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Abstract,  
 The smart grid applications have a considerable development 
nowadays. Being complex systems they integrate relative simple and robust 
elements in order to be profitable and stable on long term. 
 This work presents a research in the field of bidirectional DC-DC and 
DC-AC power converters, looking for topologies suitable for DC or AC busses 
interfaces. Two converters are presented in this thesis, a bidirectional DC-DC 
converter whose topology was found in literature but it was never studied in 
detail and novel topology of DC-AC Flyback inverter. 
 A full analysis and simulation design for both the bidirectional DC-DC 
converter with large voltage conversion ratio and for the flyback inverter are 
presented.  

Stability studies are made for the two converters in order to verify 
their behaviour during perturbations, using the state-space average and the 
PWM switch model methods. Using the AC response, two compensation 
functions were developed in order to improve the systems stabilities. The new 
compensated systems are presented and analyzed.  

The stability analysis results are integrated in simulation models. The 
simulation results for voltages and currents through the circuit elements are 
given here. Their shapes and values highlights the well operation for the both 
DC-DC and DC-AC converters.  

A prototype for the bidirectional hybrid DC-DC converter with large 
conversion ratio was designed. The experimental results are compared with 
the simulation results highlighting that the BHDC operation is stable and it 
can be used in a microgrid application. 

A prototyping procedure is initiated for the flyback inverter. 
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The Thesis Objectives 
 

After a preliminary research and a fair debate, the thesis objectives were 
established. Well divided, this study follows to: 

 
 realize an overview of the renewable and unconventional sources of 

energy highlighting their residential versions; 
 make a review of bidirectional DC-DC converters used in microgrid 

applications; 
 make a review of high efficiencies DC-AC inverters used in microgrids; 
 propose a DC-DC converter topology intended to be used in an intended 

microgrid; 
 study analytically and reveal through digital simulation the proposed 

topology; 
 perform stability studies in order to verify the converter behavior and 

develop compensation functions to improve the stability; 
 build the prototype of the proposed converter and obtain experimental 

results in order to confirm the simulation results; 
 propose a DC-AC topology of an inverter intended to be used in 

microgrids; 
 study analytically and reveal through digital simulation the proposed 

topology; 
 perform stability studies in order to verify the converter behavior and 

develop compensation functions to improve the stability; 
 realize a synthesis of the experimental results obtained, highlighting the 

stability and good operation of the proposed topologies; 
After the objectives accomplishment, the goal is the integration of the 

proposed converters in a microgrid application. 
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The Thesis Outline 
 

This thesis presents a synthesis of DC-DC and DC-AC converters designed to 
be used in microgrids and proposes two different original topologies to be analyzed 
in detail.      
   The first chapter offers an introduction about the importance of smart microgrids 

nowadays, highlighting the special features of these systems and why they are 
considered a response to the energy production problems on long term. Their 
main components like green energy sources and storage systems are presented 
here. These components are described offering an overview regarding their 
functionality depending on the environment, their functional constraints and 
capabilities. All these requirements are related to the microgrid applications.  

   The second chapter contains a review of bidirectional DC-DC power converters 
from literature, which are close related to renewable energy applications.  The 
chapter continues with the presentation of a bidirectional transformerless DC-DC 
converter with a high voltage conversion ratio topology. A full analytical study and 
digital simulations of this topology were realized in order to determine the 
converter behavior. The equations of the currents through the main components 
are given here and they are verified by simulation. A detailed stability analysis is 
realized using two stability analysis procedures- steady-state average and PWM 
switch model. Using the stability analysis results, a compensation function is 
added to the system and integrated as a phase boost circuit to the prototype in 
order to improve the system stability. The operating principles are presented 
analytically and verified through simulation. All the obtained results lead to a 
prototype construction for the proposed DC-DC topology. Information about the 
design is given here. The chapter ends with experimental and simulation results 
that confirm the system well operation and stability in harsh conditions.  

   The third chapter presents a list of high efficiency inverters from the literature 
and it continues with the proposal of two novel topologies of flyback inverters, but 
only one will be analyzed in detail. An analytic study is presented in order to 
describe the operating principles. A stability analysis is realized and following the 
results a compensation function is given here. Using the information obtained 
during the analytical study and stability analysis, a spice model is realized. The 
simulation results confirm a good operation of the flyback inverter and a stable 
behavior after the compensation function integration. A design procedure is 
presented for the proposed inverter based on the system constraints.  

   In the fourth chapter is presented a part of an intended microgrid emulator 
which represent the experimental platform were the BHDC and the HBFAC are 
going to be integrated. Details about the equipment and the experimental setup 
are given here. 

   The fifth chapter consists of conclusions regarding the analyzed power 
converters. The personal contributions of the author are also presented here. It 
ends with some details about future research purposes and applications where 
these converters are intended to be used. 
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NOMENCLATURE 
 
 ABBREVIATIONS 
 

AC Alternating Current 
BCM Boundary current mode 
BHDC Bidirectional Hybrid DC-DC converter 
CCM Continuous current mode 
CP Power Regulation 
DC Direct Current 

DCM Discontinuous current mode 
EV Electrical Vehicle 

HEV Hybrid Electrical Vehicle 
HBFAC Hybrid Bidirectional Inverter  

HR Compensation function 
HF Tr High frequency transformer 

LC Inductive-capacitive 
RMS Root mean square 

S Transistor with antiparallel diode 
SCC Switching capacitor cell 
SiC Silicon Carbide 
SSA State-Space Averaging 
PV Photovoltaic Panels 

PWMSM Pulse Width Modulation Switch Model 
THD Total Harmonic Distortion 
UPS Uninterruptible Power Supplies 
ZVS Zero voltage switching 

 
 
 SYMBOLS  

 
A1, A2…, B1, B2…, … State and output matrices - 

C1, C2 ... Capacitors F 
Ci, Co … Filter capacitors F 

D Duty cycle - 
d~  Small signal variations of the duty cycle - 

D1, D2 … Diodes - 
E Energy J 
f  Switching frequency Hz 

fmax Maximum switching frequency Hz 
Ic, Ici Ic0 Currents through the capacitors A 

IDmin Minimum current through a diode A 
IL1limmax, IL2limmax … Maximum current through L1 and L2 in BCM A 

IL1max, IL2max … Maximum current through inductors A 
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IL1med, IL2med … Mean current through inductors A 
IL1min, IL2min … Minimum current through inductors A 

Ipeak Peak Current A 
IS1limmax, IS2limmax Maximum current through transistors in BCM A 
IS1max, IS2max … Maximum current through transistors A 
IS1min, IS2min … Minimum current through transistors A 

Ivalley  Valley Current A 
k Transformation ratio of the flyback transformer  
L Inductance H 

L1, L2 … Inductors H 
N1, N2 Primary and secondary windings turns - 

P Power W 
P1, P2 … Poles - 

P1max, P2max … Maximum rated powers W 
R Resistive load Ω 

rL1, rL2 … Equivalent resistance for L1 and L2 Ω 
rC0, rC1, rC2 Equivalent resistance for C0, C1 and C2 Ω 
S1, S2 … Transistors  
V1, V2 … Input/output voltages V 
Vc1, Vc2 … Voltage drop across the capacitors C1 and C2 V 

Vc Voltage drop across the capacitor cell V 
Vcp Output voltage V 
Vin Input voltage V 
Vout Output voltage V 

outv~  Small variations of output variables - 
V*

C Reference voltage over the capacitor V 
VS1,VS2 … Voltage drop over the transistors V 

ton, toff Switching periods s 
Ts Switching period s 

x1, x2 … State variables for currents and voltages - 
𝑥𝑥1̇,𝑥𝑥2̇ … Time derivatives of the state variables x1, x2 … - 

x~  Small variations of state variables - 

x~  Averaged small variations of state variables  - 

Z1, Z2 … Zeros - 
ΔI  Current Variation A 
ΔV Voltage Variation V 
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1. INTRODUCTION 
 
 

In a modern society, the presence of the electric energy is highly needed 
and even mandatory sometimes, thinking to hospitals or other similar fields. Used in 
industry or for improving the human quality of life, the electricity is used at such a 
level that forces the actual researchers to leave behind the traditional fossil fuels 
based energy sources, seeking to create and develop a wide variety of 
unconventional energy sources, able to compensate the relative irreversible 
consumption of these fuels, which are limited. Still, all these new and existing 
energy sources need to be integrated in efficient systems in order to collect their 
energy and supply the consumers with it, following to obtain low production and 
distribution costs with very small losses.  

