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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  
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?”. 

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. 

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 
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. 

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

application.  



16 

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 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: 
• 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.  
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• 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 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.   

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. 

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 

 

CB

CS
V

Semiconductor 
stage

F

Zg

Zg

dc 
grid

ac 
grid

Output and EMI 
filter stage

Protection
~



20 

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. 

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).  

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.  
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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. 

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: 
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⋅ =  . (2.1) 

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

   ( )0g DCi I= , ( )0C DCv V= ,  (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: 
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( )2 22

1 _1

2 2
C MAX DCDC

C V VL I ⋅ −⋅
= . (2.3) 

Finally, the expression for the voltage spike ΔVC across the capacitor C1 can be 
calculated: 

  2 21
_
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C C MAX DC DC DC DC
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∆ = − = ⋅ + − . (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: 
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The initial values are the same as before and correspond to grid voltage and current: 

  ( )0g DCi I= , ( )1 0C DCv V= , ( )2 0C DCv V= . (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:  
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 (2.7) 

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

   2

1

ˆ ,
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L i Li
i

Vol L i
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≅ ⋅∑  2

1

ˆ ,
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Vol C v
=

≅ ⋅∑  (3.1) 

where Li and Ci are values of i inductance and capacitor, NL is number of inductors 
and NC is number of capacitors. L̂ii  is a peak inductor current and ˆCiv 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: 

     2

1
,

SN

Si
i

CL i
=

≅ ∑   (3.2) 

where Sii  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: 
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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 

 
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 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: 

   ( )sinOUT Mv V ϕ= ⋅ , OUT
O

L

vi R= , (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].  

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 
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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 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:  

     1OUT S INv D v= ⋅ . (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: 
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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: 
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. (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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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: 
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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: 
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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. 

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: 
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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: 
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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: 
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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: 
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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: 
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where f is 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. 

Topology Buck-boost inverter  
based on unfolding circuit (Fig. 3.1a) 

Twisted buck-boost inverter  
based on unfolding circuit (Fig. 3.1b) 
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Usually, the ripple factor is used for the calculation of the passive elements: 
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   1

1

C
C

C MAX

vK V
∆= , Cs

Cs
CsMAX

vK V
∆= ,  (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. 

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

2
M

P
V
⋅  2

IN

P
v
⋅  2

IN

P
v
⋅ + 2

M

P
V
⋅  2

IN

P
v
⋅  2

M

P
V
⋅  2

M

P
V
⋅  

Maximum 
current 

Inductance Lf 
(Lf1, Lf2) 

2
M

P
V
⋅  

Maximum 
voltage 

Capacitor C1, 

Cs 
MV  

Total voltage 
stress across 

high-
switching 

transistors 

2 2M INV V⋅ + ⋅  2 2M INV V⋅ + ⋅  4 MV⋅  4 4M INV V⋅ + ⋅  

Total voltage 
stress across 

low-switching 
transistors 

4 MV⋅  4 MV⋅  2 MV⋅  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.  

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 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 
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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:  

     REF
BUCK

IN

v
D

v
= . (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:  

    REF IN
BOOST

REF

v v
D

v
−

= . (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. 

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). 
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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: 

    REF
BB

REF IN

v
D

v v
=

+
, (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. 

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.  
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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.  

 

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 L1 is 21.1% when the output inductance factor is 9.8 %. The output ripple 
factor is 4.3%. 

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 

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). 

(a)
0.25 1.0 2.0 3.0 4.0

0.6

0.2

1.0

-0.2

L1 p.u.

VSI with boost cell 

KL=20%
KLf=10%

KC=20%
KCf=5%

4.0
0

5

15

10

(c)
0.25 1.0 2.0 3.0

C1 p.u.

INv p.u.

0.25 1.0 2.0 3.0 4.0
0
2

Lf p.u.

(b)

4

6

8

Twisted buck-boost 
inverter & unfolder Buck-boost inverter & 

unfolder

Twisted buck-boost 
inverter & unfolder

Buck-boost 
inverter & unfolder

Buck-boost inverter 
& unfolder Twisted buck-boost 

inverter & unfolder

0.25 1.0 2.0 3.0 4.0

1.0

2.0

3.0

4.0

INv p.u.

Twisted buck-boost 
inverter & unfolder

(d)

VSI with boost cell 

VSI with boost cell 

VSI with boost cell 

CS p.u.

