the lab is shown in Fig. 1.3a. The oscilloscope Tektronix MDO4034B-3 helps to catch the waveforms of voltages and currents of the passive components. The special probes Tektronix P5205A and Tektronix TCP0030A are useful for voltage and current measurements respectively. The Code Composer Studio is an environment for writing a code for MCU from Texas Instruments and was used during code developing.  

[image: ]

[bookmark: _Toc103555709]Figure 1.3 Workplace in the laboratory of power electronics (a), Power analyser with a dc source for the experimental setup (b), An autotransformer for a grid connected system (c).

Power Analyzer Yokogawa WT1800 was used for efficiency measurement within software application WTViewer for remote equipment access. The solar simulator equipment Chroma 62150H-1000S was used as an input voltage source for an experimental prototype, as shown in Fig. 1.3b. The passive load Frizlen BW 20 was used in the open loop system, while the autotransformer was chosen for the grid-connected system as a grid (Fig. 1.3c). 

[bookmark: _Toc95121503][bookmark: _Toc95121527][bookmark: _Toc95121621][bookmark: _Toc95121635][bookmark: _Toc98431319][bookmark: _Toc98780087][bookmark: _Toc99064465][bookmark: _Toc99702376][bookmark: _Toc99702418][bookmark: _Toc100153228][bookmark: _Toc103184545][bookmark: _Toc104207692]Thesis Outline

Chapter 2 describes the concept of the universal dc-ac/dc converter based on the 
buck-boost converter with an unfolding circuit. The passive element design is considered in Chapter 2. The experimental results based on the open loop system are presented.

In Chapter 3 control system details are discussed. The non-linear control block based on the MPC is a main regulator, which is considered in Chapter 3. The special control strategy simplifies a calculation and decreases computational time.

The experimental results for the grid-connected system are presented in Chapter 4. The chapter considers all experimental setups that were developed based on the thesis topic. 

The last Chapter 5 provides a comparison of the buck-boost inverter based on the unfolding circuit with conventional solution as a H5, H6 and HERIC topologies. 
The comparison results allowed the possibility to choose the necessary semiconductors. 







[bookmark: _Toc95121528][bookmark: _Toc95121636][bookmark: _Toc98431320][bookmark: _Toc98780088][bookmark: _Toc99064466][bookmark: _Toc99702419][bookmark: _Toc100153229][bookmark: _Toc103184546][bookmark: _Toc104207693]Concept of the Universal dc-dc/ac Converters

The target of dc grid integration of PV plants leads to the appearance of a string dc-dc converter, although conventional dc-ac inverters are still in demand. The market for the solar microinverters concluded the same statement. The isolated dc-dc solar converters are useful for customers. Currently companies [10], [29], [30] consider dc-dc solar optimizers and string dc-dc converters as a future target market. However, the universal dc-dc/ac converter can be useful as an alternative solution. This alternative solution provides flexibility and the possibility of a connection to dc grid or to ac grid. The same features can be found in any of the renewable energy converters. 

The simplified structure of the universal dc-dc/ac solar converter is shown in Fig. 2.1. The structure contains a semiconductor stage depending on topology, an output filter along with an Electromagnetic Interference (EMI) filter, protection hardware circuit and grid side with an impedance.  Such a structure can be considered as an interface between dc input voltage source and any residential grid (dc or ac). Moreover, a similar system is suitable for an ac voltage source as well. This solution can be generalized for any application with a grid connection.
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[bookmark: _Toc103555710]Figure 2.1 Simplified structure of the universal dc-dc/ac solar converter.

One of the main aims of this chapter is to define the requirements for power electronics converters and a possible internal structure for a universal solar converter for dc and ac operation modes.

Fig. 2.2 shows several possible topologies for a semiconductor stage of the 
single-phase universal string solar converter. The conventional Voltage Source Inverter (VSI) with an intermediate dc-dc boost cell can be connected to the dc grid (Fig. 2.2a). 
A simple full-bridge inverter with a boost dc-link has a wide range of the input voltage regulation, a simple control strategy and freewheeling states. Some good overviews of the conventional solar inverters are provided in [31], [32]. At the same time many inverters can work in the dc-dc mode. High step-up inverters [33], [34], [35] or common ground inverters can also be competitive solutions [36], [37]. However, they may have inherited limited power range or lower efficiency from dc-ac mode. 

On the other hand, Fig. 2.2b shows one more possible solution for a universal 
single-phase dc-dc/ac solar converter. The structure of such a topology is similar to an interleaved synchronous buck-boost converter. The similar approach for boost converter and common input voltage source was discussed in [38].

The third option as a possible universal solar converter is an inverter based on the unfolding circuit [39], [40], [41]. Fig. 2.2c shows a buck-boost inverter as part of the family of inverters based on unfolding circuit [42]. Such a solution can easily be adapted for the dc-dc operation mode by the control system without any impact on redundancy. Moreover, the high number of semiconductors does not produce an excessive amount of switching losses, because the system has the minimal number of simultaneously switching semiconductors. At the same time, a buck-boost inverter based on the unfolding circuit does not have problems with leakage current, because it does not have a high-frequency component in the common-mode voltage.
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[bookmark: _Toc103555711]Figure 2.2 Conventional VSI as a universal dc-dc/ac solution (a), Buck-boost derived universal 
dc-dc/ac converter (b), Buck-boost inverter based on unfolding circuit as universal dc–dc/ac converter (c), Solid-state relay based on four-quadrant switch (d). 

[bookmark: _Toc98431321][bookmark: _Toc98780089][bookmark: _Toc99064467][bookmark: _Toc99702377][bookmark: _Toc99702420][bookmark: _Toc100153230][bookmark: _Toc103184547][bookmark: _Toc104207694]Protection Issue

[bookmark: _Hlk104194457]The protection circuit is a usual tool for disconnecting the converter from the grid line. Such instruments are a standardised solution (IEC 61869, IEC 60255, IEC 61850, and IEC 60834). The important part of protection is a circuit breaker for a fast system break from the grid side. The main internal structure of ac CB is electromechanical components, which allows the possibility to disconnect the circuit during the zero-crossing point, which is a traditional principle of fault isolation. EMI filter is needed for avoiding higher harmonics propagation. As mentioned in Chapter 1, the time of CB in ac system equals around 80 ms, which corresponds to 4 cycles. An additional protection tool such as a fuse can prevent burning out all switches and unnecessary system activation after a fault. 
A varistor saves the system from overvoltage of the grid side.

However, a traditional CB became an unusual tool with the appearance of the dc grid concept, because dc voltage does not fall to zero value. Thus, designing a good protection system for the dc microgrid has been a challenge over the past few years [16]. A target fault clearing time in dc transmission system is considered as 2.5 ms.

The structure of the possible protection circuit between the power electronic converter and the low voltage dc grid can be the same. However, the main problem is the nature of the dc fault current because it can rapidly rise to more than a hundred times the nominal current. The dc microgrid has a low line impedance Zg. As a result, 
the fault current deviation is so big, and during a couple of milliseconds the current increases to hundreds of amps. It means that ac protection instruments cannot be useful for dc grid protection. Dc grid protection should include high communication speed and good breaker functionalities [43]. As mentioned, one of the possible solutions for CB is a solid-state relay. These solutions offer such key features as fast response, high reliability, low conduction loss, long lifetime, and low cost. On the other hand, if CB is suitable for dc grid protection, it can be applied to the ac grid as well.  Fig. 2.2d shows the possible solid-state relay for a dc grid CB. The SSR is based on a four-quadrant switch and a current sensor. An additional snubber in parallel provides smooth switching, while a varistor save CB from overvoltage. 

[bookmark: _Toc98431322][bookmark: _Toc98780090][bookmark: _Toc99064468][bookmark: _Toc99702378][bookmark: _Toc99702421][bookmark: _Toc100153231][bookmark: _Toc103184548][bookmark: _Toc104207695]Grounding Issue

Grounding is another issue which relates to safety and protection. The traditional ac system ground has or may have the same potential as a neutral ground. However, 
the potential between ac and dc ground is undefined if ac and dc grids coexist together in the future. The main reason is that the dc bus line will be derived by rectification of the ac voltage. There are several options that can be utilized for grounding. The first solution is to use galvanic isolation between the dc and ac sides via using a transformer. The other options are to set low or high resistance grounding or without grounding [44], [45]. None of these solutions have an impact on the discussed universal solutions. If a universal converter works with an ac system, where the impedance between ground and neutral wires are low, then it can work with the dc grounded system as well.

Another important issue is a leakage current, which appears in all transformerless 
no-common-ground converters. In most cases it can be solved by common-mode filters [46], [47], that can be easily integrated into a circuit. Another way is to apply 
special modulation techniques to reduce a leakage current [48], [49]. The universal solar converters based on the unfolding circuit have a very small high-frequency 
common-mode voltage component. Thus, the EMI filter is not needed for universal 
dc-dc/ac converters. The negative output terminal of buck-boost inverter based on the unfolding will be connected to common ground in the case of dc mode and a leakage current will be absent.

[bookmark: _Toc98431323][bookmark: _Toc98780091][bookmark: _Toc99064469][bookmark: _Toc99702379][bookmark: _Toc99702422][bookmark: _Toc100153232][bookmark: _Toc103184549][bookmark: _Toc104207696]Output Filter Selection in Terms of Protection

Another important parameter is the grid current quality. Filters with inductors at the grid side are the most suitable to control the grid current. In many cases the grid side inductance is assumed as an internal grid impedance. The calculation guidelines are 
well-known and have been widely studied [50]. The topic of the dc grid systems along with converters connected to the dc grid has become popular. However, the grid filter design is not so widely studied. Usually, the capacitor is used at the grid side, but the specific value of grid capacitor is not defined. 

A simple filter can be integrated into a simple boost converter where the input inductor is not connected to the output capacitor. The same LC-filter can be suitable for a conventional buck converter, see Fig. 2.3a. In both cases the grid capacitor should be small in order to prevent high spikes during connection to the grid, because there can be a voltage difference. On the other hand, Steady State Analysis does not require an additional capacitor for grid current quality. At the same time, a sudden disconnection from the grid can be accompanied by a voltage spike due to the presence of the output inductor. Thus, this capacitor can be considered as a suppressor to limit possible voltage spike. 

The CLC-filter in Fig. 2.3b can be considered as a further derivation of a C-filter suitable for boost converters. The capacitor C1 along with the inductor L1 are the main filtering elements, while the grid side capacitor C2 is a suppressor. Fig. 2.3d shows a simplified equivalent circuit of a sudden dc grid disconnection process in the case of a grid side 
LC-filter. The control system has to perform a short circuit at the output side of the converter to minimise the voltage spike ΔVC across the capacitor C1 after detecting a sudden dc grid disconnection.
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[bookmark: _Toc103555712]Figure 2.3  Switching process during sudden dc-grid disconnection: disconnection schematic for  
LC-filter (a),  disconnection schematic for the LCLC-filter (b), transient process of the output voltage and output inductor current (c), equivalent circuit of the LC-filter (d), equivalent circuit of the 
LCLC-filter (e).