Starting from these hypotheses, relative small systems develop every day. 
Widely known as smart grids, they are better versions of the traditional centralized 
electricity system. They become more and more popular mostly because they 
integrate a variety of energy sources, managing their energy flow and they are able 
to provide electric energy to a wide range of loads and storage systems. They do 
not depend by a large distribution system and may be successfully implemented 
islanded in remote or hard to reach areas. Because of their special features, they 
can be connected to the existing centralized distribution system, valuing this way 
the excess of energy or obtain extra energy if the loads need it. 

Nowadays the market offers many solutions for smart grids at different 
scales. Besides the energy sources and storage systems, the number of the existent 
topologies of power converters that may be integrated in these new systems is very 
high and continues to grow. Because of the continuous improvement of the active 
power elements, the rated efficiencies of some traditional converters have been 
improved and some of them even surpassed other effective newer converters. The 
microprocessors became cheap and in the same time more powerful facilitating 
better control strategies. These important changes create a new direction in power 
electronics. Old and new topologies are “reinvented” or combined in order to obtain 
better hybrid converters with higher efficiencies, able to be integrated in complex 
smart grids, mostly because of their adaptability to special conditions [1.1, 1.2].  

 

1.1. Energy: Past-Present-Future 
 

 The conversion of energy in electricity has determined a big change to the 
humanity. The number of inventions grew very fast and today we are able to use 
the electric energy in almost all the existing fields. On the other hand, this progress 
has caused an important damage to the environment. Almost all the traditional 
energy sources depend on fossil fuels, which are relative limited and run low due to 
the inefficient exploitation. Another major problem they raise is related to the 
resulted pollution. The nuclear energy is also an important alternative as an energy 
source. Unfortunately, it becomes very dangerous in unexpected critical conditions. 
The resulted waste represents a big risk for the environment and life in general by 
being radioactive, not biodegradable and hard to be stored in safe conditions for a 
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long time. The concerns regarding the traditional and nuclear energy sources have 
appeared relatively late and only after 1980’s the trend of renewable energy was 
considered a mandatory solution on long term for all the electrical loads. Happily, at 
this moment, there are many engineering departments whose main activity is to 
find and design integrated unconventional energy systems. Based on the keep 
growing need of energy, lots of futuristic ideas came alive. So, the wind power is 
collected with different types of wind turbines. The solar energy is used for an easy 
generation of electric and thermal energy. The power of waves and water in 
general is the main energy for the hydro-electrical power plants. The geothermal 
energy is used by steam turbines or air conditioning. Another green power source 
is based on bio fuels and more and more alternatives are found every day. For a 
better efficiency all these energy sources are supposed to be integrated in smart 
grids, depending by environment and applications [1.3]. 

At this moment, the renewable energy sources are able to cover less than 
25% of the global energy consumption and most of the existing countries continues 
to use the main traditional energy sources. The efficiencies of the main electrical 
machines and power converters have increased up to 99%, but even so, the energy 
need is at a very high level and this need continues to grow. This low level of green 
energy consumption increases the researchers devotion to reduce and even 
eliminate the traditional power sources and replace them with new unpolluting 
renewable energy sources in the next forty years. This trend raises a high 
motivation for scientists to continue their research and more and more costumers 
see it as a good investment on long term, since the price of energy will grow [1.4]. 

The graph presented in fig.1.1 shows the stats of the world wide used 
energy, the first one represent the percent of traditional unrenewable energy, and 
the second one shows the percent of how the “green energy” consumption in 2013 
[1.5, 1.6, 1.7]. 

 

 
Fig.1.1. Global energy repartition 
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 Energy demand worldwide continues to increase due to the transformation 
of the industry and people life style. Traditional energy sources like fossil fuels are 
vanishing and their high pollution character became a real problem by having a big 
contribution to the greenhouse effect. All these facts force us to have an innovative 
view regarding the future of energy. 

The renewable energy sources were and they still are used in different ways 
by being integrated in various applications. Solar and geothermal energy are used 
for heating and even mechanical applications for example. The wind and water 
energy were also used in mechanical applications and the humanity used all these 
sources with their special characteristics in simple ways in order to improve the life 
comfort. The development of the electricity and its transportation has guided these 
sources, first to distributed generation units of electrical power and after a while in 
wide electric power distribution systems [1.3]. 

Nowadays the trends are reversed and many times people are looking for 
islanded systems where all solar, wind, water, even geothermal energy and biomass 
are used together. Renewable energy can provide all the energy services available 
from conventional energy sources: heating, cooling or electricity and it has the big 
advantage of being a naturally infinite resource. These systems can provide energy 
to remote areas without the need for expensive energy distribution systems. It is 
worth noting and it is not always necessary to convert the renewable energy into 
electricity. Solar and geothermal water heating or wind applications are good 
examples of systems that can work very well without involving electricity at all. 
However, the major contribution that renewable energies will have in supplying 
people’s need will be in electrical form, because the energy can be converted much 
easier and supplied to several applications, which can involve many traditional and 
new generation electric loads [1.8, 1.9].  

The literature offers a variety of topologies and patents for both DC-DC and 
DC-AC power converters with special features that make possible their integration in 
these complex systems.  

 The basis of this thesis is close related to the general scientific research 
regarding smart microgrids. This thesis presents two different converters. The first 
is a transformerless bidirectional DC-DC converter with a high conversion ratio and 
a low number of active elements. The second converter is a flyback inverter with low 
number of elements and galvanic isolation whose hybrid operation makes it original 
and feasible for specific applications. The goal of this study is to highlight their 
originality and show if they represent feasible solutions for smart microgrids or 
similar systems. The project planning has begun with a special attention directed to 
an intended microgrid and only after it has been determined the requirementsand 
constraints the needed converters were searched and designed.   

In conclusion, the main goal of this thesis was to find new converters 
structures intended to be used in microgrids. These converters had to be able to 
satisfy the requirements of the proposed microgrid and to be adaptable to different 
conditions and applications. The presented topologies are studied in detail for the 
first time in order to obtain analytical and digital simulation information. The 
theoretical results are confirmed in the end by the experimental results for the 
bidirectional converter and through simulation for the flyback inverter. 

In the following is presented the actual trend of the distribution of energy 
related to smart grids with their special features, which may introduce the DC 
voltage as the primary voltage for electric load, or even dual DC and AC voltage 
busses [1.10, 1.11]. 
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1.2. Smart Microgrids 

 
The development of electric distribution systems has begun islanded and 

close related with different energy sources like steam turbines or hydro-turbines. It 
started with DC applications and it was spread mostly on limited areas. After the 
discovery and progress of AC generation, the transport of energy became much 
easier and efficient. Its evolution made possible a very large expansion of the 
electric distribution systems, many of them being used even nowadays. The 
transportation of energy at high AC voltages offered the possibility of connecting 
large energy sources located at long distances and supply with electrical energy 
many industrial and non-industrial consumers. The traditional energy sources were 
and they still are based on fossil fuels and partially on hydro jams. The nuclear 
energy became also an important energy source after 1950’s. Once with the 
growing need of energy, the fossil fuels reserves have decreased, making the price 
of the electric energy to grow. The environment has been damaged by the pollution 
and it raises big problems nowadays through many natural disasters due to the 
global warming [1.12].  