Buck-boost 
inverter & unfolder



38 

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 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. 

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. 

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.  

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].  
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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 CIN was equal to the input voltage, therefore input 
capacitor was ignored during the calculation. The differential equations were obtained 
for each equivalent circuit.  

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: 
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 ( )
( ) ( ) ( ) ( )g

f C g g g Lf

di t
L v t v t i t R R

dt
⋅ = − − ⋅ + , ( ) ( )1

C
g

dv t
C i t

dt
⋅ = − ,  (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: 

  ( ) ( ) ( ) ( )1 22L
C L UNFOLD SW L

di t
L v t i t R R R

dt
⋅ = − ⋅ ⋅ + + ,  (4.3) 
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L v t v t i t R R

dt
⋅ = − − ⋅ + , ( ) ( ) ( )1

C
L g

dv t
C i t i t

dt
⋅ = − , (4.4) 

where RSW2 is the resistance of the transistor S2, RUNF 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: 
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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: 
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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:  
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Finally, the cost function of the system can be expressed as follows: 

[ ] [ ] [ ] [ ]( )
3

1 2
1

min g gREF j g gREF j
j

J i k j i k j W i k j i k j W
=

 
′ ′= + − + ⋅ + + − + ⋅ 

 
∑ , (4.12) 

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]. 

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: 

   [ ] [ ] [ ] [ ]3 2 1g g g gi k i k i k 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: 

    [ ] [ ]1 0.1D k D k+ = ± , (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:  
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J i k j i k j W i k j i k j W
=

 
= + − + ⋅ + + − + ⋅ 

 
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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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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). 

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.  

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.  

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 
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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.  

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 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 
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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 
IPB60R060P7ATMA1 is used for unfolding circuit switches.  

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.  

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 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. 

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. 

 
 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.  

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 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. 

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.  

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.  

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. 

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 ac is 230 V, while the dc grid voltage 
can be considered in the range of 350 V to 400 V. 

 
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.  

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.  

S2

S1 L1
S4

CIN2

L2

S3
S6

S5

S7

S8

CIN1

230 V AC / 
400 V DC

3

4

C1
T1

T2

T

T
Lf

CS

SW1 F
ig vg

INv

iIN

vC



57 

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 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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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 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.  

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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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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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.  

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 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.  

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: 
• 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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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:   
• 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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Lühikokkuvõte 
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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Appendix 

[PAPER-I] O. Husev, O. Matiushkin, C. Roncero-Clemente, F. Blaabjerg, D. Vinnikov, 
“Novel Family of Single-Stage Buck–Boost Inverters Based on Unfolding 
Circuit,” IEEE Trans. on Pow. Electron., vol. 34, no. 8, Aug. 2019. DOI: 
10.1109/TPEL.2018.2879776. 
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� !!"#�"$%!&"%$'�(�)% �̂`abcdefgdhijklmdn ôp`aqcdefrdhsjklmdn DtEG30=0N-+;H-=0049*5-90;*+;:69-+604-+;6-8-6*9-+604Juvwx-+;yvwx-=09305-\*5:5*+;:697=6:==0+9-+;5-\?*5:56-8-6*97=>7/9-B02A7=67+>0+*0+60-+;B0+0=-/*Y-9*7+7<930-+-/L4*4Jz{-+;z| -=0+:5.0=7<67587+0+942,305749*587=9-+967+6/:4*7+93-9;048*907+9303*B30==0X:*=0;*+;:69-+60>-/:0*+930;6?;657;0J9304*Y07<930*+;:697=*4