The perfect transient waveforms are shown in Fig. 2.3c. As usual the waveform of transient process is oscillation. The above process describes the equivalent circuit in 
Fig. 2.3d, and it is possible to derive differential equations:





				,  .	(2.1)

If the disconnection from the dc grid occurred, the initial conditions will be as follows:





				, , 	(2.2)

where VDC is a dc grid voltage at the moment of disconnection, while the IDC is a grid current at the moment of disconnection. 

The voltage across the output capacitor is starting to grow up to maximum value VC_MAX after disconnection from dc grid due to the accumulated energy in the inductor. The solution of eq. (2.1) is simple, but it is massive. The series resistance defines the damping ratio of this oscillation but does not have a significant influence on the maximum value VC_MAX.

If to neglect parasitic resistance Rs, it is possible to find a simplified expression of the maximum voltage across the capacitor. The entire accumulated energy in the inductor is flowing to the capacitor:



				.	(2.3)

Finally, the expression for the voltage spike ΔVC across the capacitor C1 can be calculated:



			.	(2.4)

 The value of the voltage spike is proportional to the initial current and filtering inductance, while it is opposite to the value of the suppressing capacitor. As a result, design guidelines must consider a maximum voltage spike across the capacitor and maximum power of the converter. 

Fig. 2.3e shows the equivalent circuit in the case of CLC- and LCLC-filters after dc grid disconnection. Based on this circuit, the expression of the suppression capacitor can be obtained in a similar way to solving differential equations. In the case of the CLC-filter, one more differential equation is needed:







			, ,  .	(2.5)

The initial values are the same as before and correspond to grid voltage and current:







			, , .	(2.6)

In the same way it is possible to identify energy between capacitors and inductor after disconnecting from the dc grid. It is possible to write a system of equation to get the suppressor voltage spike: 



				(2.7)

Finally, solving equation system 2.7 gives a result for the voltage spike across the suppression capacitor:



				.	(2.8)

All other passive components of the universal converter part can be calculated similarly to the classical approach [PAPER-VI], [51] keeping the ripple in the current as a main parameter to be reduced.





[bookmark: _Toc98431326][bookmark: _Toc98780094][bookmark: _Toc99064472][bookmark: _Toc99702382][bookmark: _Toc99702425][bookmark: _Toc100153233][bookmark: _Toc103184550][bookmark: _Toc104207697]Summary 

The converter based on unfolding stage can naturally provide dc or ac output voltage without additional redundancy. The power electronics converter that was initially designed for dc-ac application with an output filter stage for dc grid and fast protection relay can be considered as a universal solution. The CB must cover all demands of dc grid protection, while the output filter can be chosen as a filter for conventional ac application with an additional output capacitor (suppressor) to eliminate voltage spike at a sudden grid disconnection. The considered approach can be used as an industrial solution for low-voltage dc and ac systems.

[bookmark: _Toc95121532][bookmark: _Toc95121640][bookmark: _Toc98431327][bookmark: _Toc98780095][bookmark: _Toc99064473][bookmark: _Toc99702426][bookmark: _Toc100153234][bookmark: _Toc103184551][bookmark: _Toc104207698][bookmark: _Toc460831047][bookmark: _Toc95121529][bookmark: _Toc95121637]Application Oriented Design

The fundamental waveforms of a converter are independent of the selection of components and electric parameters (e.g. switching frequency, selected semiconductors) and result from the basic modulation scheme and yield some general requirements for the dimensioning of the components. General requirements include passive components’ estimation taking into account the same current ripple in the inductors and the same voltage ripple across capacitors. 

The volume of a core of the inductor as well as the volume of capacitor can be estimated based on its maximum accumulated energy:





				 	(3.1)





where Li and Ci are values of i inductance and capacitor, NL is number of inductors and NC is number of capacitors.  is a peak inductor current and is a peak of capacitor voltage.

Moreover, the relative switching and conduction losses that are independent from the selection of semiconductors can be introduced. First of all, the relative conduction losses are proportional to the square of the switch current. As a result, total conduction losses can be scaled to the following scale:



						(3.2)



where  is RMS switch current, NS is a number of switches. 

Neglecting the current ripple, both the semiconductor voltage vSi and semiconductor current iSi influence the hard switching losses [56]. The average value of the product vSi ·and iSi over a fundamental period T express a good measure to indicate switching losses:



		 				(3.3)

[bookmark: _Toc103555746]Table 3.1  Target parameters of the universal interface converter.

		Parameters

		Value



		RMS grid voltage Vgrid, V

		230 ac/350 dc



		Output power range P, W  

		100-3600/100-5000



		Input voltage range, V

		100-500



		Maximum input current, A

		10/18



		Maximum input current ripple, %

		40



		THD of the output current in the ac mode, %

		5



		Maximum output current ripple in the dc mode, %

		5



		Maximum switching frequency

		62 kHz





[bookmark: _Toc98431328][bookmark: _Toc98780096][bookmark: _Toc99064474][bookmark: _Toc99702383][bookmark: _Toc99702427][bookmark: _Toc100153235][bookmark: _Toc103184552]

Obviously, unfolding transistors do not contribute to the switching losses, as no switching transitions occur. Taking into account the size and price optimisation, 
it is necessary to calculate the minimal values of passive components that are able to provide acceptable input and output power quality. At the same time, due to the 

non-conventional utilisation, it has to take into account both dc and ac modes. Table 3.1 summarises the parameters of the universal interface converter including target demands for passive components.

[bookmark: _Toc104207699]Design of the Filters 

Steady state analysis is considered as the main tool for calculations. SSA allows to obtain the expressions of the passive components with sufficient tolerance. The calculation of inverters based on the infolding circuit has a difference to a simple SSA because the system is the 4th order type in buck mode and the 3d order type in boost mode. 
The calculation is too bulky, which is why only a buck-boost inverter with an unfolding circuit which operates in a buck mode was considered. The same approach was applied to all selected topologies for all modes: buck and boost.

Basically, the calculation of the passive components with using SSA relates to the 
dc-dc converter. On the other hand, the ac grid-connected system also operates with a high switching frequency. It is possible to underline that, during several PWM periods, any power parameter is in a steady state. The output voltage is a sinusoidal power signal, while the output current directly depends on the output voltage and the load:





				, ,	(3.4)

where VM is the peak of the output voltage, RL is a resistance load. 

Fig. 3.1 shows the topologies of the buck-boost inverters based on the unfolding circuit that were proposed as the inverter’s family in [42]. 
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[bookmark: _Toc103555713]Figure 3.1 Family of the single-phase buck-boost inverters based on the unfolding circuit: Buck boost inverter with unfolding circuit (a), Twisted buck-boost inverter based on unfolding circuit (b). 

The first topology of the inverter’s family is a single buck-boost inverter based on the unfolding circuit with two inductors (Fig. 3.1a): the input inductor is a main part of converter and the second is a grid filter inductor. The circuit consists of an input inductance L1, a small capacitor C1 instead of a big dc-link capacitor, the output LC-filter for protection and current quality and eight switches S1–S8. In part, the principle of operation is described in [52], which selects the mode of operation based on the ratio between the input and the output voltage. 

The unfolding circuit is operating with a low frequency of switching, while the 
buck-boost part is working with high frequency. Despite a high number of switches that generally decrease reliability, it provides a very flexible modulation strategy. Switches S1 and S2 correspond to buck mode and S3, S4 are working in boost operational mode. 
At the same time, transistors S1 and S3 are the main switches of the basic operation modes of the converter.

The transistors S2 and S4 can be replaced by diodes in case unidirectional operation is required. In the case of bidirectional power flow, the switches S2 and S4 should be selected as transistors. A bidirectional power flow allows the possibility to work as a rectification converter, which may be useful in another application. Transistors S5-S8 work as a simple unfolding circuit in accordance to the classical unfolding circuit. Potentially, the unfolding switches can also be used with a high-frequency modulation.

The buck mode will be applied when the input voltage vIN will be higher than the instantaneous value of the output voltage. The buck mode operates using a traditional duty cycle dependence: 



					.	(3.5)

where DS1 is a duty cycle for the transistor S1. The converter works in two states: active state corresponds to conduct switch S1 and zero state, where S2 is conducting.

Otherwise, if the input voltage is smaller than the output instantaneous value of the output voltage vOUT, the boost mode will be chosen. During boost mode transistor S1 is conducting, complementary switches S3 and S4 are responsible for boost function:



					,	(3.6)

where DS3 is duty cycle of the switch S3. Therefore, the buck or boost functionality is selected based on the ratio between the input and output levels. 

The second topology is the twisted buck-boost inverter based on the unfolding circuit, which is shown in Fig. 3.1b. The details regarding a twisted inverter based on the unfolding circuit are presented in [PAPER-V].The operational principle of this converter is slightly different to the first topology. The main difference is the number of switches and one operational mode. The converter works only with a buck-boost mode and does not require tracking the ratio between input and output voltages. The twisted inverter is based on the conventional buck-boost dc-dc converter with known gain factor:



					.	(3.7)

Switch S1 is responsible for generating necessary value of the output voltage, while S2 can be replaced by a diode for unidirectional power flow. The unfolding circuit is realized by transistors S3-S6 with low switching frequency.

A significant number of the semiconductors does not cause a significant switching loss, because only two transistors are switching in any operation point. The common mode voltage of any of these solutions does not have high-switching harmonic, as a result small size of the common mode filter is required.
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[bookmark: _Toc103555714]Figure 3.2 Equivalent circuits of buck-boost inverter based on unfolding circuit: buck mode (a)-(b), boost mode (b)-(c).

Then the buck-boost inverter based on the unfolding circuit operates in buck mode, and two states are used: active and zero. The equivalent circuits of the buck operation are shown in Figs. 3.2a and 3.2b. Two LC-filters provide small ripples at the output side during buck mode. Figs. 3.2b and 3.2c show the equivalent circuits of the boost mode. The purpose of the boost case is to store energy in the input coil and to transfer accumulated energy immediately to the load via the CLC-filter. 

As a first action, the Kirchhoff rules should be considered to obtain the basic equations of each equivalent circuit:





				, ,	(3.8)

where vL1 is the voltage on the input inductance, vLf is the voltage across the output inductor, iC1 is the current of the unfolding circuit capacitor, iCs is the current of the output capacitor, vIN is the input voltage, vOUT is the output voltage.