Starting from these facts, the development of the unconventional energy 
sources and their use is mandatory. The price of this undertaking is very high, but it 
is understandable and unavoidable. The predictions for the next forty years are not 
very optimistic mostly because fossil fuels reserves are supposed to end, before 
getting an alternative solution for the energy demand. A goal of the last decades 
was to improve the efficiency of the main electrical loads in order to decrease the 
consumed energy. The results can be seen in today’s electrical machines, lighting 
and power electronic devices where the efficiency grew up to 99% and the 
engineers continue to develop new devices with smaller losses and better features. 
In the same time, they struggle to discover new energy sources and improve as 
much as they can the old ones. Advancing with these objectives, it is clear that the 
old distribution systems are outdated and they have to be re-technologized in order 
to decrease the resulting losses from the relative poor management. The 
transportation of the energy, even at high voltages, continues to raise problems 
related to the losses and costs. This is the point where the smart grids appear and 
try to solve all the related issues. It offers a great management of the energy 
distribution between multiple energy sources, which are supposed to be 
unconventional [1.13, 1.14, 1.15]. 

When the microgrids grow to larger grids, the management of the energy 
becomes a serious problem. In order to reduce the losses/costs and offer in the 
same time full functionality, the entire grid is analyzed up to each electrical load. 
During this process, most of the equipment is categorized depending on their 
energy demand and operating periods during the day or even larger time intervals. 
When this classification is done, a much better design of the system can be done. 
The actual prices of the green energy sources are very high, but if the dimensioning 
is accurate, the initial costs are much lower and this is because a smart 
management can equilibrate the energy consumption. Processes like home heating, 
air conditioning, electrical cars charging, water extraction and heating, can be 
controlled in smart grids. This management of the high consuming loads is based on 
the complementary operating times and provides an intelligent use of the energy 
where the human comfort is assured full time with lower costs [1.16, 1.17, 1.18]. 
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The smart grid systems trends are to eliminate as much as possible the 
unnecessary losses, collect energy from any sources and all these with small costs, 
fig.1.2. 

 

 

Fig.1.2. Energy independent house 

In order to obtain reasonable prices, all the integrated parts are designed to 
be multitasking. The energy collected is used primary for the main intended use and 
secondary for various tasks in order not to be lost. These systems integrate multiple 
DC and AC busses, which are interfaced each other. Their parameters are close 
related to the standard loads and can be connected directly to them. The storage 
systems represent a serious drawback and many times these smart grid systems 
require a diesel generator and/or connection to a centralized electric grid. Since the 
batteries are very expensive, with a limited lifetime, a connection between the 
smart grids and hybrid-electrical vehicles is made. The rechargeable batteries of the 
vehicle are used for an extra storage capacity when the owners are home. Currently 
the price for complex smart grids is high and the investment payback time is long. 
Thinking to the fact that their maintenance is expensive too we get another minus. 
Still the environment crisis is pushing us to adopt this attitude and many 
governmental organizations support these interchange programs of the traditional 
fossil fuels and nuclear-based energy sources [1.18, 1.19, 1.20, 1.21].    

Each smart grid is unique depending by the application and possibilities, but 
the main idea of this concept is always the same. In the following subchapters are 
presented some of the most common elements and some actual trends about how 
they are or may be integrated in micro grids.  

 

1.3. Renewable energy sources 
 

 The Sun provides a high amount of energy and it can be considered 
unlimited. At this moment, this energy is harnessed in different forms. Its warmth is
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used for heating domestic hot water installations and it also helps in air conditioning 
systems. Going back to the production of electrical energy, the sun represents an 
important energy source. Neglecting its major disadvantage of being discontinued 
during the day and night cycle and having a variable power during the seasons and 
metrological conditions, we are able to collect solar energy in many forms. 
Unconventional storage systems were designed and the research continues. 
 The most popular electrical solar energy sources are related to the 
photovoltaic panels. They have a lower efficiency and they have to be integrated 
in special systems in order to track their maximum power point.  
 In fig.1.3 are presented different types of photovoltaic panels that are 
usually used in residential applications or even PV plants.  

 
Fig.1.3. Types of photovoltaic panels 

The polycrystalline panels are the most widespread, because their 
efficiencies reported to the costs are the highest. The monocrystalline panels have 
the best performances. Unfortunately the production costs are higher and because 
of that many times they are left aside for the other types of panels. The hybrid 
panels, widely known as amorphous, have a special frame and production costs are 
lower. Unfortunately they have a lower efficiency and their use is preferred in well-
known conditions. The last common type of photovoltaic panels is represented by 
the Black Backed Panels. They also have a special construction and their costs go 
higher even if their efficiency is average. Mostly wanted for their better look, they 
have serious problems because of the higher heating. A relative new unconventional 
photovoltaic source is realized using a new special ink and a printer able to print it 
on different supports, which act like photovoltaic cells. With lower efficiencies and 
costs, they have a big advantage of being flexible, offering an easier way to be 
mounted anywhere [1.22, 1.23].  
 Since the Black-Backed Panels are typical for customized applications only 
and they are preferred particularly for their design, in Table 1.1 only the other three 
types of common photovoltaic panels are treated, highlighting their specifications 
[1.24]. 
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Table 1.1. Photovoltaic panels specifications. 
 Monocrystalline Polycrystalline Hybrid/Amorph

ous 
Typical 

efficiency 
15-20% 13-16% 6-8% 

Best 
efficiency 

26-28% 20-22% 13-15% 

Area/1kWp 6-9m2 6-10m2 12-20m2 
Warranty 25 years 25 years 15-25 years 

Costs(Euro/
W) 

0.65€/W 0.55€/W 0.60€/W 

Temp. obs. High temperatures 
causes 10-15% 
additional losses 

High temperatures 
causes 15-25% 
additional losses 

High 
temperatures 

don’t affect much 
their performance 

Additional 
details 

They are most 
widely used but 
the production 
costs are high 

Less silicon waste in 
their production 

process.  

The production 
materials are less 

harmful for 
environment 

 Another way to collect the energy from the Sun is to concentrate and 
transform its heat in mechanical work. The most common two ways to do this are 
close related to thermodynamics. The sunrises are concentrated using mirrors and 
focused to one point where the temperatures can rise up to thousands of degrees. 
These temperatures are used in solar steam turbines or in Stirling applications. 
An electric generator is needed each time.   

In fig.1.4 a solar concentrator and a steam turbine application are 
presented. Worldwide, many power plants of this kind can be found. The rated 
power can range from several kilowatts up to hundreds of megawatts. These 
systems are very expensive and most of the time their final costs are not 
representative, being one of a kind project. Still, residential versions can be 
realized. The rated efficiencies of these systems are around 30-40%, but they can 
be increased to 80% or even more if secondary circuits are realized [1.25].   

   
Fig.1.4. Solar steam turbine and concentrator 
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In fig.1.5 a Stirling engine and the related sunrises concentrator are shown. 
The difference compared to the previous application is related to the operating 
temperature, which in this case is higher than 550 degrees Celsius. The maximum 
rated power of the actual Stirling engines goes up to 60 kW. The costs also depend 
by the application. The efficiencies rise over 95% for rated powers of about 10 kW 
[1.26]. 

   
Fig.1.5. Stirling engine and sunrises concentrator 

 Around the world, there are many places where because of the landform, 
pressure or differences of the temperature, permanent air currents appear. In these 
places, large power plants of wind turbines are built day by day. With rated 
powers up to hundreds of megawatts, these systems offer a real solution for high 
power applications. Besides the large wind turbines, there are interesting designs of 
residential versions able to collect energy from the wind almost everywhere [1.27, 
1.28]. Some of them are presented in fig.1.6. 