����}� 
 �~&()��)� ��&#'��)&����������!"�!"��")%��("% ~&(�&()&�&"�&!�%(&�'&(�$& ���~&(��"���% ���������������������������	���
��������	
4/*B39/L45-//0=;:097930-.40+607</7G?<=0X:0+6L=*88/02W4*9G-487*+90;7:9J930<-49=0/-L*4=0X:*=0;*+930;6�;6B=*;21+7=;0=9767:+993*48-=-5090=*+979306758-=-9*>0;*-B=-5JG0*+9=7;:60;9304800;7<=0/-L;*467++069*7+JG3*63*4930=06*8=76-/>-/:02A*+-//LJ930+:5.0=7<40+47=4*+7=;0=97*58/050+993049-./0780=-9*7+7<93067+>0=90=*49-K*+B*+97-667:+921+6-407<;6�-6780=-9*7+J:4:-//L930B=*;>7/9-B0*450-4:=*+B7+/LJG3*/0;6�;657;0=0X:*=0467+9=7/7<9307:98:9>7/9-B0<=7593067+>0=90=4*;0*+7=;0=978=7>*;07:98:96-8-6*97=8=063-=B*+B21+7=;0=97B0+0=-/*Y0930=04:/947<9306758-=*47+J-//>-/:04-=0B*>0+*+=0/-9*>046-/0;:+*942�7G>-/:047<9308-=-5090=4;057+49=-90;*+930;*-B=-567==0487+;97930.0496-402�:63-88=7-63-//7G4;057+49=-9*+B=0;:+;-+6L7<930:+*>0=4-/47/:9*7+2W99304-509*50J*96-+.0400+93-993057494*B+*M6-+9=0;:+;-+6L/*04*+930=0X:*=050+9497930=0/-L-+;930+06044*9L7<7:98:94:88=044*7+6-8-6*97=21<;6�-667+>0=90=G*//.0-66758-+*0;.L93040<0-9:=04-+;8=780=67+9=7/*96-+.0-;-890;97930:+*>0=4-/-88/*6-9*7+2���������������������
������:097930/7G0=8-44*>067587+0+967:+9JM+-//LJ93047/:9*7+.-40;7+:+<7/;*+B6*=6:*9G-440/0690;-493057498=75*4*+B<7=0\80=*50+9-/>0=*M6-9*7+2A*B2�437G4930=0-/*Y0;0\80=*50+9-/8=7979L807<930:+*>0=4-/;6�;6�-667+>0=90==-90;<7=]2ZK�W87G0=*+930;6�-657;0-+;CK�*+930;6�;657;02�7+>0=90=4806*M6-9*7+4-=0/*490;*+,-./012�=7>*4*7+7<3*B30<M6*0+6L-+;45-//0=4*Y07<*+;:697=4*40+-./0;.L930*+90=/0->*+B-88=7-637<9303*B3?4G*963*+B60//JG3*63*4-67557+-88=7-63<7=*+;:49=*-/47/:9*7+42,308-=-5090=47<9307:98:9M/90=-/7+BG*937930=67587+0+94-=0437G+*+,-./0112,30*=>-/:0467==0487+;97930-.7>0?8=040+90;;04*B+7<93067+>0=90=2,-./01114:55-=*Y049308-44*>067587+0+94-/7+BG*93405*67+;:697=493-9-=040/0690;����������� �¡�¢£����£�� �¤�������¥�¦§  �¢¢�̈¢�©��£��ª��«�¦�¡�¢� �¬ª­�®�̄ ¢ �§�����¢�°§¢�§�ª�±²³±́±±�§��µµ¥µ¶¥·¶�̈¦̧ �«��¤�¹ººº�»¼ ���­��½�£���¡���¢£�§¼¼ ª­�



��������	
��
����
�����
��
����
����������������������������������
������������
����� ����
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�� !"7! �#$%&�'%()*+&%,-+),!1*2�*8%3/&',/3)4%-(�8%&,*+,�( +%5$4*,%0.90.:*../(8%&)%&�()4%0./$%&*)�/(�,)%*0;5,)*)%'/0%!162�-&�( ./((%.)�/()/)4%0. &�0!1.2��,./((%.)�/(/30. &�0!<=><?>@ABB?CDE==FG>HED<=ECIJD?E=FJEG>F<KL?FJMN>D<GOE=EEG>H<><>>HEPE?QOELFGGFGL>HECA>BA>PCK><LERSTU<D?C==CA>BA>D<B<DF>C?VWF=EXA<K>CYE?CMZAE>C>HEFGF>F<KB?EDH<?LFGLCI>HE=ABB?E==FCGD<B<DF>C?[>HE?EF=GC=FLGF\D<G>DA??EG>=BF]EJA?FGLL?FJDCGGED>FCG[GC?F=>HE?E<GQPCK><LE=BF]EJA?FGL>HEKC<J=>EBM^=AJJEGL?FJJF=DCGGED>FCGD<=EF=_C?EDC_BKÈ <GJF==HCaGFGJE><FKFGbFLMcdeDfgN>D<GOE=EEG>H<><>=C_E_C_EG>CI>F_E[>HEL?FJDA??EG>I<KK=>CYE?C[aHFDH_E<G=>H<>>HEL?FJa<=JF=DCGGED>EJMh>?<FLH><I>E?>H<>[>HEPCK><LE<D?C==>HECA>BA>D<B<DF>C?F==><?>FGL>CL?CaMiHEDCG>?CK=Q=@>E_>H<>JE>ED>=>HF=B?CDE==F__EJF<>EKQ=>CB=HFLH=aF>DHFGL>?<G=F=>C?=CBE?<>FCG<GJ=E>=>?<G=F=>C?=jkljmljnljoFG>HEDCGJAD>FGL_CJEMN>F=CGKQIC?<IEa=EDCGJ=aHEG>HECA>BA>D<B<DF>C?=<?EIAKKQJF=DH<?LEJ>H<>>HEDCGPE?>E?CBE?<>FCGD<GOE=>CBBEJMN>HEKB=>CJF=DH<?LE>HEAGICKJFGLD<B<DF>C?<GJ_F>FL<>E=>HEPCK><LE=BF]E<D?C==>HECA>BA>D<B<DF>C?<GJ>HEEGE?LQ>H<>F=<DDA_AK<>EJFG>HEOAD]@OCC=>FGJAD>C?=F=JF==FB<>FGL>H?CALH>HEJ?<FG@=CA?DE?E=F=><GDECI>?<G=F=>C?=MN>_E<G=>H<>>HF=EGE?LQJCE=GC>D?E<>E<GQPCK><LE=BF]E=<D?C==D<B<DF>C?=Mb?C_<GC>HE?=FJE[>HEEGE?LQ>H<>F=<DDA_AK<>EJFG>HEL?FJ=FJEFGJAD>C?pWF=JF==FB<>FGLFG>HEDF?DAF>D?E<>EJOQL?FJ=FJEFGJAD>C?[AGICKJFGLD<B<DF>C?Vq[<GJL?FJ=FJED<B<DF>C?VWMN>_E<G=>H<>OC>HD<B<DF>C?=<?EFGPCKPEJFG>HEPCK><LE=BF]E_F>FL<>FCGM̂ =<?E=AK>[>HE=BF]E<D?C==CA>BA>D<B<DF>C?=JCE=GC>ÈDEEJdrsCI>HEGC_FG<KPCK><LEMiHF=F=CGECI>HEIE<>A?E=>H<>B?CPFJEDC_BE>F>FPE<JP<G><LE>C>HE=CKA>FCG=aF>HAGICKJFGLDF?DAF>=FG>E?_=CI=<IE_<?LFGCBE?<>FCGM
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����� ���������������BCDE6F$0'G6H$)'$0(E6G"0'IJ0"3/;# )3$/"=*$#"(2)0 3)-)8%,- &= "3%&0$-@A/3&( )"-&%&0$ " !"K,2 ,$ &)0#)83"0":$*-""0"3/;'LMNOPQN'.)-6CR'0)6S'446TTC>TTU'V$36WXCT6BWDY6Z!$0/'[6\,0'H6]&0/'Y6̂"0/'$0(_6̀"'I�%)(,-$3/3&(2)00"2 "(4!) ).)- $&2/"0"3$ &)0#;# "%*$#"()0@A*,#'LaOOObcdPeNfghicOjiklcgPNm.)-6WR'0)6W'446UWS>USC'̂"*6WXCC6BSDn6�6V$((,3&'E6o)#$'\6o6\$0("3#'J6�6p3":"3'$0(V6n)()-#5;'I@"#&/0$0(."3&12$ &)0)8#%$3 $0(#2$-$*-"@A%&23)/3&(#8)3"%"3/&0/3"/&)0#'L&0fcgkNaOOOOPicQqrgPsNrgPQcNOtugN'WXCS'446vS>vT6BwDE6Y""'p6_$0'$0(F6A!)&'I@A%&23)=/3&()4"3$ &)0$-$0$-;#&#:& !