Fig. 3.3 shows the waveforms of the inductor currents and the voltages across the capacitors. A singularity of the buck mode is that all high-switching pulsations depend on the ripple of the input inductor current. Furthermore, the pulsation of the unfolding capacitor voltage depends on the current of the output inductor. The ripples of inductor Lf current depend on the capacitor voltages. Finally, the output capacitor fluctuation depends on the output inductor current. Thus, the filled areas of calculation in Fig. 3.3 are needed to obtain each high-frequency ripple:





		,,	(3.9)



			,	 (3.10)



				,	(3.11)

where ΔiL is a high-frequency ripple of the input inductor current, TS equals the PWM period, D is a duty cycle, D’ is an inverted duty cycle and equals 1-D, ΔvC1 is a high-frequency ripple of the unfolding circuit voltage (across capacitor C1), ΔiLf is a ripple of the grid inductance current, L1, Lf, C1, Cs are nominal values of the passive elements.
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[bookmark: _Toc103555715]Figure 3.3 High-frequency waveforms of ripples in the passive components: a voltage across the input inductor L1 (a), a triangular input inductor current (b), capacitor current iC1 (c), 2nd order shape voltage of the unfolding capacitor C1 (d), the voltage across output inductance Lf (e), 3d order shape of the output inductor current (f), the output capacitor current (g), 4th order shape of the output voltage (h).

The ripple of the input inductor current is a triangular waveform (Fig. 3.3b). 
The inductor current depends on the high-frequency ripple and the steady state value:





			, .	(3.12)

As mentioned, the buck mode has two LC-filters; they are working continuously during the buck mode. Therefore, the capacitor of the first LC-filter has the second order 
high-frequency pulsation. It corresponds to a parabola shape, as shown in Fig. 3.3d. 
The voltage expression of the capacitor C1 during active state is as follows:



				. 	(3.13)

The grid inductance current has the third order shape of ripple (Fig. 3.3f). 
The equations of the inductor current with an active and a zero state are shown below:



				,	(3.14)



				.	(3.15)

The voltage across the grid capacitor has the fourth order shape pulsation (Fig. 3.3h), which depends on the steady state value and the pulsations across the grid capacitor in the active state:



				.	(3.16)

Based on eq. (3.8)-(3.16) it is possible to obtain a linear system with 4 unknown variables. These unknown variables are ripples in passive components and the mathematical system has the following format:



			, 	(3.17)

where f is the PWM frequency. Solving of the system (3.17) gives the equations of the ripple in each passive component. 

[bookmark: _Toc103555747]Table 3.2 Expressions of passive components and duty cycle for buck and boost modes.

		Topology

		Buck-boost inverter 

based on unfolding circuit (Fig. 3.1a)

		Twisted buck-boost inverter 

based on unfolding circuit (Fig. 3.1b)



		Mode

		Buck

		Boost

		Buck-Boost



		Duty cycle

		



		



		





		Inductance L1

		



		



		





		Inductance Lf

		



		



		





		Capacitor C1

		



		



		





		Capacitor Cs

		



		



		





		Point of maximum

		



		



		









Usually, the ripple factor is used for the calculation of the passive elements:





				, ,	(3.18)





				, , 	(3.19)

where ILMAX, ILfMAX  are the maximum current values in inductances, VC1MAX, VCsMAX are the peaks of the capacitor voltages.

The next step of the calculation is to find the maximum ripple during the grid period because each expression depends on the phase of the output voltage. Taking the derivative reveals the maximum of the ripple.

Tables 3.2 and 3.3 contain the expressions with the values of passive components for the considered family of topologies. The maximum pulsation in the buck mode corresponds the point when the output voltage equals half of the input voltage. The point of maximum of the twisted buck-boost inverter coincides with boost mode points in another topology. The presented calculation approach allows to obtain values of the passive components with the predefined ripples.

[bookmark: _Toc103555748]Table 3.3 Values of passive components as a function of converter parameters.

		Topology

		Conventional VSI with

 boost cell (Fig. 2.2a)

		

Phase-integrated solution based on buck-boost cell (Fig. 2.2b) 



		Mode

		Buck

		Boost

		Buck

		Boost



		Inductance L1

		



		



		



		





		Inductance Lf (Lf1, Lf2)

		



		



		



		





		`Capacitor C1

		



		



		



		





		Capacitor CS

		



		



		



		





		Point of maximum

		



		



		



		









































[bookmark: _Toc103555749]Table 3.4 Current and voltage stress across passive components as a function of converter parameters.

		Topology

		Buck-boost inverter based on unfolding circuit (Fig. 3.1a)

		Twisted buck-boost inverter based on unfolding circuit (Fig. 3.1b)

		Conventional VSI with boost cell (Fig. 2.2a)

		Phase-integrated solution based on buck-boost cell (Fig. 2.2b)



		Mode

		Buck

		Boost

		Buck-boost

		Buck

		Boost

		Buck

		Boost



		Maximum current Inductance L1

		



		



		



+

		



		



		





		Maximum current Inductance Lf (Lf1, Lf2)

		





		Maximum voltage Capacitor C1, Cs

		





		Total voltage stress across high-switching transistors

		



		



		



		





		Total voltage stress across low-switching transistors

		



		



		



		0





In advance, Table 3.4 shows the current and voltage stress across passive components as a function of converter parameters for all compared topologies. It will be used for further comparative evaluation. Equations contain input power P, maximum output voltage VM and input voltage vIN and output voltage vOUT. The output voltage corresponds to the general case of ac and dc modes. If the dc mode is considered, this value is equal to the maximum output voltage VM, while in ac mode it is the absolute value of sinusoidal voltage waveform. 

Output filter (Lf) in the case of buck operation of BVSI is calculated according to the classical approach that takes into account the THD of the output current rated for 75% of maximum output power. This design approach does not differ from any other conventional inverter. It includes VINV output high-frequency component of the inverter voltage before filter. 

[bookmark: _Toc98431329][bookmark: _Toc98780097][bookmark: _Toc99064475][bookmark: _Toc99702384][bookmark: _Toc99702428][bookmark: _Toc100153236][bookmark: _Toc103184553][bookmark: _Toc104207700]Verification of the Filter Design

[bookmark: _Toc98431325][bookmark: _Toc98780093][bookmark: _Toc99064471][bookmark: _Toc99702381][bookmark: _Toc99702424][bookmark: _Toc100153237][bookmark: _Toc103184554][bookmark: _Toc104207701]Special Modulation Techniques

Several modulation techniques can be used for the proposed topologies. In general, the modulation method can lead to different conduction and switching loss, computational time, and quality of the output current and voltage. During calculation of the duty cycle for an open-loop system some reference signal such as vREF should be used. Basically, the reference signal corresponds to the expected output voltage. In the case of a grid connected closed-loop system the control block uses MPC for a generating reference signal. It is possible to highlight two main cases: the input voltage is less than the amplitude of the reference voltage vREF and when the input voltage is higher than the peak of vREF. In the first case, the converter will operate in buck and boost mode, depending on the comparison between input voltage and instantaneous reference value, as shown in Fig. 3.4a. If input voltage is higher than the reference signal, the buck mode with buck duty cycle is chosen: 



					.	(3.20)

where reference signal vREF is taken as absolute value because the output side is kept as positive for the input side during a negative half cycle. 

Otherwise, the converter will enter boost mode with a corresponding duty cycle: 



					.	(3.21)

where DBOOST is a duty cycle of the switch S3, while the main buck switch S1 is always turned on. 

These duty cycles are compared with high-frequency carrier signals to generate gate signals for each corresponding switch. At the same time, the unfolding signals can be derived by comparing the reference signal vREF with zero. The frequency of the unfolding circuit is the same as industrial grid frequency and equals 50 Hz. Fig. 3.4b shows the principle of signal generation for buck, boost and unfolding circuit switches. This case corresponds to a situation where the input voltage is lower than a peak of the reference signal. The modulation technique discussed is valid for a buck-boost inverter based on the unfolding circuit.
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[bookmark: _Toc103555716]Figure 3.4 Switching signals generation for the buck-boost inverter based on unfolding: the case when vIN is lower than the peak value of vREF (a) and PWM signals of each transistor (b).

The same approach is used for a twisted buck-boost inverter based on the unfolding circuit, but this circuit only works with one operational mode for the buck and boost feature. This regime can be called the buck-boost mode. 

The duty cycle similarly depends on the absolute value of the reference signal, and is calculated as follows:



					,	(3.22)

where DBB represents the duty cycle of buck-boost mode for switch S1. The unfolding signals are generated in the same way as in the first circuit. Fig 3.5 shows the principle of signal generation for the twisted buck-boost inverter based on the unfolding circuit. 
If apply duty cycle more than 0.5 the boost mode will be chosen, otherwise the system will work in buck mode.

Fig. 3.6a describes the operation principle of the conventional solution for universal PV application. A non-conventional modulation approach is considered for implementation. 
In some research studies it was called a time-sharing dual mode control scheme [53], [54]. A very similar control approach is called cooperative control [55]. The shape of the voltage across capacitor C1 follows the modulation voltage in the boost mode. In this case only boost transistors are working in the high-switching mode, while VSI transistors perform an unfolding function.
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[bookmark: _Toc103555717]Figure 3.5 Switching signals generation for twisted buck-boost inverter based on the unfolding inverter in a case when vIN is lower than the peak value of reference signal.

Figs. 3.6b and 3.6c illustrate the concept of universal applicability of the Phase-Modular Converter (PMC). In the first case, internal commutators (switches) SW1-SW3 are configured to provide sinusoidal output voltage (Fig. 3.6b). SW12 is conducting, while other commutators are switched off. In the second case, the commutators (switches) SW1 and SW3 are conducting, which leads to the connections of the positive output’s terminals of each cell providing only the dc component. The interleaved mode that is activated in this case reduces the output and input current ripple. 

A simple open-loop system was chosen as verification. The values of the ripple factors should be such that they avoid discontinuous current mode in inductances. For example, the ripple factor of input inductance was set at 20%. The unfolding voltage factor was also 20%, while only 5% was set for the output LC-filter ripple factors. The output inductance ripple factor is 10%. The lower power causes significant current pulsations in the inductances, which is why it was decided to calculate passive elements under 1 kW.  Moreover, the highest possible boost according to announced voltage range is 3.2. If the minimum input voltage equals 100 V, the maximum possible input power is 1 kW. 
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[bookmark: _Toc103555718]Figure 3.6 General operation illustration of the operation principle: boost and buck operations for conventional inverter with boost cell(a), phase-integrated solution based on buck-boost cell (b), 
dc-dc mode interleaved buck-boost cells (c).