   
Fig.1.6. Residential Wind Turbines 

 The energy of water is collected nowadays in many ways. Large artificial 
dams exist everywhere in the world along the rivers. They convert the mechanical 
work produced by the water force in electricity, resulting impressive amounts of 
electric power. At high level, the hydro energy comes also from the waves, tidal 
power and ocean currents. There are also many residential applications to obtain 
energy from small rivers and creeks, fig.1.7, [1.29, 1.30, 1.31].  
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Fig.1.7. Residential Hydro Turbines 

 The geothermal energy refers to different categories of thermal energy 
that can be collected from the Earth crust. The most common applications use this 
energy for air conditioning. In order to obtain electrical energy higher temperatures 
are needed and the pipes with refrigerant have to be buried at great depths, process 
which is very difficult and expensive. Because of this, most of the time they only 
represent a feasible solution if there is a volcanic activity, fig.1.8, [1.31, 1.32].  

 
Fig.1.8. Geothermal energy collection process  

 The energy collected from biomass, waste and hydrogen represent a 
significant part of the global unconventional energy. They can be used to produce 
electricity or heat in special power plants. The rated power of these thermal centrals 
can vary on large scale, depending by the application. Practically the biomass or 
hydrogen can substitute the fossil fuels in applications of hundreds and even tens of 
megawatts. In residential applications, biofuels are used in diesel engines-electric 
generators to produce electricity up to tens of kilowatts and in small thermal 
centrals [1.33, 1.34, 1.35]. 
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1.4. Energy storage technologies 
 
The biggest disadvantage of the unconventional energy sources used in 

residential applications is the fact that their operation depends many times by the 
environment. Because of this, all the proposed smart grids must have different 
storage and backup systems. The storage systems are very useful when the amount 
of collected energy is bigger than the need and the excess is kept for the moments 
when more energy is needed or the collected energy is lower. The back-up systems 
have a relative similar role, because they maintain the most important systems in 
use during emergencies.  

The most common storage systems are the rechargeable batteries. Based 
on the electrochemical reactions which are electrically reversible, these storage 
batteries represent the most practical solution in relative low power applications, up 
to tens or even hundreds of kilowatts. Several combinations of chemicals are used 
for their fabrication, but the most usual are the lead-acid and the lithium ion ones. 
They have two important disadvantages. The first one is that in some cases they 
need maintenance and even if not, their lifetimes are limited to about 500-2000 of 
complete charge-discharge cycles. The second disadvantage is related to the time of 
the charging cycle. The rechargeable batteries are charged usually with a current of 
about 10% of its rated capacity and this process takes hours [1.36, 1.37]. 

 When unconventional energy sources are used, due to environmental 
variations, many times the energy has big fluctuations and these batteries cannot 
collect it completely. In their support come ultra-capacitors. With a rated 
capacitance starting from tens of Farads, these passive components are able to 
store energy no matter of its fluctuations. Their lifetime and costs are high and they 
are usually used in combination with the traditional rechargeable batteries in 
automotive and smart grid applications [1.38, 1.39]. In fig.1.9 are presented a high 
capacity Li-Ion Battery, an ultra-capacitor and a flywheel.            

     
Fig.1.9. Li-Ion Battery, ultra-capacitor and flywheel   

The hydraulic accumulator permits to storage the extra energy as 
compressed air. There are applications of hundreds of megawatts where the 
compressed air is stored in large caverns and reused blended with natural gas to 
drive gas turbines to generate electricity when more power is needed [1.40]. 

Another energy storage system, mechanical this time, is the flywheel 
energy storage. It is suitable for residential applications, when the rated power do
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not exceed hundreds of kilowatts. These flywheels are connected to electrical 
machines working in both motor and generator modes accelerating on extra power 
peaks and producing energy otherwise [1.41, 1.42]. 

Thermal inertia of the objects and substances is also used for the energy 
storage, mostly for small residential applications [1.43].  

The last solution for storing energy is the pumped-storage 
hydroelectricity. Because of the costs and complexity, this method is suitable only 
for high power applications. The feasibility of these projects is strictly related to the 
environment opportunities [1.44, 1.45, 1.46].  

    

1.5. Conclusion 
 
 This chapter offers an introduction into the smart microgrids theory, a 
relatively new field in which the following proposed DC-DC and DC-AC converters 
are intended to be used.  

The smart microgrid systems might be a long-term partial solution for the 
limited traditional energy reserves. By collecting energy from various renewable 
energy sources, they are able to eliminate the problems and costs involved by the 
conventional centralized distribution systems. Depending by application, they can 
supply with energy different loads at different parameters directly in DC or AC 
modes, avoiding this way the use of additional DC-DC or DC-AC converters. Since 
the energy storage problem is far from being solved, these systems offer the 
possibility of using various and ingenious storage systems in order to offer a 
continuous operation. Their “smart” feature permits the intelligent management of 
the collected energy, the way it is stored and also the loads supply in order to use 
the energy more effective.   
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2. BIDIRECTIONAL DC-DC POWER CONVERTER 

WITH LARGE VOLTAGE CONVERSION RATIO 
 

Smart grids integrate in their systems different DC busses. Their importance 
leads to interesting topologies of DC-DC converters used to interface these busses 
and realize complete operational and stable systems. Highly needed for some 
applications because of its features, this thesis presents a bidirectional converter, 
which offers great results in both its operating modes. It can be used as a step-up 
converter being capable to boost for more than 10 times the input voltage and as a 
step-down converter lowering the input voltage with the same large ratio. Because 
of its bidirectional feature and the relative high efficiency, this converter is analyzed 
and adapted for a specific microgrid application, as an interface between two DC 
voltage busses. 

The higher conversion ratio between the input and output voltages is 
obtained by using two switching capacitor cells in the main circuit and three 
transistors. The switching control strategy of the semiconductors permits to choose 
the current flow direction for the converter (step-up/down) depending on how is 
needed by the application. 

Considering the main characteristics listed above, this converter goal is to 
make the connection between the main DC voltage line which transports the energy 
at 400 V DC and a storage system of batteries able to sustain the entire system 
during critical situations. The safety system needs to be filled with energy at 50 V 
DC and a current of about 40 A. In critical situations, it can supply the entire system 
for about 2-3 hours at the same voltage but with a higher current.  

This chapter begins with a review of bidirectional DC-DC converters used in 
automotive and smart grid applications and it continues with the study of the 
converter. In order to show this converter possibilities and limitations, its power 
stage circuit is presented in detail and analyzed. A stability analysis is realized using 
two different methods. Using the obtained data, digital simulation models are 
designed for testing them. All the established information is merged for the 
construction of a prototype for the converter. The experimental results validate the 
analytical and digital simulation results.  
 
 

2.1. Bidirectional DC-DC Converters 
 

Usually microgrids integrate various DC busses, because it is much simpler 
to interface them and obtain a complete functional and stable operation. Also, 
because these systems are small enough to have no distribution losses problems, 
they can have some additional outputs with various values of the DC voltages, 
specially created for some DC loads. 

These DC converters have to be simple and adaptable to special conditions 
like large conversion ratios, electromagnetic compatibility, environment and others. 
They also have to be cheap and offer high efficiencies. Another special and very 
convenient feature is the bidirectional characteristic, because in smart grids 
especially, the energy transfer flow is many times random between the sources, 
loads and storage systems.  
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In the next sections, some bidirectional converters are presented, 
highlighting their advantages and features. They also represent an introduction to 
bidirectional hybrid converter that will be studied in detail.   