(" $&-"(#&%,-$ &)0%)("-8)3(&# 3&*, "(/"0"3$ &)0'L&0fcgkNOPicQqrgPsiceNrgPQcNOtugN'WXCX'446SCUS>SCRX6BUDE6�33&--$/$'H6_6Y&,'$0(F6o6G$ #)0'xjityzjifghicbcdPe{yeeygPNb|i}~�r�ulygPe6_)*)5"0'FE'�\��G&-";'WXXv6BRD@6E).2&2'@6�$0_"3 "%'[6Y&0("0'E6?$&#0"'$0(G6̀ 3&"#!$*"3'Î"$#&*&-& ;)8@A 3$0#%&##&)00" :)35#'L&0fcgkN�P�aOOOfO�aPlNrgP�NOt|yzNaPPgsN�{dcl�cy�bik|PgjN'WXCC'446C>�6BvD]6\!"'�6�6_,$0/'$0(o6p,3/)#'Io".&":)8#)-&(=# $ " 3$0#8)3%"3 "2!0)-)/&"#$0( !"&3$44-&2$ &)0&04):"3(&# 3&*, &)0#;# "%#'LaOOOMNO{icQN�ijNbguykefghicOjiklcgPN'.)-6C'0)6S'446C�R>CT�'\"46WXCS6B�D�6̀ )&5)" �"$'E6V6A$0$-"#'o6\$02!"9'$0(n6Z,%" $'I@A."3#,#�A&03"#&("0 &$-*,&-(&0/#�J812&"02;2)%4$3&#)0'L&0fcgkNO�cgkgP'E,-6WXCS'446C>U6BTD�6\$00&0)'̀ 6n)# &/-&)0"'$0(V6_6E6p)--"0'Î"$#&*&-& ;)8$@A0" :)358)32)%%"32&$-8$2&-& &"#'LaOOObcdPeNaP�N�uujN'.)-6ST'0)6U'446CwTT>CUXv'\"46�72 6WXXS6BCXD@6p)3);".&2!'<6A." 5).&2'@6@)0/'o6p,3/)#'̂6G$0/'$0(̂ 6Y""'Î, ,3""-"2 3)0&24):"3(&# 3&*, &)0#;# "%#$2)0 "%4-$ &.".&":'L&0fcgkN��l|aPlNrgP�N�uly{NOjiklNOjiklcgPNO��yuN'WXCX'446CSRT>CS�X6BCCDB70-&0"D6 �.$&-$*-"� !  4#���(2=8),0($ &)0=0" !"3-$0(#6)3/�:4=2)0 "0 �,4-)$(#�WXCT�XU�S6U=̀ =̀@A=2)0/3"#=CU=R=WXC�=43"#"0 $ &"=E))# =("=[)0&0/=�C64(8BCWD\6@$0;$-&'\6_6_)##"&0&'$0( 6̀p6̀ !$3"!4" &$0'IF":"� "0($*-"#&0/-"=# $/"V,- &=&04, @A>@A��A*))# 2)0."3 "3'LaOOObcdPeNfghicOjiklcgPN'.)-6WT'0)6W'446vvU>v��'̂"*6WXCw6BCSDG6E&$0/$0(p6̂$!&%&'IV,- &4)3 4):"3"-"2 3)0&2&0 "38$2"�A)02"4 'V)("-&0/'$0(@"#&/0'LaOOObcdPeNfghicOjiklcgPNm.)-6Wv'0)6R'446C�TX>CTXX'E,-6WXCC6BCwDV6�%&3$*$(&'I�0":2-$##)8!&/!=4):"3("0#& ;,0&."3#$-4):"32)0."3 "3#'L&0fcgkNaOOOOPicQqrgPsiceNrgPQcNOtugN'WXCU'446C>R6BCUDH6Y&,'H6̂$0/'$0(E6Y&'I<0 "32)00"2 &0/%&23)/3&(#.&$ !""0"3/;3), "3:& !#%$3 "0"3/;%$0$/"%"0 'LOPicQyie'.)-6CX'0)6T'WXCv'�3 60)6CWTv6BCRDH6V$']6G$0/']6Z!),'$0(Z6̀$)'I�0)."3.&":)8"0"3/;3), "3#'L&0fcgkN��l|r|yPNrgPlcgj�ikyeNrgP�N'WXCv'446C>R6BCvDH6A!"0'n6G$0/'H6J-$##"3'$0(V6A!"0'IV,- &2"--3"2)01/,3$*-"%,- &=&04, %,- &=), 4, "0"3/;3), "3$32!& "2 ,3"'LaOOObcdPeNfghicOjiklcgPN'.)-6SU'0)6CW'446CSWCX>CSWWw'@"26WXWX6BC�DB70-&0"D6�.$&-$*-"�!  4#���:::6(26#;# "%#�BCTD\6p6[�$"3'E6[6n"("3#"0'$0(̂ 6p-$$*�"3/'I�3".&":)8#&0/-"=4!$#"/3&(=2)00"2 "(&0."3 "3#8)34!) ).)- $&2%)(,-"#'LaOOObcdPeNaP�N�uujN'.)-6wC'0)6U'446CWTW>CSXR'\"46�72 6WXXU6BWXD@6V"0"#"#'̂6p-$$*�"3/'76̀$32�$'$0(E6�6A)*)#'Io".&":$0(2)%=4$3&#)0)8# "4=,4 3$0#8)3%"3-"## )4)-)/&"#8)34!) ).)- $&2�A=V)(,-"$44-&2$ &)0'LaOOObcdPeNfghicOjiklcgPN'.)-6W�'0)6R'446WRwT>WRRS'E,06WXCS6
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���� ������	
�	���

�

�
������	�������

�����
�����

����	�������

��� ��� ���
��� ��� ���

 !"�#�� �$%&'!(&)*+,'&-.,*-.)/&'*0&!)%.*12,*+"&1+'!+*!2)3'2(���*2����4+564758&$%&'!(&)*+,'&-.,*.)/&'*0&"'!/%29&'1+,.&-:*0&*'+)-!&)*%'27&--4/5�*'+)-!&)*3'2(�*2�	23*0&"'!/7.''&)*4&5�*'+)-!&)*3'2(�*2�	23*0&"'!/7.''&)*475�
��� ��� ��� !"�#�� �$%&'!(&)*+,'&-.,*-32';�<23*0&"'!/12,*+"&:=22-*7+-&>�
4?5@#����AB�	C@�	4+5�=.7D7+-&>�
4?5@#����AB�	C@�	4=5�=.7D7+-&>�
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°±² ³Óµ¶·°̧ °±² ³Óµ¶·°̧
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ÐÑ���&�,"�����"�,"��"�����!���(����)�!����)+&������&)�D���5"���2�&,,��!�����&�,"�&��"�����"�����!�����3"�CD3��!�&�(�����3�!����"�����&�)�&��"&�+&���+�����!ÒAÓ�ÔB�����,����!/?ÕÖ�G./�A×�ØB��"�,����!/?ÕÖ�0./�AÏ�ÙB'(�,����!/?ÕÖ��./*�����'�&���2�&�)�� &!,��!�����&�7&)"���0*�����!"��!��������'�&���2����,,��:& ����2!& &��������!�����"�������!&�+�!�:,��&���&�9���&���*?���������D &���&��������&��������!3��+������ ���� ��&����:,��!!&��!�������:,��& �������!"��!��!�!��3�&!���&������!!�! ��������� ������)&�)�����,��� ����!�����



���������	�
��
����� ���������������������������������� ����!�"���#$%������%�#������������#����&�#�#�������#�'(�#��)��#�* �����������*����%+���#�������#,�%�$- �.+���%�#��*����*��'/����,���#� ���%������$��������#�* 0��123245657/��88'9�!����:������������*��,���#� �*�#!��������������*�#���-����%�$�'/��-��&����*�#���������#�#9�!����:-'B WXYBYUUZ[ZY\[]B̂_̀BaY_̀bcYdB̂ZeXBeXYB_\_f]gYcBhKiKjkOkBQWRlmmnBJZobcYBRp_B̀XT̂ B̀eXYBcY_fBYUUZ[ZY\[]B_fT\oB̂ZeXBeXYTcYeZ[_fBZ\BeXYBqTT̀eBaTdYnBWXYBqb[rB[_̀YBfZ\ỲB_cYB̀XT̂ \BZ\BJZobcYBRpqnBsttuvuwxvyzB{||}~}���� ~�� ��� ��� ��� ����������� �������� ��w��w�uv��s��w�u�wx��� ���������������� ��w��w�uv��s��w�u�wx���
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���!��"�
�������
�������������
��������	����������Y��
���������������
��
�����2���������A������������
�����
��
�������
���
����3�
��������
����;���	������
�������4�� �
������������a*���"��������	���
����
������
�������������a����	�a&�	�3���
��
��������� �
�����������������
��������	���
������	���	���
�������
���	��
���������
���	�
�����
��
�������
���������������7������
�����������1��
�������
�������
�������
���	��
������������������������
������
�������
������;�������"��������
��������
������	�������
� �����̀8B�U�� ����
�������������
�������
�������
� ���̀�̀��U�� �������������
�������������������
������"�������
��������������� ����������a(��aN��"������	������������������
�������
�8����������������
�
�����
�	�������
�
�������
����������

������������������������������������������������������������������������ �����������¡�������¢£¤¢¥¢¢����¦¦�¢§�¦̈���©������ª«««�¬­�������®�������������­­����



�����������	
���

�����
������������
��
�������������
�
��
���
���
����������
������
�������������
��
������

�������
��������	
�����
�����	�����
� �!�"���������		�
���
�	�����
�#�!$"���%���������%��
�������
�	�����
�&�!�"����
�%��
�����������
��
	����
�����������

���
�����	�����	�������������
����
��%������
���������
������
��������	
�����
�����	�����
� �!�"��������%�����
��	�������
��%����	�����
�#�!
"������
�����	������
��'��
��%����	�����
� �!�"��(�����%����������
��
����
������
��	�)
�����		
���
������
����
������


���
��	���
����������
�����	������
��'��
�����
��
	����
�����
�
����
������
������������������

��������������������
���������

�
�������	����$�
�����

����
�����

���
��
���
��!������*���


���

"����
���
�
��
��%���%��)�
�����$�
��
�
��
����	�����
������������%����%��
����������
������	�����
��
	���	�%
������
�
�����

�'�
��������
������
����
��$+
����
�������%���
��	
�����
������
���
�
��
��%��������
�

��	�����
�����
�	�
�����
�	�%
���
��',
��-�)���%��.�&/00�%�����
������
����
���
�
�����

�'�������&0����%����
�
�����

�'�����
��$��
���
���
����	�%
�����
����������
����
��
�����

�'�%����/�/�1������
����������
����#�0����2�2�
�����

�'�%�����
��������
�	
������
�
�
��������
����
��������
��	�����
�����
�	�
�
�����������
��$��)����
�!	�����
�&�%����2�2�
�����

�'��/�#3�1"���%��	�����
�����
���%
��
�����

�'��
�
����%��
	���	�%
���4
�������$��)��
���
�������$�����	�����
���2�2�
�����

��
����
��������'�����
�

��!�5�63�1�%����	�����
� ��
���5�&3�1�%����	�����
�#"�������������
��
�����
�����
����������
�	�
�

�����
�����
���$����
����
������
�����
���
��
���������
�	�%
������
���7
�����
���%����
�������	��
��
�'������������
���8

�
��������	����$�
������������
��
�
�����

�'�%���������
��
�����
����������$
����
��������
9���
���
�'����)
�%�:;<=>������
����
��������
���
���
���
�����
������
����������

��������&0?����%����
��
�����������
�
�����

�'�����������
�%���������
��
�����
�������������
���������
�����

�'�����
�������0 �1������
����
�	��
��#�0��������
��
	���������
����
���������2�2�
�����

�'�%����
��
��
��$'�0�&3�1��
��
9���
���/�@&�1����
�
�����

�'��
���
���%�	�%
������		�������
�'���
����
��
��������
�����
�����
�

�
�����


��
�
������
�����	�%
��	��
���!A �)."��
������&0����	
���

����
�����

�'������
�	�����'	
��
�
������
�

�����	�����
���
��%��������
�

������������������
���%�����
�����
����������!�"��%��������
�����
��	����!$"��B
�	��
���
��
����
��
���
���	�%
�����
����������
�	
�����
������
����
���������
���
��@0�C2�������&&�	�
�

�����
��
�	
�����
�������
����
�����������
��
�����
��	����!�����&&D"�����
���%�����
���
����
���
���
�'������������
�����
����������
�	
�����
������
��
�����
�����
�������%�������
��30�C2����
�$��)�$������
����	
���
�������������%�����
��	�������
�
���
����
��
�	
�����
������
�$��)�$��������
������������
���
��

��@0�C2���
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		Voltage Source Inverter
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		CIN

		Input capacitor for decoupling the input current



		Cs

		Snubber capacitor of solid-state relay



		CS

		Output capacitor of the converter 



		Cx

		Capacitor



		D

		Duty cycle



		D’

		Inverted duty cycle and equals 1-D



		D1

		Diode of the buck-boost part



		DBB

		Duty cycle for buck-boost mode for Twisted buck-boost inverter based on Unfolding circuit