Fig. 3.7 shows the simulation results from a software tool, PowerSim. The buck mode is shown in Figs. 3.7a, 3.7b and 3.7c. The input voltage was 500 V, and the output voltage was a traditional grid shape, which equalled 220 V of Root Mean Square (RMS). Based on the simulation results, it was found that the theoretical statements are only right in the phase of the maximum ripple, because a combination of two LC-filters or one CLC-filter with a resistance load causes phase shifting between currents and voltages. As the peak of the output voltage is 320 V, the phase of maximum ripple is 51 degrees in the buck mode. The unfolding capacitor ripple, which equals 21.1%. The ripple factor of the inductance L1 is 21.1% when the output inductance factor is 9.8 %. The output ripple factor is 4.3%.
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[bookmark: _Toc103555719]Figure 3.7 Simulation verification of the component design for the buck-boost inverter based on the unfolding circuit: the inductor current within 500 V of the input voltage (a), capacitor voltages in the buck case (b), the grid inductor current in buck case (c), the inductor current in the buck-boost case (d), the output voltage along with the capacitor voltage under 100 V of the input voltage (e), the grid inductor current in buck-boost case (f).

Figs. 3.7d, 3.7e and 3.7f correspond to the boost mode when the input voltage is 100 V. The point of the maximum ripple matches the peak of ac voltage and equals 90 degrees. The maximum input ripple factor is 19.8%. The voltage factors are 19.8% and 3.1%. 
The output inductor pulsation equals 9.2% while the theoretical factor is 10%. As a result, the simulation results show a precise conformation the theoretical calculation. 
The maximum discrepancy with a setpoint ripple factor is 1.9% in the output voltage.

[bookmark: _Toc100153238][bookmark: _Toc103184555][bookmark: _Toc104207702]Comparative Evaluations
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[bookmark: _Toc103555720]Figure 3.8 Calculation results of normalized passive elements in a range from boost 4 to buck 4: 
the input inductance values L1 (a), dependence of the grid inductance Lf (b), the unfolding capacitor C1 (c), and the grid capacitance CS (d).

Fig. 3.8 shows a comparison of passive elements for all topologies under a constant input current instead of a phase-integrated solution based on buck-boost cell. All passive components were designed according to the biggest ripple. Each parameter is normalized to the value of a single buck ratio (vIN p.u.= 1). The comparison considers a range from 4 boost to 4 buck ratios between the input voltage and the output peak. The x axis contains the input voltage, which is normalized on the peak of the output voltage. All theoretical ripples were the same as considered during the verification. Fig. 3.8a shows the comparison of the inductance L1. If we pay attention to all input voltage ranges, the inductance should be selected with the same value for all topologies. The capacitor C1 should be chosen higher in the twisted buck-boost inverter based on the unfolding circuit, as shown in Fig. 3.8b. Conventional VSI with boost cell requires a bigger nominal value for the inductor Lf, as demonstrated in Fig. 3.8c. Finally, the single buck-boost inverter based on the unfolding circuit needs the highest value of the grid capacitor CS (Fig. 3.8d).
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[bookmark: _Toc103555721]Figure 3.9 Comparative spider diagrams: buck operation in ac mode (a), Boost operation in ac mode (b), Buck operation in dc mode (c), Boost operation in dc mode (d).

Fig. 3.9 shows a comparison of the results between three topologies: buck-boost inverter based on the unfolding circuit, conventional VSI with boost cell and a 
phase-integrated solution based on buck-boost cell. Capacitance energy is approximately the same in all topologies. However, the buck-boost inverter based on the unfolding circuit has lower inductance energy. The maximum voltage stress across high-frequency switches is the phase-integrated solution based on the buck-boost cell, while other solutions have approximately the same lower values. Of course, the maximum stress on low-frequency switches is found in the first solution, because it has an unfolding circuit. The conventional VSI with boost cell is the better solution in terms of switching and conduction losses in comparison with other solutions. However, modern semiconductors on the market allow the possibility to significantly decrease power losses. That is why the buck-boost inverter based on the unfolding circuit can be considered the best solution for a universal concept for residential ac and dc grid application.

As a result, the final values of the passive elements were chosen. Table 3.5 contains the parameters of the passive elements and a model of switches for buck-boost inverter based on the unfolding circuit. The values of inductors were chosen for 1 kW input power for the buck case. The capacitor values were selected from the boost case. As unfolding circuit switches are low-frequency switches and do not generate switching losses, 
the switches should have a good drain source resistance but bad dynamic characteristics. 

[bookmark: _Toc103555750]Table 3.5 Components used for further simulations and experimental setup. 

		Topology

		Buck-boost inverter based 
on unfolding circuit

		Twisted buck-boost inverter 
based on unfolding circuit



		Inductance L1, L2

		1.6 mH

		1.6 mH



		Inductance Lf (Lf1, Lf2)

		0.33 mH

		0.68 mH



		Capacitor C1 (C2)

		1.3 µF

		1 µF



		Capacitor CS (CS1, CS2)

		1 µF

		1 µF







Research project [PAPER-IV] studies the interleaved features of the buck-boost inverter based on the unfolding circuit. The interleaved buck-boost inverter means using several buck-boost cells in parallel and a common unfolding circuit. As a result, 
the optimal number is two buck-boost cells, because with the second case the efficiency goes up, despite the cost. The third buck-boost cell will lead to a significant cost increase, but the efficiency does not go up significantly.

[bookmark: _Toc98431330][bookmark: _Toc98780098][bookmark: _Toc99064476][bookmark: _Toc99702385][bookmark: _Toc99702429][bookmark: _Toc100153239][bookmark: _Toc103184556][bookmark: _Toc104207703]Summary

Several solutions were selected as a universal converter that is applicable for the ac and dc grid. A comparative analysis based on several criteria was performed for choosing the most suitable solution. One of the main parameters is a volume of the passive elements that corresponds to energies in passive components. SSA allows to get a maximum 
high-frequency ripple in each component. The buck-boost inverter based on the unfolding circuit was chosen as an optimal solution for a universal converter.






[bookmark: _Toc98431331][bookmark: _Toc98780099][bookmark: _Toc99064477][bookmark: _Toc99702430][bookmark: _Toc100153240][bookmark: _Toc103184557][bookmark: _Toc104207704]Model Predictive Control as a Feasible Solution for Industrial Application

[bookmark: _Toc95121504][bookmark: _Toc95121530][bookmark: _Toc95121622][bookmark: _Toc95121638]Many circuits in power electronics use different existing techniques for control. 
The integral-based techniques are used in most cases for power electronic converters. For example, a Proportional Resonant (PR) controller provides high quality of the grid current [57], [58], [59]. Usually, a PR controller is the base for an inverter control system. Despite fundamental harmonics, the PR block can suppress unnecessary frequency of the grid current. On the other hand, to avoid additional harmonics a combination of different techniques can be applied in a single system [60]. Integrated control techniques eliminate the steady-state error [61]. Such methods work slowly and do not require a high sample rate. Delay is also an issue for the integral methods. The repetitive controller (RC) is one of the solutions to overcome the delay problems [62]. Another issue of integral methods is zero-crossing distortions under low input power, especially in unfolding circuit-based inverters. Fig. 4.1 shows the zero crossing distortions of the grid current. However, the integral control techniques do not provide high accuracy during a wide range of the input power.
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[bookmark: _Toc103555722]Figure 4.1 Zero-crossing distortion of the grid current in a twisted buck–boost inverter with unfolding circuit based a PR controller.

Another possible solution is a non-linear method, Model Predictive Control (MPC), which has become a popular algorithm in power electronics [63]. The MPC can be classified as a continuous control set (CCS-MPC) or as a finite control set (FCS-MPC) type. The continuous control MPC has a fixed switching frequency with modulator, while the FCS-MPC allows online optimisation and has a variable frequency. FCS-MPC requires a faster control unit, as shown in [64]. MPC solves several issues of the integral methods. The MPC cost function observes different parameters, such as power, voltage, current, and duty cycle. The MPC selects the exact variant of the suitable current value, which consequently improves accuracy.

[bookmark: _Toc98431332][bookmark: _Toc98780100][bookmark: _Toc99064478][bookmark: _Toc99702386][bookmark: _Toc99702431][bookmark: _Toc100153241][bookmark: _Toc103184558][bookmark: _Toc104207705]MPC for Twisted Buck-Boost Inverter Based on the Unfolding Circuit

The initial idea of the MPC strategy for inverters based on the unfolding circuit was presented in [65]. This chapter describes the implementation of CCS-MPC control block for a grid-connected twisted buck-boost inverter with the unfolding circuit. One of the main purposes is to reduce a zero-crossing distortion by using the MPC. Fig. 4.2a shows the functional structure of the control system with a pulse width modulator. Fig. 4.2b presents the general block diagram of the different gate signals by calculating the duty cycles. The MPC is a certain block of the control system. An indirect CCS-MPC permits calculation of the high-frequency ripple in the passive elements. High frequency sampling increases stability, because each PWM period is considered. However, the accuracy can be reduced because of limited opportunities for changing the power signals. 
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[bookmark: _Toc103555723]Figure 4.2 Structure of the control system based on MPC (a), Modulator structure for the twisted inverter based on the unfolding circuit (b).

The sample frequency is the same as the PWM frequency. The measurement delay is one cycle of the PWM. Accordingly, the system should also calculate power states during the previous period. The CCS-MPC provides control of the low-frequency unfolding circuit. The unfolding part signals are changed with regard to the sign of the predictive output capacitor voltage. 

Fig. 4.3 shows the shapes of the power states due to the switching of the main buck-boost transistor S1 [See Fig. 3.1b]. Regarding the signal shapes, some simplifications can be applied. The high-frequency ripple of the input inductor current has a triangular view as the output capacitor voltage. However, the shape of the grid current is a nonlinear signal. Thus, it is not easy to calculate values of the grid current for the next period of the PWM. The instant power signals create a shift for the higher harmonic of the grid current. 

The computational time is an important parameter when the MPC is used as a control block. Usually, the integral techniques calculate reference voltage faster than the MPC [66]. Thus, systems that provide an MPC with high horizon require expensive chips with a high computational burden [67]. As a possible option, the parallel working of DSP within FPGA chips allows to decrease the computational time of the MPC [68]. 

[image: ]

[bookmark: _Toc103555724]Figure 4.3 High-frequency waveforms of the states.

Fig. 4.4a shows the equivalent circuit that relates to the input energy storage. Fig. 4.4b depicts the second equivalent circuit, where the storage energy transfers to the grid. 
The resistances of inductances and switches were considered in the calculation. 
The voltage of the input capacitor CIN was equal to the input voltage, therefore input capacitor was ignored during the calculation. The differential equations were obtained for each equivalent circuit. 
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[bookmark: _Toc103555725]Figure 4.4 Equivalent circuits: The first state when the input inductor is accumulating the input energy (a), the case of the storage energy transferring to the grid (b).

The equation for the first equivalent circuit is as follows:



				,	(4.1)





		, , 	(4.2)

where RL is the input inductor resistance, RIN is the input side resistor, RSW1 is the resistance of the switch S1, C1 is the unfolding circuit capacitor, L1 is the input inductance. The second equivalent circuit is the third order equation. The differential equations are the following:



			, 	(4.3)





		, ,	(4.4)

where RSW2 is the resistance of the transistor S2, RUNF is the resistor of the unfolding switch. 