 
 Buck-Boost Bidirectional DC-DC Converter 

This converter is very popular in literature, mostly because it is realized 
using two traditional DC-DC converters. It uses a step-up converter to raise the 
voltage value from the left source up to the value of the right voltage source. In this 
operation mode, the current is injected in the higher voltage source which supplies 
the loads or it is connected to an inverter and injects the energy directly in the grid. 
In the opposite operation mode, it uses a traditional step-down converter to 
decrease the voltage between the two sources. Working in this mode, it transfers 
the energy between a higher DC bus or a rectified voltage from the grid, to a lower 
DC bus which may be a battery stack. The construction is reflected in its operation 
because each converter works separately depending on the sense of the energy 
flow. The power stage schematic is presented in fig.2.1 [2.1]. 
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S1
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C1 C2

 
Fig.2.1.Buck-Boost Bidirectional DC-DC Converter 

The efficiency of this converter is high due to the low number of active and 
passive components. Combining a buck and a boost DC converter means that the 
bidirectional converter uses two different duty cycles D1 for S1 and D2 for S2 for each 
switch depending by the operation mode, presented in fig.2.2.  

V1=D2·V2 for step-down mode  (2.1) 

V2=V1/(1-D1) for step-up mode   (2.2) 
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Fig.2.2.Converter a, b) boost operation mode c, d) buck operation mode 

Due to the semiconductors limitations and the power stage structure, the 
voltage-conversion ratio is narrow and it is not suitable for high ratio voltage 
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conversion applications. With its simple structure, the rated efficiencies can go over 
96% if high quality semiconductors are used [2.2, 2.3].  

 
 Synchronous Bidirectional DC-DC Converter 

 
Another popular topology of bidirectional DC-DC Converter is the one 

presented in fig.2.3. It is used in many hybrid or complete electrical vehicles 
(HEV/EV) and rechargeable power supply unit applications where the power flow is 
needed in both directions. Its name came from the fact that the two active elements 
switch synchronous but in opposition.  This bidirectional converter is derived from 
the conventional buck-boost converter with the diode replaced with a transistor. The 
antiparallel diodes of the semiconductors and the filter capacitors added in parallel 
with the voltage sources facilitate the bidirectional power flow [2.4, 2.5]. 
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C1 C2
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Fig.2.3. Bidirectional Synchronous DC-DC Converter 

 The relations between the two voltage sources depend by the duty cycle and 
are given by the following equations, where V2 is greater than V1: 

  V2=−  𝐷𝐷1
1−𝐷𝐷1

·V1 for step-up mode      (2.3) 

V1=−  𝐷𝐷2
1−𝐷𝐷2

·V2 for step-down mode   (2.4) 

 The switching states of the synchronous converter are presented in fig.2.4. 
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Fig.2.4.Converter operation in boost mode a), b) and in buck mode: c) and d) 
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 This converter needs only one switching control for both semiconductors. It 
has a low number of components and reaches high efficiencies over 96%. With SiC 
new generation transistors, the rated efficiency can be even higher [2.6]. 

 Dual half-bridge bidirectional DC-DC converter 

The converter presented in fig.2.5 is a high efficiency dual-half-bridge 
bidirectional DC-DC Converter. With special features like zero-voltage-switching 
(ZVS) the losses on the active components decrease [2.7, 2.8].   
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Fig.2.5. Dual half-bridge bidirectional DC-DC converter 

 The additional capacitors Cs1, Cs2, Cs3 and Cs4 serve for the ZVS feature. It 
has a mirrored architecture, so with an adaptive control it can be used in various 
applications and conditions. 
 The relation between V1 and V2 is given by the way how S1, S2 and S3, 
respectively S4 are switched, always in opposition (S1 with S2 and S3 with S4). In 
fig.2.6 are represented the equivalent circuits during the switching states, 
considering V1 lower than V2 and the energy flowing from V1 to V2.  
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Fig.2.6.Equivalent circuits during switching states a), b), c) and d) in step-up mode 
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When the energy flows in the opposite direction, the equivalent circuits are 
the same during switching, but with different duty cycles. 

    This converter integrates a greater number of components and this 
increases the costs. Still, this topology is a feasible option considering its 
robustness, adaptability to various conditions and applications, and most important 
its high efficiency using the new generation of semiconductors with low losses. This 
topology rated efficiency is between 90% and 98% in specific conditions for both 
step-up and step-down modes [2.9]. 

 Bidirectional DC-DC soft-witching converter 

The converter presented in fig.2.7 is used in stand-alone photovoltaic 
systems and in similar smart grid applications. With a bidirectional flow of energy, 
this converter can be integrated between different DC busses when various storage 
systems and DC loads are put together. Since the S1 and S2 semiconductors switch 
at low voltage, it results lower losses in both step-up and step-down operation 
modes [2.10, 2.11]. 

V2
S1C1 C2V1
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S2R

S1R
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Fig.2.7. Bidirectional DC-DC soft-switching converter 

The power stage circuit depends by the two transistors S1 and S2, the other 
two S1R and S2R, are used together with the LC circuit realized by LR and CR in order 
to obtain the soft-switching feature. The auxiliary switch S2R is connected on the 
high voltage side, while the auxiliary switch S2R is connected on the lower voltage 
side. This way, the resonant circuit injects the stored energy back in the circuit at 
specific times, triggered by the S1R and S2R switch. The switching states of the 
circuit are the same when the converter operates in step-down mode, but their 
succession is different. Current sense is imposed in the control strategy and then 
the proper switching sequence is automatically selected. 

In fig.2.8 are presented the switching states of the converter in the 
succession sequence for the operation in step-up mode. 

The rated efficiency for this converter can go up to 97% and even higher for 
high efficiency semiconductors when the converter operates in step-up mode and 1-
2% lower when operates in step-down mode [2.11].  
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Fig.2.8.Equivalent circuits during switching states a), b), c), d), e), f) and g) in step-up mode 

 
 Bidirectional non-isolated DC-DC Converter with large 

conversion ratio 

The next bidirectional converter has a simple circuit structure. The control 
strategy can be easily implemented and it allows a significant losses reduction. This 
topology offers a larger conversion ratio in both step-up and step-down operation 
modes. It can go up to 200% in step-up mode and down to 50% in step-down 
related to the conventional bidirectional converters. In fig.2.9 the power stage 
circuit is presented [2.12 - 2.14]. 
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Fig.2.9. Bidirectional non-isolated DC-DC with large conversion ratio 

 
BUPT



36    2. BHDC WITH LARGE VOLTAGE CONVERSION RATIO  

The relations between V1 and V2 are given in (2.5) and (2.6) [2.12]. 

V2=
2

1−𝐷𝐷1
·V1      for step-up mode    (2.5) 

V1=
𝐷𝐷2
2
·V2 for step-down mode   (2.6) 

The switching states of the circuit are presented in fig.2.10. 
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Fig.2.10. Switching states for step-up mode a), b), c) and for step-down mode d), e) and f) 

Using high performance semiconductors, this converter offers efficiencies over 
98-99%. It has a low number of components and offers a larger conversion ratio 
than the conventional bidirectional converters. It is adaptive to various automotive 
and microgrid applications and allows different strategies of control for the switches 
in order to improve its efficiency. An example of its adaptability is the integration of 
this topology in a hybrid inverter used in microgrid applications as interface between 
a high voltage DC bus and AC loads. It is used in the step-down operation mode and 
the output voltage waveform on the filter capacitor is a rectified sinusoid, which is 
passed through an H-bridge inverter. The bidirectional feature is used here too 
because the filter capacitor has to be charged and discharged during each period of 
the AC voltage. This converter can be used in step-up mode too in similar 
applications following the same principle. An application where this converter is used 
in a hybrid inverter is given in [2.15]. The rated efficiency for this inverter is above 
99% in special conditions and using high performance transistors [2.16-2.23].    
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 In the following are presented a few bidirectional DC-DC converters with 
galvanic isolation designed to be used in automotive and microgrids applications 
with references to our work. When a microgrid offers the possibility of injecting 
energy into the centralized grid the galvanic isolation is most of the time mandatory. 
High efficiency bidirectional DC-DC converters with galvanic isolation are needed at 
different stages in microgrid systems and many topologies can be found in 
literature. Since the conversion is realized at high frequency the additional losses 
introduced by the transformer are lower.  [2.17-2.24]. 
 