		DBOOST

		Duty cycle for boost mode



		DBUCK

		Duty cycle for buck mode



		DSx

		Duty cycle of the switch



		ε

		Efficiency of the converter



		f

		PWM frequency



		fg

		Grid frequency



		fSAMPLE

		Sample frequency



		F

		Fuse



		IDC

		Current of dc grid



		iC1

		Current of the unfolding capacitor



		iCS

		Current of the output capacitor



		ig

		Grid current



		iIN

		Input current



		ΔiL

		Current change in the input inductance during PWM period 



		iL

		Current of the input inductance



		ILMAX

		Maximum current value of the input inductance in ac mode



		ΔiLf

		Current change in the output inductance during PWM period 



		iLf

		Current of the output inductance



		ILfMAX

		Maximum current value of the output inductance in ac mode



		iLREF

		Reference signal for input inductor current



		iO

		Output current of the off-gird mode



		iREF

		Reference signal for grid current



		KC

		Ripple factor of unfolding capacitor voltage



		KCs

		Ripple factor of output capacitor voltage



		KL

		Ripple factor of input inductance current



		KLf

		Ripple factor of output inductance current



		Lf

		Output inductor of the converter



		Lg

		Grid side filter inductances



		Lx

		Inductance



		NC

		Number of capacitors



		NL

		Number of inductors



		P

		Input power of the converter



		RC

		Unfolding capacitor’s resistance



		RCIN

		Input capacitor’s resistance



		RCs

		Output capacitor’s resistance



		Rg

		Grid resistance



		RIN

		Input line resistance



		RL

		Input inductance’s resistance



		RLf

		Output inductance’s resistance



		Rs

		Snubber resistance of solid-state relay



		RSWx

		On state resistance of high-frequency transistor



		RUNFOLD

		On state resistance of switch of unfolding circuit



		RELx

		Mechanical relay



		S1-1-S1-2

		Solid state relay switches



		SWx

		Switch based on mechanical relay



		Sx

		High frequency switch



		TS

		PWM period



		Tx

		Low frequency transistor



		ΔVC

		Voltage spike at the grid side



		ΔvC1

		Voltage change of the unfolding capacitor during PWM period



		vC1

		Voltage across unfolding capacitor



		VC1MAX

		Maximum voltage value of the unfolding capacitor in ac mode



		ΔvCS

		Voltage change of the output voltage during PWM period



		VCsMAX

		Maximum voltage value of the output capacitor in ac mode



		VC_MAX

		Maximum voltage value at the grid side during disconnection from dc grid



		VDC

		Voltage of dc grid



		vg

		Grid voltage



		vIN

		Input voltage



		vL1

		Voltage across input inductance



		vLf

		Voltage across output inductance



		VM

		Amplitude of the grid voltage in ac mode



		vOUT

		Output voltage of the off-grid mode



		vREF

		Reference signal



		Wjx

		Weight factor of cost function



		Zg

		Grid impedance
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[bookmark: _Toc95121497][bookmark: _Toc95121521][bookmark: _Toc95121615][bookmark: _Toc95121629][bookmark: _Toc98431313][bookmark: _Toc98780081][bookmark: _Toc99064459][bookmark: _Toc99702370][bookmark: _Toc99702412][bookmark: _Toc100153222][bookmark: _Toc103184539][bookmark: _Toc104207686]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 
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. 

[bookmark: _Toc95121498][bookmark: _Toc95121522][bookmark: _Toc95121616][bookmark: _Toc95121630][bookmark: _Toc98431314][bookmark: _Toc98780082][bookmark: _Toc99064460][bookmark: _Toc99702371][bookmark: _Toc99702413][bookmark: _Toc100153223][bookmark: _Toc103184540][bookmark: _Toc104207687]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 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.

[bookmark: _Toc95121499][bookmark: _Toc95121523][bookmark: _Toc95121617][bookmark: _Toc95121631][bookmark: _Toc98431315][bookmark: _Toc98780083][bookmark: _Toc99064461][bookmark: _Toc99702372][bookmark: _Toc99702414][bookmark: _Toc100153224][bookmark: _Toc103184541][bookmark: _Toc104207688]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:

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.  
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[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.

[image: ]

[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.

[image: ]

[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

[image: ]

[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]. 
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[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. 
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[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.
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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).
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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).
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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).
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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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