[bookmark: _Toc98431333][bookmark: _Toc98780101][bookmark: _Toc99064479][bookmark: _Toc99702387][bookmark: _Toc99702432][bookmark: _Toc100153242][bookmark: _Toc103184559][bookmark: _Toc104207706]Cost Function Based on the Grid Current

As a classical cost function, the grid current is a main parameter for regulation. For this, simple differential equations are useful for predictive values. A special assignment of the duty cycle is defined. The new value of the duty cycle may be chosen in 0.5-3% near the open loop voltage ratio. The expression of duty cycle has the next view:





			,  ,	(4.5)





				,  , 	(4.6) 

where vIN[k] is the input voltage level, vg[k+1] is the value of the grid voltage at the next PWM period.

The simple differential equations allow to obtain the predictive values for the next periods. The parameters of the input capacitance RIN and CIN have a small effect on the main inductor current. That is why these parameters were neglected. The predictive values are as follows:





			,  ,	(4.7)



			,	(4.8)

where iL[k], vC[k], ig[k], vg[k] are the initial values of the sample. 

In the second case the differential equation is more complicated, because the equivalent circuit is 3rd order system: 



				,	(4.9)



			,	(4.10)



			,	 (4.11)

Finally, the cost function of the system can be expressed as follows:



	,	(4.12)

[bookmark: _Hlk66702505]where Wj1: W11, W12, W13, Wj2: W21, W22, W23 are fixed weight factors. The choice of weighting factors is an open problem in MPC applications. The conventional design approach is to determine the weighting factors heuristically [69].
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[bookmark: _Toc103555726]Figure 4.5 Simulation results of the grid-connected inverter with MPC based on the grid current: with a single horizon (a), with the second horizon (b) and with third horizon (c).

Fig. 4.5 shows the simulation results of the closed-loop system based on the MPC along with the traditional cost function. The twisted buck-boost inverter based on the unfolding circuit is used for simulation. The input voltage equals 350 V and a peak of the grid current reference signal is 3A. The grid voltage is a traditional 220 V of RMS. 
The simulation results were performed for different depths of predictive horizon. As a result, one horizon level of MPC cannot provide a necessary grid current and creates a zero-crossing distortion, as shown in Fig. 4.5a. The second level of horizon allows to eliminate zero crossing distorting, but the grid current is still not sinusoidal shape 
(Fig. 4.5b). The simulation results with the third horizon level showed the best regulator performance, because the grid current was significantly better and similar to a reference grid signal (Fig. 4.5c). But THD value is still not acceptable in the third case. Moreover, 
a large number of incrementation steps for duty cycle (iteration) require fast computation and good performance chips. The iteration number is 24 for each level of predictive horizon. If calculating a number of iterations for the third horizon level, it will be 243=13824. Of course, the further horizon level will increase quality of the grid current, but the number of computational efforts is unacceptable for practical implementation.

[bookmark: _Toc98431334][bookmark: _Toc98780102][bookmark: _Toc99064480][bookmark: _Toc99702388][bookmark: _Toc99702433][bookmark: _Toc100153243][bookmark: _Toc103184560][bookmark: _Toc104207707]Cost Function Based on the Input Inductor Current

The traditional cost function is not sufficient for ensuring a good grid current, as shown in the previous subchapter. The main reason is that the system is a non-minimum phase system, especially in boost mode [70], [71]. Therefore, another approach for a cost function should be applied. Often, the system goes over the stability, because the input inductor current is not under control when it is controlling the grid current. Thus, 
the input inductor current should be added in the final cost function. Based on the hypothesis let consider the input inductor current as a main parameter for control. 

The first condition that is needed is that the grid current has very low high-frequency ripple, because of an output filter. That is why the next predictive values of the grid current can be considered as similar during several samples:



				,	 (4.13)

where ig[k+3], ig[k+2], ig[k+1] are predictive values of the grid current for the next PWM periods.

The second important assumption is that the duty cycle should change slowly, because it should not be a sharp current step in the nominal operation. This approach allows to decrease computational time, because instead of range: from 0 to 100%, the system will choose the next duty cycle value across a previous value. The previous value of the duty cycle must be kept in the memory of the microcontroller. The new value of the duty cycle can be found, for example, at 5-10% near the previous value:



					,	(4.14)

where D[k] is the previous value of the duty cycle.

As mentioned in the previous subchapter, the deeper predictive horizon increases the quality of the grid current. Thus, the second horizon was chosen. The cost function of the MPC in this case has the next view: 



			,	(4.15)

[bookmark: _Hlk64229865][bookmark: _Hlk66702978]where i`L[k+j]: i`L[k+1], i`L[k+2], iL[k+j]: iL[k+1], iL[k+2] are predictive values of the inductor current during the next PWM periods, iLREF[k+j]: iLREF[k+1], iLREF[k+2] – reference values of the inductor current. The system should calculate only 2 equations instead of 6, as it was in a traditional cost function. 

Fig. 4.6 depicts the simulation results of grid-connected system for special cost function based on the inductor current. The boost case is shown in Fig. 4.6a, when the input voltage is 160 V. The input power equals 650 W and the grid current peak is 4 A. Fig. 4.6b shows the simulation results for buck mode with a single voltage ratio. The input voltage equals the peak of traditional grid voltage, i.e. 320 V. The grid current peak is 7 A, which corresponds to 1.1 kW of the output power. Fig. 4.6c shows the simulation result under 450 V of the input voltage. So, the simulation results confirm the hypothesis regarding non-minimum phase system. The number of iterations equalled 5, which simplified the computation process. The second approximated horizon was used in addition. The overall number iteration is 10. 
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[bookmark: _Toc103555727]Figure 4.6 Simulation results of the main operation mode. The waveforms of the output capacitor voltage, the grid voltage and the grid current at the input voltage 160 V (a), the input voltage equals 320 V (b), and the input voltage is 450 V (c).

[bookmark: _Toc98431335][bookmark: _Toc98780103][bookmark: _Toc99064481][bookmark: _Toc99702389][bookmark: _Toc99702434][bookmark: _Toc100153244][bookmark: _Toc103184561][bookmark: _Toc104207708]Summary

This chapter demonstrated the main principle of the CCS-MPC block for a grid-connected system. It considered two ways for implementation of the MPC: with traditional cost function based on the grid current, and a special cost function based on input inductor current. It defined that the boost mode can be considered as a non-minimum phase system. The number of iterations for traditional approach was 243=13824, while the special approach needed only 10 iterations for low THD of the grid current.  




[bookmark: _Toc100153245][bookmark: _Toc103184562][bookmark: _Toc104207709]Technology Demonstrator of the Universal Converter

[bookmark: _Hlk98526274]Two buck-boost inverters based on the unfolding circuit were designed for the universal solar concept. Altium Designer was the main hardware designer for all PCBs. The further text explains the experimental results with real prototypes. The grid-connected system based on the MPC was considered. Two power boards and a control board were designed for experimental verification. All inductances are connected by external terminals. 
The auxiliary supply of the control and measurement board was 12V and corresponds to 10 W of the power losses during converter operation.  

[bookmark: _Toc98780105][bookmark: _Toc99064483][bookmark: _Toc99702390][bookmark: _Toc99702436][bookmark: _Toc100153246][bookmark: _Toc103184563][bookmark: _Toc104207710]Control and Measurement System

The control board is shown in Fig. 5.1. The board has 5 isolated voltage and 3 isolated current sensors. The voltage sensor contains a power resistance divider with an isolated opto-element. The item ACS720 is used as a current sensor. The current sensor generates a hardware protection signal, which is overcurrent detection with the digital output. Moreover, the slow and fast overcurrent detection exists in the current sensor to determine what the type of fault is: simple overcurrent value without burned switches or something has burned out and it is now a short circuit. Hardware protection emits a signal to the microcontroller to stop the system as soon as possible. So, all sensors are isolated from the low-voltage control part. Finally, the useful signal goes to the Analog to Digital Converter (ADC) of microcontroller. The differential signals are used for avoiding the common mode interference. Every voltage sensor has a varistor for safety at the overvoltage. The board contains two mechanical relays. The relays are placed in a grid measurement side. The relays allow to connect or disconnect the grid side of the converter. 
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[bookmark: _Toc103555728]Figure 5.1 Control and measurement board for experimental verification.

Texas Instruments microcontroller TMS320F280379D is one of the best chips for power electronic application. This model of microcontroller is used as the ‘brain’ of the control board. External crystal frequency is 10 MHZ for MCU. However, internal Phase Locked Loop (PLL) multiplies the crystal frequency 20 times to get a clock frequency of 200 MHz. MCU TMS320F280379D has 2 independent cores. Both have additional low core with low computational capability, as can be seen in Fig. 5.2. The MCU contains 12 complementary PWM blocks. Every complementary PWM block has A and B channels. Code Composer Studio from Texas Instruments is an environment for the coding and programming of the microcontroller. Besides hardware safety elements and signals, the software safety system also has a place in the control system. The software protection system takes measured values and compares them with safe limits. In the case of a fault, the system stops and creates a free-wheeling state by switching the necessary transistors. The control system stops relays as well if a fault has occurred. The MCU has a trigonometrical hardware unit that can quickly calculate sinus, cosine or tangent rapidly. All control registers have a duplicate register for shadowing mode. The shadow mode loads data at a clear time. 
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[bookmark: _Toc103555729]Figure 5.2 Functional Block Diagram of Microcontroller TMS320F280379D.

When talking about MPC implementation, the deeper prediction level increases the quality of the grid current. However, the time of conversion is limited by the sample period and the number of iterations is consequently bounded. The system delay is one sample period due to the shadow mode. A new duty cycle value is set at the start of the next PWM period. 

Fig. 5.3 shows the block flowchart of the MPC algorithm of each sample. The sample starts with the emitted signal from the ending of ADC conversions. The next step is to check measured values and identify a fault if it has occurred. If every power signal is fine, the algorithm goes to PLL for continue a grid voltage synchronisation (Fig. 5.3a). The next important act is to distribute the MPC cycle between the cores (Figs. 5.3b and 5.3c). 
For example, the first core is a master core, that enables another core. Each core has its own MPC cycle range. Each core operates independently and parallel to other cores. 
All results of minimum cost function and the corresponding duty cycles are gathered together in the master core after calculation. The master core compares all results and finds the minimum cost function with a suitable duty cycle. Finally, the duty cycle will be applied in the PWM block. Approach to distribution of the MPC task increases the amount of iteration and a deeper prediction level can be used. 
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[bookmark: _Toc103555730]Figure 5.3 Block diagram of the nominal mode with the multicore’s distribution: the main core flow of system (a), MPC cycle algorithm (b), the second core flow diagram (c). 