 Bidirectional Flyback DC-DC Converter 

A bidirectional flyback DC-DC converter with very low number of 
components is presented in fig.2.11. It uses the secondary and primary windings of 
the flyback transformer as inductors on both opposite circuits. The two switches can 
be controlled using a single switching control but alternately with sufficient dead 
time.   

DC DC

S1

C1 C2
S2

o

o

 
Fig.2.11. Bidirectional Flyback DC-DC Converter 

This converter has two states and the relation between the lower and the 
higher voltage depends by the duty cycle and the conversion ratio of the flyback 
transformer. The transfer of energy is current controlled and is mandatory that the 
transformer is well designed, and the control strategy sets the energy flow direction. 
In fig.2.12 are shown the states of the flyback converter, which are the same for 
both step-up and step-down operation mode [2.25]. 
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Fig.2.12. Bidirectional Flyback DC-DC Converter Switching States a) and b) 

 This topology has the advantage of being adaptable to various conditions 
and requirements. Its simple structure is used in hybrid topologies of DC-DC 
converters with small modifications and even in hybrid DC-AC converters [2.26, 
2.27].  
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 A major problem related to this converter is the snubber circuits necessity 
on the both sides of the transformer in order to decrease the voltage peaks on the 
transistors during switching. In order to obtain high efficiencies, resonant snubbers 
are needed and high performance transistors have to be used. 
 

 Bidirectional voltage and current fed full-bridge converter 

The voltage and current fed full-bridge bidirectional DC-DC converter is 
presented in fig.2.13. 
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Fig.2.13. Bidirectional voltage and current fed full-bridge DC-DC Converter 

 The topology offers a wide range of conversion ratios given by the high 
frequency transformer and it is feasible for high rated power applications. The full-
bridge S1-S4 is voltage fed on the high voltage side, V1. On the low voltage side, V2, 
the second full-bridge S5-S8 is current fed. An additional active clamp circuit is 
introduced in the low voltage side in order to reduce the stress on the 
semiconductors. Depending on how are fed the bridges, various configurations with 
half-bridges and resonant circuits are developed based on this topology [2.28 - 
2.30].     

 Bidirectional series resonant converter with clamped 
capacitor voltage 

In fig.2.14 is presented the power stage circuit of a bidirectional series 
resonant DC-DC converter with clamped capacitor voltage. 
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Fig.2.14. Bidirectional series resonant converter with clamped capacitor voltage
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The resonant circuit added to the primary windings of the circuit is meant to 
reduce the current stress in the secondary side, when the transfer of energy is 
realized at high voltages. This converter is a feasible solution for relative high power 
microgrid applications where lower voltage DC busses exist on the lower voltage 
side and much greater voltage DC busses have to be interfaced [2.31-2.34]. 

The rated efficiency for a bidirectional series resonant DC-DC converter with 
clamped capacitor voltage is close to 98% for specific conditions and a rated power 
of 35 kW [2.30]. 

 
 

2.2. Bidirectional DC-DC Converter with Large 
Conversion Ratio 

 
 

2.2.1. Analytical Study for step-down operation 
 

The proposed converter is a bidirectional hybrid DC-DC (BHDC) topology, 
which realizes the conversion of energy with at high voltage ratio. In the following, 
two analytical studies are presented. They are important for understanding how the 
energy flows through the converter in each direction. They also help to determine 
the equations and parameters of the currents and voltages on the active and 
passive components. The hybrid converter, presented in fig.2.15 consists of a 
simple boost converter followed by a switching capacitor cell (SCC), which allows a 
bi-directional current flow by adding S1 and S2 switches with their antiparallel to D1 
and D2. The left side of it is characterized by a lower voltage and high currents, the 
energy being normally supplied by or stored in several batteries connected in series, 
while the right side is connected to a high voltage (400 V-600 V) microgrid DC bus. 
The operating modes presented in detail below, depends on the action of the 
switching capacitor cell [2.35]. 
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Fig.2.15. Hybrid Bidirectional DC-DC Converter Topology 
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 Continuous current mode analysis (CCM) of BHDC 
 

Considering the converter acting as a battery charger, its operation can be 
compared with the one of a classical buck converter but with a higher step-down 
conversion ratio given by the SCC. The switching circuits of the converter during ton 
and toff are presented in fig.3.2.a) and b), highlighting the current flow for each 
state of the transistors. During ton the two identical capacitors of the SCC are 
charged in series while during toff they are discharged in parallel through L1 inductor, 
injecting energy in the lower DC voltage bus. 
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Fig.2.16. Equivalent circuit: a) ton, b) toff; 

A single command signal is used. It is applied directly to S1 and inverted to 
S2 and S3. Since S1 is doubled by the antiparallel diode D1, in step down mode its 
control can be inhibited.  
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Considering the input and output voltages constant (Ci and C0 are 
sufficiently large to assume zero voltage ripples), the following equations arise 
during a switching period: 

[(1− D) ∙ (V2 − VC) + D ∙ (V2 − 2 ∙ VC)] = 0 (ton)                  (2.7) 

[(1− D) ∙ (VC − V1) + D ∙ (−V1)] = 0 (toff)   (2.8) 

The relation between V1 and V2 is obtained by solving the system of 
equations (2.7) and (2.8) and it is given in (2.9): 

V1 = 1−D
1+D

∙ V2         (2.9) 

In the equations above: 

V1 – is the output voltage; 
V2 – is the input voltage; 
VC – is the voltage drop across the capacitors C1 and C2; 
D – is the duty cycle 𝐷𝐷 = 𝑡𝑡𝑜𝑜𝑜𝑜

𝑇𝑇𝑠𝑠
, considered for S1. 

Another form of (2.9), which highlights the relation between the duty cycle 
and the two voltages is: 

D = V2−V1
V2+V1

       (2.10) 

The voltage drop across capacitors C1 and C2 related to the input voltage, 
respectively to the output voltage results also from (2.7) and (2.8): 

 
VC = 1

1+D
∙ V2        (2.11) 

 VC = 1
1−D

∙ V1        (2.12) 

The switching signal of S1 is given opposition (1-D) for S2 and S3. Depending 
by the operation mode, step-down or step-up, the switching control can be inhibited 
for S1 or for S2,3, once at a time, and the current flow is managed by the additional 
antiparallel diodes of the transistors. Like it was said above, in step-down mode, the 
switching command for S1 can be inhibited and only S2 and S3 switch with a duty 
cycle of 1-D. The current through the SCC is close related to the currents through 
the L1 and L2 inductors. The main waveforms of the voltages and currents through 
the converter components, when working as a step-down converter, are presented 
in fig.2.17. 
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Fig.2.17. Waveforms of the main voltages and currents in Step-Down mode 
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 The representations of the currents through L1 and L2, related to V1 and V2 
voltages are shown in detail in Fig.2.18. Their mathematical forms and also the 
equations of the currents through the other components during ton and toff are 
presented (2.13)-(2.31) 
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Fig.2.18. Waveforms of the currents through L1 and L2 Step-Down mode 

 The currents equations through the L1 inductor during ton are:  

IL1=IS1-IL2  (ton)    (2.13) 

V1=-VL1  (ton)    (2.14) 

IL1max=IL1med-V1∙D∙Ts
2∙L1

    (2.15) 

IL1min=IL1med+
V1∙D∙Ts
2∙L1

    (2.16) 

 The L2 inductor and S1 relations during ton are:  

IL2max=IL2med-
(V2−2∙Vc)∙D∙Ts

2∙L0
   (2.17) 

IL2max=IL2med+
(V2−2∙Vc)∙D∙Ts

2∙L0
   (2.18) 