[bookmark: _Toc98431337][bookmark: _Toc98780106][bookmark: _Toc99064484][bookmark: _Toc99702391][bookmark: _Toc99702437][bookmark: _Toc100153247][bookmark: _Toc103184564][bookmark: _Toc104207711]Twisted Buck-Boost Inverter Based on Unfolding Circuit

Fig. 5.4 depicts the experimental prototype of twisted buck-boost inverter based on the unfolding circuit. The experimental prototype consists of power board and a control board. The filters were chosen in according to Chapter III. The rating of the passive elements, transistor limits and other parameters are listed in Table 5.1. The high-frequency transistors S1, S2, are executed on the SiC MOSFET C2M0080120D. An alternative unidirectional option is to use a diode instead of transistor S2. A SiC diode D1 C3D10012A is suitable for that topology. The unfolding circuit does not require a transistor with a good dynamic characteristic but needs switches with low static losses. Transistor IPB60R060P7ATMA1 is used for unfolding circuit switches. 

[bookmark: _Toc103555751][bookmark: _Hlk57586048]Table 5.1 Experimental prototype specifications.

		Parameter

		Value



		Unfolder Capacitor C1

		1.3 µF, 600 V



		Input Capacitor CIN

		150 µF, 500 V



		Grid Capacitor CS

		1 µF, 600 V



		Input Inductor L1

		1.7 mH, 15A



		Output Inductor Lf

		0.7 mH, 10 A



		Switch S1, S2

		C2M0080120D, 1200 V



		Switches S3-S6

		IPB60R060P7ATMA1, 650 V



		Input Resistance RIN

		0.1 Ω



		Grid Resistance Rg

		0.1 Ω



		Input Inductor Resistance RL

		1.0 Ω



		Ouput Capacitor Resistance RC

		0.1 Ω



		Ouput Inductor Resistance RLf

		0.5 Ω



		Resistance of S1, S2

		0.08 Ω



		Resistance of S3-S6

		0.06 Ω



		Sample Frequency fsample                                               

		62.5 kHz



		PWM Frequency fPWM                                                      

		62.5 kHz



		Grid Frequency fg                                                             

		50.0 Hz



		Grid Voltage Amplitude VM                                             

		320 V







Digital oscilloscope Tektronix MD04034B-3 helps to determine power signal shapes along with using current probes Tektronix TCP0150 and voltage probes Tektronix 
TPA-BNC. Power Analyzer Yokogawa WT1800 measures the efficiency with high tolerance and allows to estimate the performance of any converter. 
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[bookmark: _Toc103555731]Figure 5.4 The experimental prototype of the buck-boost twisted inverter based on unfolding circuit with the control board.



[bookmark: _Toc98780107][bookmark: _Toc99064485][bookmark: _Toc99702392][bookmark: _Toc99702438][bookmark: _Toc100153248][bookmark: _Toc103184565][bookmark: _Toc104207712]Solving of Zero Crossing Distortion

One of the hypotheses is that the zero-crossing distortion can be reduced by synchronous switches. One possible option is to analyse the influence of shifting between the 
buck-boost cell and unfolding circuit in terms of the zero-crossing distortion. A second way focuses on the influences of synchronous switch S2 on the zero-crossing distortion. 

Fig. 5.5 shows the experimental results of the open loop system with resistance load for different cases of zero-crossing distortion. The input voltage equals 250 V and the input power is 250 W. The experimental results without additional control for zero-crossing distortion are shown in Fig. 5.5a. It is possible to see significant zero-crossing distortion in the output voltage. The input current and input inductor currents are the same as considered in theoretical part and do not fall to negative values. The voltage before unfolding circuit is a green line and corresponds to vAB.

The second scenario is to make a shift between buck-boost cell and the unfolding 
part by control. Fig. 5.5b shows the experimental results of the second approach. 
The zero-crossing distortion was reduced but not eliminated. However, for each point of input voltage and power it requires re-tuning each time. That is why this approach works but requires an additional autotuning each time.

The third approach is to use synchronous switch S2 instead of a simple diode. 
The main principle of operation in the third case is to discharge unfolding capacitor through the input inductance. That is why the input inductor current goes to a negative value across output zero. This method increases the quality of the output voltage at 
any point of the input voltage and power as it is shown in Figs. 5.5c and 5.5d. So, 
the zero-crossing distortion is eliminated by synchronous switch, which reduces THD of the output voltage.
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[bookmark: _Toc103555732]Figure 5.5 Experimental results in off-grid mode without synchronous switching and separate control (a), without synchronous switching and with separate control (b), with synchronous switching and with separate control (c)-(d).

[bookmark: _Toc98780108][bookmark: _Toc99064486][bookmark: _Toc99702393][bookmark: _Toc99702439][bookmark: _Toc100153249][bookmark: _Toc103184566][bookmark: _Toc104207713]Efficiency Estimation 

The efficiency profile is shown in Fig. 5.6. The efficiency was estimated based on diode and synchronous switch. The auxiliary power loss was 10 W and was not taken into account during an efficiency estimation.
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[bookmark: _Toc103555733] Figure 5.6 Efficiency versus input power in with constant input voltage (a), Efficiency versus input voltage with constant input power (b).

The peak value of efficiency is around 95%. The point of maximum efficiency is different under different input voltages. The solid curve corresponds to efficiency based on synchronous switch, while the spilt line is for efficiency based on diode. The peak of efficiency belongs to the input power 300 W, under a lower input voltage (Fig. 5.6a). When increasing an input voltage, the currents decrease, and efficiency rises. 
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[bookmark: _Toc103555734]Figure 5.7 Efficiency study of the twisted buck-boost inverter based on the unfolding circuit solution: thermal picture for 350 V and 1150 W (a)-(b), and for 250 V and 550 W (c)-(d).

Fig. 5.6b shows the dependences of the efficiency versus the input voltage. The input power was measured in a range from 100 W to 1300 W, but only two cases are depicted. The first pair of lines correspond to 250 W of the input power. The peak of efficiency is located at low values of input voltage. Further increasing in the input voltage will decrease efficiency. In the second case, the power is 850 W. The peak efficiency belongs to the higher value of the input voltage.

Fig. 5.7 demonstrates photos from the thermal camera for two cases of the input voltage and power. The first case corresponds to 250 V of the input voltage and 550 W of the input power in ac mode. The efficiency at this point is 96%. In the second case the efficiency is 95%. This point belongs to 350 V of the input voltage and 1150 W of the input power. 

The temperature of the semiconductors is significantly higher in the case of higher input power. Figs. 5.7a and 5.7c show the high frequency switches, while Figs. 5.7b and 5.7d correspond to the unfolding transistors. All transistors have an acceptable temperature and do not go over 90 ᵒC. From the thermal pictures it is possible to conclude that the switch S1 generate larger power losses in comparison with another high switching transistor S2. Also, the efficiency of inverter based on synchronous switch S2 is higher than in a case based on diode D1.

[bookmark: _Toc98780109][bookmark: _Toc99064487][bookmark: _Toc99702394][bookmark: _Toc99702440][bookmark: _Toc100153250][bookmark: _Toc103184567][bookmark: _Toc104207714]Experimental Results of Grid-Connected System

[bookmark: _Hlk56677701][bookmark: _Hlk57282643]The grid-connected system was tested based on the MPC. The load of the converter is autotransformer, which is connected to the ac grid. 
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[bookmark: _Toc103555735]Figure 5.8 Experimental results of grid-connected system for low input power: the waveforms of the input and output voltages and currents for the lower input power in the case of high boost (a), double boost (b), only buck (c) and with higher buck ratio (d).



Firstly, the system was tested for low grid current. Figure 5.8 shows the experimental results of the twisted buck-boost inverter based on the unfolding circuit connected to the grid for 1 A of the grid current. The low power has a significant ripple and complicates the task for a regulator. However, the MPC provides good quality of the grid current even under low power. The main advantages of the twisted buck-boost inverter based on the unfolding circuit are only one mode existing for boost and buck functionalities and the low number of switches. Figs. 5.8a and 5.8b show the experimental results for boost cases. At the same time, the buck cases are shown in Figs. 5.8c and 5.8d, the input voltage is 320 V and 450 V respectively. THD of grid current was 3.15% in a boost case and was no more than 3% in buck cases. The higher buck case belongs to 450 V of the input voltage. The higher boost case causes the high ripple in the input current. 
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[bookmark: _Toc103555736]Figure 5.9 Experimental results of twisted buck-boost inverter connected to the ac grid: the waveforms of the input and the output voltages and currents for the higher input power at the input voltage 100 V (a), 160 V (b), 320 V (c) and 450 V (d)

On the other hand, the main drawbacks are the high stress on the semiconductor and high current in input inductor current. The switch stress equals the sum of input and output voltage values. It is similar for the inductor current: it equals the sum of input and output current values. The maximum rate current for input inductor is 15 A and going over this current makes no sense, because the value of inductance will drop. However, the MPC should consider the exact value of the inductance, and, if it is changing in real time, the system can become unstable. A higher buck case corresponds to the most voltage stress on high switching transistors. 

Fig. 5.9 shows the experimental results of a grid-connected system for a higher input power. The inductor current reaches 14 A in a peak. For example, when the input voltage equals 100 V and input power equals 550 W, the inductor current reaches 14 A (Fig. 5.9a). The second boost point is shown in Fig. 5.9b. The input voltage is 160 V and input power equals 800 W. The grid current peak is 4 A. THD value was less than 5% in boost range. The buck cases are shown in Figs. 5.9c and 5.9d. The maximum power was 1.1 kW. 
THD values of the grid current were less than 3%. The voltage stress reaches 850 V when input voltage is 450 V. The results show that a zero-crossing distortion appeared in the higher buck ratio, but it is not significant. The reason lies in synchronisation.

Another interesting test is the behaviour of the system under dynamic changing of the input voltage. Fig. 5.10 demonstrated the experimental results under the input voltage variations. The input voltage change is changed by spinning of the power supply. 
Fig. 5.10a shows the fine changing of the input voltage. It is possible to see that the grid current is stable and does not have any spikes. The input voltage was changed from 
360 V down to 260 V. The grid current peak is 3.5A. Figs. 5.10b and 5.10c depict the experimental results under a sharp input voltage change. The programmable dc supply provides a fast voltage step. The time of the step is 4-5 periods of the grid. The grid current is stable and does not have any distortions or transients. THD value of the grid current is shown in Fig. 5.10d and is 3.63%. In summary, the system is stable under input voltage variations.
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[bookmark: _Toc103555737]Figure 5.10 Experimental results under the input voltage variation from 360 V to 260 V (a)-(c); THD value estimation of the grid current (d).

[bookmark: _Toc98431338][bookmark: _Toc98780110][bookmark: _Toc99064488][bookmark: _Toc99702395][bookmark: _Toc99702441][bookmark: _Toc100153251][bookmark: _Toc103184568][bookmark: _Toc104207715]Buck-Boost Inverter Based on Unfolding Circuit

The interleaving of the high-switching cell is a common approach for industrial solutions (Fig. 5.11). The high efficiency and compact size of inductors are features of the interleaved approach [PAPER-IV]. The grid voltage of ac is 230 V, while the dc grid voltage can be considered in the range of 350 V to 400 V.
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[bookmark: _Toc103555738]Figure 5.11 Buck-boost 3.6 kW ac (5 kW dc) dc-dc/ac solar converter based on the unfolding circuit with interleaved function.