IS1max=IL1med+IL2med−
V1∙D∙Ts
2∙L1

− (V2−2∙Vc)∙D∙Ts
2∙L0

  (2.19) 

IS1min=IL1med+IL2med+ V1∙D∙Ts
2∙L1

+ (V2−2∙Vc)∙D∙Ts
2∙L0

  (2.20) 

 The equations above are given during ton (D∙T). During toff((1-D)∙Ts), the 
equations can be also determined for L1: 

IL1=2·IS1-IL2  (toff)    (2.21) 

V1=VC  (toff)    (2.22) 

IL1max=IL1med+(Vc−V1)∙(1−D)∙Ts
2∙L1

        (2.23) 
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IL1min= IL1med−
(Vc−V1)∙(1−D)∙Ts

2∙L1
          (2.24) 

IL1max=IL1med+(Vc−V1)∙(1−D)∙Ts
2∙L1

          (2.25) 

IL1min= IL1med−
(Vc−V1)∙(1−D)∙Ts

2∙L1
           (2.26) 

 The currents for L2 and the switch S2 (which is the same with S3) are: 

IL2max=IL2med+(V2−Vc)∙(1−D)∙Ts
2∙L2

           (2.27) 

IL2min= IL2med−
(V2−Vc)∙(1−D)∙Ts

2∙L2
            (2.28) 

IS2max=IL1max+IL2max
2

    (2.29) 

IS2max=IL1med+IL2med
2

+ (Vc−V1)∙(1−D)∙Ts
2∙L1

+ (V2−Vc)∙(1−D)∙Ts
2∙L2

   (2.30) 

IS2min=IL1med+IL2med
2

 − (Vc−V1)∙(1−D)∙Ts
2∙L1

− (V2−Vc)∙(1−D)∙Ts
2∙L2

   (2.31) 

 

 Boundary current mode analysis (BCM) of BHDC  
 
 Discontinuous current mode (DCM) is by definition an operating mode of the 
converter when the currents through its inductors go to zero before the end of the 
switching period TS. In other words, during the toff interval, the current through an 
inductor goes to zero, before the end of the period TS. When a converter operates 
this way, there arise serious problems related to its stability. In our case, during the 
DCM, the converter is unable to provide the required parameters. Between CCM and 
DCM there is a boundary conduction mode (BCM) when currents through the 
inductors go down to 0 at the end of t0ff and of course the end of TS. The BCM 
analysis offers important details related to the behavior of the system. During this 
step there are established the equations and the limit values of the parameters over 
which the converter starts operating in DCM.  

The proposed converter in step-down mode is intended to charge a battery 
stack. Starting from this hypothesis, the power of the converter can be considered 
lower than its nominal rated power when it operates this way (rechargeable 
batteries are usually charged with a current of about 10% of their full capacity). 
Thus, the DCM has to be treated more careful in order to observe the BHDC 
behavior at about 33% of its rated power, even if the converter is designed to 
operate in both directions at the rated nominal power.  

Fig.2.19 shows the waveforms of the inductors currents in BCM. Their 
mathematical forms are also presented. 
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Fig.2.19 Limit current for BCM through L1 and L2 

 The equations of the currents in BCM are: 

𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑉𝑉1∙𝐷𝐷∙𝑇𝑇𝑠𝑠
𝐿𝐿1

                     (2.32) 

𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

2
= 𝑉𝑉1∙𝐷𝐷∙𝑇𝑇𝑠𝑠

2∙𝐿𝐿1
                          (2.33) 

𝐼𝐼𝐿𝐿2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑉𝑉1∙𝐷𝐷∙𝑇𝑇𝑠𝑠
2∙𝐿𝐿2

                           (2.34) 

𝐼𝐼𝐿𝐿2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
𝐼𝐼𝐿𝐿2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

2
= 𝑉𝑉1∙𝐷𝐷∙𝑇𝑇𝑠𝑠

2∙𝐿𝐿2
                   (2.35) 

The equations above are written considering the ton (𝐷𝐷 ∙ 𝑇𝑇𝑠𝑠) period. During 
toff ((1 − 𝐷𝐷) ∙ 𝑇𝑇𝑠𝑠) the equations of the currents through the L1 and L2 and the S2,3 
switches are the following ones: 

𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
𝑉𝑉2∙𝐷𝐷∙

1−𝐷𝐷
1+𝐷𝐷 ∙𝑇𝑇𝑠𝑠
𝐿𝐿1

     (2.36) 

𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

2
=

𝑉𝑉2∙𝐷𝐷∙
1−𝐷𝐷
1+𝐷𝐷 ∙𝑇𝑇𝑠𝑠
2∙𝐿𝐿1

         (2.37) 

𝐼𝐼𝐿𝐿2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =    (V2−Vc)∙(1−D)∙Ts
L2

           (2.38) 

𝐼𝐼𝐿𝐿2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =    (V2−Vc)∙(1−D)∙Ts
2∙L2

           (2.39) 

IS2limmax=(Vc−V1)∙(1−D)∙Ts
2∙L1

+ (V2−Vc)∙(1−D)∙Ts
2∙L2

   (2.40) 

IS2limmed= − (Vc−V1)∙(1−D)∙Ts
4∙L1

− (V2−Vc)∙(1−D)∙Ts
4∙L2

   (2.41) 

 Taking into consideration the BCM equations, the minimum values of the 

duty cycle can be extracted in order to maintain the system in CCM: 

𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝐼𝐼𝐿𝐿2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙= 
𝑉𝑉2∙𝐷𝐷∙

1−𝐷𝐷
1+𝐷𝐷 ∙𝑇𝑇𝑠𝑠
2∙𝐿𝐿1

+ (V2−Vc)∙(1−D)∙Ts
2∙L2

            (2.42) 
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 Since VC=
1

1+𝐷𝐷
𝑉𝑉2, we can conclude that if: 

D≤2∙IL1limmed+IL2limmed
𝑉𝑉2∙

1−𝐷𝐷
1+𝐷𝐷 ∙Ts

∙ 𝐿𝐿1+𝐿𝐿2
𝐿𝐿1∙𝐿𝐿2

 ,      (2.43) 

we can consider the converter working in CCM, else, if: 

D>2∙IL1limmed+IL2limmed
𝑉𝑉2∙

1−𝐷𝐷
1+𝐷𝐷 ∙Ts

∙ 𝐿𝐿1+𝐿𝐿2
𝐿𝐿1∙𝐿𝐿2

         (2.44) 

The converter starts operating in DCM. Other forms of the duty cycle can be 
obtained if we write them considering V1 = 1−D

1+D ∙ V2. This way (2.43) becomes: 

D≤2∙IL1med+IL2med
V1∙Ts

∙ 𝐿𝐿1+𝐿𝐿2
𝐿𝐿1∙𝐿𝐿2

     (2.45) 

 

2.2.2. Analytical Study for step-up operation 
 

 Continuous current mode analysis (CCM) of BHDC 

 
The equivalent circuits of BHDC switching states operating in step-up mode, 

are presented in fig.2.20 a) and b). 
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Fig.2.20. Equivalent circuit in step-up mode: a)ton, b) toff; 
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If the converter is used in step-up mode the current flows from the battery 
stack to the microgrid high voltage DC bus. The same command signal is used to 
realize now a boost stage by switching the S1 transistor. In the same time the two 
capacitors of the SCC are charged in parallel during toff (for S1), while during ton the 
capacitors are discharged in series. The two transistors S2 and S3 can be switched in 
opposite to S1 to improve the converter efficiency or their command can be 
inhibited. 