Converter specifications along with the output filters are shown in Table 5.2. 
The values of the passive elements correspond to the presented design guidelines from Chapter 3. Table 5.2 contains semiconductor models, that were selected for the experimental prototype. The unfolding circuit does not require a semiconductor with good dynamic characteristics but needs a low resistance. MOSFET FCH060N80 was chosen for unfolding circuit. On the other hand, the SiC transistor C3M0021120K was chosen for high-frequency switches S1, S4, S5, S8. At the same time, the transistor IMZ120R030M1H was selected for other high-frequency transistors S2, S3, S6, S7. 
All selected semiconductors have significant voltage breaking value. 

[bookmark: _Toc103555752]Table 5.2 Prototype parameters and components.

		Parameter

		Value (Size)



		Capacitors C01 = C02

		2.1 mF (0.57 dm3)



		Capacitor C1 

		1.3 µF (0.009 dm3)



		Inductors L1, L2

		1.6 mH (0.55 dm3)



		Output inductor Lf

		330 µH (0.27 dm3)



		Grid side capacitance CS

		1 µF (0.008 dm3)



		Switching frequency f

		62 kHz



		High switching frequency transistors S2, S3, S6, S7 

		IMZ120R030M1H



		High switching frequency transistors S1, S4, S5, S8

		C3M0021120K



		Unfolding circuit transistors T1-T4

		FCH060N80







Fig. 5.12 shows the laboratory experimental prototype of the universal 3.6 kW ac 
(5 kW dc) dc-dc/ac converter. All switches have a common heatsink. At the same time, the converter has two boards: power board and control board. There are several aims that were targeted to achieve. The first purpose is to evaluate operation of the 
buck-boost inverter based on the unfolding circuit during dc and ac grid connections. 
The second goal is an efficiency study in the dc and ac grid modes. The different PV profiles can be connected to the universal solar converter. Moreover, another task is to connect different types of loads to the converter: resistor, capacitor, inductive, active and grid loads. 

[image: ]

[bookmark: _Toc103555739]Figure 5.12 Experimental laboratory 3.6 kW ac (5 kW dc) prototype of the universal single-phase dc-dc/ac solar converter based on buck-boost inverter with unfolding circuit.

[bookmark: _Toc99064489][bookmark: _Toc99702396][bookmark: _Toc99702442][bookmark: _Toc100153252][bookmark: _Toc103184569][bookmark: _Toc104207716]Dc-ac Mode

Ac operational mode was tested with the grid-connected and open-loop system (grid-off mode). Fig. 5.13 refers to the experimental results of steady-state operation of 
grid-connected system based on MPC and the grid-off mode. The operation of the universal solar converter in the off-grid mode is presented in Fig. 5.13a. The input power is 3.3 kW. The converter is working as expected. The second case is capacitive load, which is shown in Fig. 5.13b. The input power was reduced two times and set a 15 µF in parallel to the resistance load. The phase shifting between output current and voltage in a case of the capacitive load. The third case is shown in Fig. 5.13c, which corresponds to the inductive load. The additional 2 mH inductance was added in series to the load. 
The phase shift between the output voltage and current is low. The last off-grid test is an experiment with a nonlinear load. A simple half-bridge rectifier with a large electrolytic capacitor and resister was used. The output voltage is slightly distorted but has a good THD value. The THDV of the output voltage is 4%, while output current THDI is around 30%. However, at the present time commercial uninterruptible power supply (UPS) does not provide and ideal output sinusoidal voltage. 

The experimental results for the ac grid-connected system are depicted in Fig. 5.13e and 5.13f. The active power result is illustrated in Fig. 5.13e with the half of the maximum input power. The current THD value is less than 3%. Higher input power leads to the higher quality of the grid current. The last interesting test is a pure reactive power injection possibility (Fig. 5.13f). This feature is useful in some actual applications. Despite the fact that the results have distortions in the reactive mode it is not significant. 
The distortion appears because the unfolding circuit is working as a hard switching part. The unfolding circuit switching leads to appearing current fall or spike, which can be eliminated by control. However, the control system should be tuned each time for different input voltage and power values. 
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[bookmark: _Toc103555740]Figure 5.13 Experimental results of the ac operation modes: open-loop system with resistance load (a), capacitive load of the closed-loop system (b), inductive load of closed loop system (c), nonlinear load with a closed loop system for voltage control(d), grid-connected mode with active power (e), reactive power injection in the grid-connected mode (f).

Fig. 5.14 shows the experimental results for current jump cases of the off-grid mode and the grid-connected system. Fig. 5.14a shows the possibility to inject distorted current into the grid, while the grid voltage is a traditional 220 V. This feature can be used 
for utility grid and islanding detection. The good dynamic characteristics of the 
converter by using the MPC is presented. In the second case, the off-grid mode is used (Fig. 5.14b). The grid current reference also has the same distortion. However, 
the voltage replays the grid current reference in the off-grid mode. Thus, the type of load can be detected by such an approach. Moreover, a nonlinear MPC control offers fast reacts on any distorted current reference and provides low THD value of the grid current in a grid-connected case. 

[bookmark: _Toc103555741][image: ]

Figure 5.14 Experimental results in transient conditions: distorted reference current in the ac grid-connected system (a), distorted reference current with a resistance load (b).

[bookmark: _Toc99064490][bookmark: _Toc99702397][bookmark: _Toc99702443][bookmark: _Toc100153253][bookmark: _Toc103184570][bookmark: _Toc104207717]Dc-dc Mode

The dc-dc mode was tested for different PV profiles. Benchmarking considers ideal operation conditions without shading and high temperature. The experimental tests considered photovoltaic panels available on the market. Several solar panels were considered: CSM300-60, CSM340-120 and JHM4/72BH445. These modules can be connected in series for increasing the input power and voltage values. The maximum possible voltage of the PV string is limited and equals 1.5 kV. Consequently, 36 panels can be connected in series by PV string. For example, the first profile considered a PV string of 12 solar panels of CSM300-60. The second PV array profile consists of 11 panels of CSM340-120. The last profile comprises in PV string 8 panels of JHM4/72BH445. Table 5.3 lists the parameters of the considered PV profiles. 

[bookmark: _Toc103555753]Table 5.3 PV array profiles considered during experimental evaluations.

		Profile

		Type of PV

		N of panels

		VOC, V

		VMPP, V

		ISC, A

		IMPP, A

		PMPP, kW



		1

		CSM300-60

		12

		478

		391

		9.8

		9.2

		3.6



		2

		CSM340-120 

		11

		455

		375

		10.1

		9.8

		3.68



		3

		JHM4/72BH445 

		8

		394

		329

		11.3

		10.8

		3.55







Fig. 5.15a shows the converter input voltage and power range, MPPT operational range and the selected profiles characteristics. The Maximum Power Point (MPP) value is 3.6 kW for all considered profiles. The maximum dc current is 10 A. The input voltage is changing from 100 V to 500 V. The Maximum Power Point Tracking (MPPT) is working from 150 V to 490 V. The nominal voltage of the dc grid is chosen as 380 V. The maximum input current of converter is considered as 15 A. The power of the solar panel depends on the solar irradiance, which effects voltage and current of the panel. That is why the efficiency was measured under different solar irradiances for selected solution. Different irradiance values make a shift of the MPP, while the voltage falls a little. The solar simulator equipment Chroma 62150H-1000S was used as an input voltage source for the experimental prototype. The same irradiance values were applied for all considered profiles. 

The short circuit of the first profile is around 9.2 A, while the open circuit voltage is around 480 V (Fig. 5.15b). The second profile is selected for higher short circuit current 10 A and a lower open circuit voltage, which is near 450 V. For the third profile the short circuit current is chosen as 11.3 A ad open circuit voltage is 390 V.
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[bookmark: _Toc103555742]Figure 5.15 The input voltage and power range of universal converter (a), Characteristics of different PV profiles at different solar irradiance levels for universal single-phase dc-dc/ac converter (b).

Fig. 5.16 shows the experimental results for dc grid operation. The experimental pictures contain results for different profiles. For example, Figs. 5.16a and 5.16b are devoted to the second profile. These pictures show the MPPT transient process and a pre-charging of the output capacitor CS. The pre-charging process is needed in the grid to avoid current spikes during the relay switching. The steady-state waveforms are shown in Figs. 5.16c and 5.16d, which correspond to profile 3. The ripple of the grid current is 0.15A, while the ripple of the input current is 0.97 A. Such ripple values are acceptable for PV applications. The last two pictures (Figs. 5.16e and 5.16d) show the experimental results for profile 1. These pictures contain transient responses when the universal solar converter is disconnecting from the dc grid by the relay. The rapid reference current value does not create a huge spike in the grid current and voltage. 
The suppressor capacitor provides a soft transient process during stopping of the system and relay disconnection. The input inductors are short circuited by control for safety path of the inductance’s currents. The converter showed good performance in dc mode. 
The MPC control block also was used for the dc-dc operational mode, which also provides a stable operation of the converter under different input voltage and power values. 
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[bookmark: _Toc103555743]Figure 5.16 Experimental results of a universal solar converter in the dc-dc mode, PV and grid voltage and current: during MPPT operation for profile 2 (a), high ripples in profile 3 (c), switch-off waveforms in profile 1 (e). The waveforms of the input inductor current and output capacitor voltage along with the grid side: during MPPT operation for profile 2 (b), ripple with profile 3 (d), switch-off waveforms for profile 2 (f).





[bookmark: _Toc99064491][bookmark: _Toc99702398][bookmark: _Toc99702444][bookmark: _Toc100153254][bookmark: _Toc103184571][bookmark: _Toc104207718]Efficiency Study

The efficiency was estimated in the dc and ac modes of an off-grid system. At the same time, the efficiency of the converter was estimated for a closed-loop system and for different PV profiles in dc mode. Fig. 5.17a shows the efficiency lines for different PV profiles based on the different irradiation values. The maximum efficiency is 98.8%. 
The California Energy Commission's (CEC) efficiency is used for an efficiency study. 
The first PV profile showed better performance, while other two profiles correspond to a boost operation. CEC efficiency of profile 1 is 98.37%, and for the second and the third profiles CEC efficiency is 97.64% and 97.13% correspondingly. 

On the other hand, the universal solar converter has an unfolding circuit as a redundancy for dc-dc operational mode. However, the unfolding circuit creates only conduction losses. It is easy to calculate the efficiency of the converter without contribution of the unfolding switches. Fig. 5.17b shows the efficiency curves for PV profiles without the unfolding circuit. The maximum efficiency value is increased to 99.02%. However, the maximum CEC efficiency was increased by just 0.14%. Similarly, the CEC efficiency of other profiles is less than first profile performance. 
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[bookmark: _Toc103555744]Figure 5.17 Experimental efficiency of the prototype under different PV profiles and with different solar irradiations: with unfolding circuit (a), without unfolding part (b), efficiency versus input voltage with constant input current with ac and dc mode (c), efficiency versus input power with constant input voltage with ac and dc mode (d).

At the same time, the efficiency study was performed for off-grid dc-dc operational mode. The input power was changed from 150 W to 5 kW. The peak efficiency again was more than 98%. The main reason of this performance is a minimum number of semiconductors switching. Figs. 5.17c and 5.17d shows the comparison results of the efficiency measuring between dc and ac mode and with different constant values of the input current. The blue lines correspond to dc-ac mode, when the red lines belong to 
dc-dc mode. The first value of the input current is 1 A (Fig. 5.17c). The efficiency is low during the whole input voltage range. The reason for this is auxiliary power supply consumption that is constant and equals 12 W. The efficiency fall in a case of input voltage drop is explained by the lower level of the input power. In the second case the input current value is 8 A. The efficiency is significantly higher. However, the curves kept the same features as were seen with a lower input current value. Efficiency drops and rises in the same way. The last picture with efficiency curves is Fig. 5.17d. The peak of the efficiency corresponds to the maximum input power. The difference in the efficiency between dc and ac modes is around 1% in the nominal input power. Due to a higher efficiency in dc-dc mode, the input power was increased up to 5 kW. 

Fig. 5.18 shows the thermal pictures of the universal converter under an operation in dc. The temperature of the switches does not reach more than 50 ⁰C under the maximum input power value (Fig. 5.18b). The maximum temperature of the unfolding switches was around 40 ⁰C (Fig. 5.18a). The heatsink temperature was around 42 ⁰C. 
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[bookmark: _Toc103555745]Figure 5.18 Thermal pictures of the solar converter under a maximum power point operation: unfolding transistors (a), buck-boost cell switches (b).

[bookmark: _Toc99064492][bookmark: _Toc99702399][bookmark: _Toc99702445][bookmark: _Toc100153255][bookmark: _Toc103184572][bookmark: _Toc104207719]Summary

Two laboratory experimental prototypes were shown in this chapter. These experimental prototypes were implemented based on the control and measurement board, which have 5 voltage and 3 current sensors. The brain of the control board is the multicore MCU that can split the MPC task between cores and decrease computational time. It was found that the synchronous switches should be used instead of a simple diode for reducing a zero-crossing distortion in topologies based on the unfolding circuit. A twisted buck-boost converter was investigated in terms of closed-loop system based on MPC, while the single-phase buck-boost inverter was studied in terms of dc and ac functionality. Finally, the efficiency study was performed for all prototypes. As a result, the buck-boost 
dc-dc/ac converter showed better performance. If compare dc and ac modes, the dc-dc mode is more efficient at any point. 




[bookmark: _Toc99064493][bookmark: _Toc99702446][bookmark: _Toc100153256][bookmark: _Toc103184573][bookmark: _Toc104207720]Conclusions

The novel concept of the universal solar dc-dc/ac converter is suitable for dc and ac single-phase applications. A great deal of inverter topologies can be considered as a universal solar converter. For example, the power electronics converter that was initially designed for dc-ac application with an output filter stage for dc grid and fast protection circuit breaker can be considered as a universal solution. The converter based on the unfolding stage can naturally provide dc or ac output voltage without additional redundancy. The universal concept of the solar dc-dc/ac converter can be used as an industrial solution for low-voltage dc and ac systems. The comparative analysis based on several criteria was performed to find the most suitable solution. The buck-boost inverter based on the unfolding circuit was chosen as an optimal solution for universal converter.

The grid-connected system was implemented based on the CCS-MPC block. A boost mode of the selected topologies ca be considered as non-minimum phase system. 
That is why a non-traditional cost function is required for control.

Two laboratory experimental prototypes were designed along with a control and measurement board, which have 5 voltage and 3 current sensors. The brain of the control board is the multicore MCU that can split MPC tasks between cores and decrease computational time. The efficiency study was conducted for the family of the buck-boost inverter based on the unfolding circuit. As a result, the buck-boost dc-dc/ac converter showed better performance. The dc-dc mode is more efficient in any point.

The additional capacitor as a suppressor should be set at the grid side to control a voltage spike during a grid disconnection. 

As the results of thesis, the author can claim the following:

The family of the buck-boost inverter based on the unfolding circuit provides the universal capability with minimum redundancy.

The interleaved approach with two buck-boost cell is the optimal solution. 

Zero-crossing distortion in topologies based on the unfolding circuit can be eliminated by using synchronous switches.

A traditional cost function for a grid-connected system is not suitable for the family of the buck-boost inverter, which is why some special cost function should be applied. Using a multicore chip can distribute the MPC cycle task between cores and decrease the computational time by 2-3 times. 

A family of the buck-boost inverters based on the unfolding circuit provides bidirectional energy flow. Such types of inverters can generate a reactive power. 

Future work relates to designing the preindustrial TRL-6 experimental prototype. 
The future task is thus to design the control, measurement, and power parts on one PCB.
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Photovoltaic String Converter with Universal Compatibility with AC and DC Microgrids 

[bookmark: _Hlk103333520]This PhD thesis is dedicated to the development of the novel concept of the universal solar dc-dc/ac converter suitable for dc and ac single-phase applications. The power electronics converter that initially was designed for dc-ac application with an output filter stage for dc grid and fast protection circuit breaker can be considered as a universal solution. The CB must cover all demands of dc grid protection, while the output filter can be chosen as a filter for conventional ac application with an additional output capacitor (suppressor) to eliminate voltage spike at a sudden grid disconnection. The considered approach can be used as an industrial solution for low voltage dc and ac systems.

Several solutions were selected as a universal converter that is applicable for ac and dc grid. The comparative analysis based on several criteria was done for chosen the most suitable solution. The buck-boost inverter based on the unfolding circuit was chosen as an optimal solution for universal converter. 

A family of the buck-boost inverters based on the unfolding circuit were proposed as a universal solar converter applicable for dc and ac grids. Two laboratory experimental prototypes were developed. Twisted buck- boost converter was investigated in terms of closed-loop system based on MPC, while the single-phase buck-boost inverter was learned in terms of dc and ac functionality. The efficiency study was done for all prototypes, where the buck-boost dc-dc/ac converter showed better performance than twisted inverter with unfolding circuit. The dc-dc mode is more efficient in any point because it does not have double power pulsation. 

The main principle of the CCS-MPC block for grid-connected system was considered. A special cost function based on input inductor current has a better performance because the buck-boost inverter based on the unfolding circuit is non-minimum phase system. Computational burden was reduced by using multicores MCU with 2 independent cores and 2 extra sub-cores, which is suitable for parallel computation, for example for deeper prediction horizon of MPC.

This work has also a substantial practical value:  

Developing new type of devices applicable for both types of the grid with the same terminals and minimum redundancy. 

Two buck-boost inverters based on the unfolding circuit as the most optimal solution for universal application: single stage buck-boost inverter based on the unfolding circuit, twisted buck-boost inverter based on the unfolding circuit.

The theoretical and practical results can be used for further developments for universal solar converter, particularly for developing TRL-6. The proposed cost function and approach of MPC technique make this attractive for the industry. 
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Alalis- ja vahelduvvoolu mikrovõrkudega ühilduv universaalne muundur päikese-elektrijaamadele

Antud doktoritöö on pühendatud uudse alalis-alalis-vahelduv tüüpi jõupooljuhtmuunduri arendusele, mis mõeldud nii alalisvoolu kui ka ühefaasilist vahelduvvoolu kasutavatele rakendustele. Tegu on universaalse jõupooljuhtmuunduriga, mis algselt loodi alalis- ja vahelduvvoolu rakendustele sisaldades nii alalisvoolu poolset filtrit kui ka kiireid kaitseahelaid. Kaitseahel peab vastama alalisvooluvõrgu kaitsenõuetele samas kui väljundfilter töötab vaheluvvoolu poolses osas tavalise filtrina, millele on lisatud üks kondensaator, vältimaks ülepingeimpulssi võrgu lahutamisel. Sellist lahendust saab kasutada nii madalapingelistes, tööstuslikes alalis- kui ka vahelduvvoolusüsteemides.

Valiti välja mitu universaalmuunduri põhimõttelist lahendust, mis sobiks vahelduv- ja alalisvooluvõrkudele. Mitmele kriteeriumile toetuv võrdlev analüüs aitas valida parima lahendusena vaheldava ahelaga pinget tõstva ja langetava skeemilahendus.

Vaheldava ahela baasil pakuti välja terve seeria pinget tõstvaid ja langetavaid skeemilahendusi alalis- ja vaheluvvoolurakendustele. Loodi kaks eksperimentaalset prototüüpi. Antud rakenduses uuriti nii pööratud topoloogiaga kui ka ühefaasilist pinget tõstavat ja langetavat muundurit. Kõigi prototüüpidega viidi läbi põhjalik kasuteguri uuring, mille põhjal näitas ühefaasiline topoloogia olulist eelist pööratud topoloogiaga vaheldava ahelaga muunduri ees. Kõige energiatõhusamaks osutus alalis-alalis režiim tänu võimsuspulsatsiooni puudumisele.

Töötati välja mudelipõhise juhtimisega võrguühendusega süsteemi põhimõtteline lahendus. Spetsiaalne drosselivoolul põhinev kulufunktsioon näitas parimaid tulemusi, kuna vaheldava ahelaga pinget tõstev ja langetav muundur on mitte-miinimumfaasilise käitumisega süsteem. Arvutusjõudluse tõstmiseks kasutati mitmetuumalist (kahe sõltumatu ning kahe alamtuumaga) mikrokontrollerit, mis on sobiv paralleelarvutusteks, mida vajavad kiired mudelipõhised ennustavad juhtalgoritmid.

Antud tööl on ka arvestatav praktiline väärtus:

Uut tüüpi minimaalsete lisakomponentide ja minimaalse arvu viikudega universaalsete jõupooljuhtmuundurite arendamine nii alalis- kui ka vahelduvvooluvõrkudele.

Kaks vaheldava ahelaga pinget tõstva ja langetava muunduri lahendust universaalseks rakenduseks: üheastmeline muundur ning pööratud topoloogiaga muundur. 

Töö teoreetilisi ja praktilisi tulemusi saab kasutada universaalsete päikesepaneele teenindavate muundurite edasiseks arendamiseks tehnilise valmisoleku tasemeni 6. Loodud väärtuspõhine funktsioon koos mudelipõhise ennustava juhtimisalgoritmiga muudavad antud seadmed eriti huvipakkuvaks jõuelektroonikat tootvatele ettevõtetele
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