 The analytical study of the BHDC operating in step-up mode begins 
considering the input and output voltages constant (Ci and C0 are sufficiently large 
to assume a null voltage ripple), in order to obtain the equations of the circuit 
during a switching period: 

[𝐷𝐷 ∙ 𝑉𝑉1 + (1 −𝐷𝐷) ∙ (𝑉𝑉1 − 𝑉𝑉𝐶𝐶)] = 0                 (2.46) 

[𝐷𝐷 ∙ (2 ∙ 𝑉𝑉𝐶𝐶 − 𝑉𝑉2) + (1− 𝐷𝐷) ∙ (𝑉𝑉𝐶𝐶 − 𝑉𝑉2)] = 0     (2.47) 

Equalizing (2.46) with (2.47), the relation between the two voltages V1 and 
V2 is obtained in (2.48): 

𝑉𝑉2 = 1+𝐷𝐷
1−𝐷𝐷

∙ 𝑉𝑉1                                        (2.48) 

In the equation above: 

V1 – is the input voltage; 
V2 – is the output voltage; 
VC – is the voltage drop across the capacitors C1 and C2; 

 D – is the duty cycle 𝐷𝐷 = 𝑡𝑡𝑜𝑜𝑜𝑜
𝑇𝑇𝑠𝑠

 

The voltage through the capacitor cell and the duty cycle can be extracted 
from (2.46) and (2.47): 

𝑉𝑉𝐶𝐶 = −𝑉𝑉1
𝐷𝐷−1

= 𝑉𝑉1
1−𝐷𝐷

                 (2.49) 

D = V2−V1
V2+V1

                  (2.50) 

The equation of duty cycle highlights the fact that it has the same value no 
matter in which operating mode the converter works. This is an advantage related 
to the switching command strategy, which simplifies more the BHDC control. The 
main waveforms of the voltages and currents through the circuit main components 
during ton and toff, with the BHDC working as a step-up converter, are presented in 
fig.2.21. 
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Fig.2.21. Waveforms of the main voltages and currents in step-up mode 
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The equations of the currents for this case are also studied for V1, 

respectively V2 constant.  
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Fig.2.22. Waveforms of the currents through L1 and L2 Step-Up mode 

 The equations of the currents through L1 inductor during ton are: 

IL1max=IL1med+ V1∙D∙Ts
2∙L1

          (2.51) 

IL1min=IL1med−
V1∙D∙Ts
2∙L1

     (2.52) 

 The equations for the L2 inductor and the S1 switch are: 

IL2max=IL2med+ (2∙Vc−V2)∙D∙Ts
2∙L0

               (2.53) 

IL2max=IL2med−
(2∙Vc−V2)∙D∙Ts

2∙L0
         (2.54) 

IS1max=IL1med+IL2med+ V1∙D∙Ts
2∙L1

− (2∙Vc−V2)∙D∙Ts
2∙L0

  (2.55) 

IS1min=IL1med+IL2med−
V1∙D∙Ts
2∙L1

+ (2∙Vc−V2)∙D∙Ts
2∙L0

  (2.56) 

Based on the same principle, the equations of the currents are written for 
the toff (Ts-ton) period. 

IL1max=IL1med+(V1−Vc)∙(1−D)∙Ts
2∙L1

             (2.57) 

IL1min= IL1med−
(V1−Vc)∙(1−D)∙Ts

2∙L1
               (2.58) 

 The currents for L2 and the switch S2 (or S3) during toff are: 

IL2max=IL2med+(Vc−V2)∙(1−D)∙Ts
2∙L2

             (2.59) 

IL2min= IL2med−
(Vc−V2)∙(1−D)∙Ts

2∙L2
              (2.60) 
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IS2max=IL1max+IL2max
2

        (2.61) 

IS2max=IL1med+IL2med
2

− (V1−Vc)∙(1−D)∙Ts
2∙L1

− (Vc−V2)∙(1−D)∙Ts
2∙L2

      (2.62) 

IS2min=IL1med+IL2med
2

+ (V1−Vc)∙(1−D)∙Ts
2∙L1

+ (Vc−V2)∙(1−D)∙Ts
2∙L2

      (2.63) 

 

 Boundary current mode analysis (BCM) of BHDC 
 
Following the same principle, the determination of the limit current 

establishes the conditions when the converter starts operating in DCM. In Fig.2.23 
are represented the limit currents through the inductors L1 and L2.  
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Fig.2.23. Limit currents for BCM through L1 and L2 in step-up mode 

The limit currents are calculated considering the voltage V1 constant in the 
equations bellow: 

𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑉𝑉1∙𝐷𝐷∙𝑇𝑇𝑠𝑠
𝐿𝐿1

             (2.64) 

𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙
2

= 𝑉𝑉1∙𝐷𝐷∙𝑇𝑇𝑠𝑠
2∙𝐿𝐿1

           (2.65) 

𝐼𝐼𝐿𝐿2𝑙𝑙𝑙𝑙𝑙𝑙 =
𝐷𝐷∙𝑇𝑇𝑠𝑠∙(2∙

𝑉𝑉1
1−𝐷𝐷−

𝑉𝑉1∙(1+𝐷𝐷)
1−𝐷𝐷 )

𝐿𝐿2
                         (2.66) 

𝐼𝐼𝐿𝐿2𝑙𝑙𝑙𝑙𝑙𝑙 =
𝐼𝐼𝐿𝐿2𝑙𝑙𝑙𝑙𝑙𝑙

2
= 𝑉𝑉1∙𝐷𝐷∙𝑇𝑇𝑠𝑠

2∙𝐿𝐿2
             (2.67) 

The equation that governs the operation of the converter in step-up mode 
and shows the relation between L1 and L1 inductors, the currents through them and 
the duty cycle is the following one: 

𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙 + 𝐼𝐼𝐿𝐿2𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑉𝑉1∙𝐷𝐷∙𝑇𝑇𝑠𝑠
𝐿𝐿1

+ 𝑉𝑉1∙𝐷𝐷∙𝑇𝑇𝑠𝑠
2∙𝐿𝐿2

                         (2.68) 
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This way the BCM equations for the duty cycle during ton and toff result: 

 𝐷𝐷 = 4 ∙ 𝐿𝐿1∙𝐿𝐿2
𝐿𝐿1+𝐿𝐿2

∙
𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙

𝑉𝑉1∙𝐷𝐷∙(1−𝐷𝐷)∙𝑇𝑇𝑠𝑠
                      (2.69) 

1 − 𝐷𝐷 = 4 ∙ 𝐿𝐿1∙𝐿𝐿2
𝐿𝐿1+𝐿𝐿2

∙
(1−𝐷𝐷)∙𝐼𝐼𝐿𝐿1𝑙𝑙𝑙𝑙𝑙𝑙
𝑉𝑉1∙𝐷𝐷∙(1+𝐷𝐷)∙𝑇𝑇𝑠𝑠

                   (2.70) 

The other components, which operation conditions lead to DCM, are the 
transistors S2 and S3 and their complementary diodes. During step-up mode, the 
currents that flow through them are close related to the currents through the 
inductors and duty cycle: 

IS2min=IS3min=IDmin=IL1med+IL2med−
(V1−Vc)∙(1−D)∙Ts

2∙L1
+ (Vc−V2)∙(1−D)∙Ts

2∗L0
 (2.71) 

The same equations, but related to V1 and V2 are: 

IDmin=IL1med+IL2med−
𝐿𝐿1+𝐿𝐿2
𝐿𝐿1∙𝐿𝐿2 ∙

V1∙D∙Ts
2

              (2.72) 

IDmin=IL1med+IL2med−
𝐿𝐿1+𝐿𝐿2
𝐿𝐿1∙𝐿𝐿2 ∙

V2∙(1−D)∙D∙Ts
2(1+D)

  (2.73) 

Since the only variable parameter that appears in all the equations is the 
duty cycle, its value decides the transition of the converter in DCM. 

If:                            D≤2∙IL1med+IL2med
V1∙Ts

∙ 𝐿𝐿1+𝐿𝐿2
𝐿𝐿1∙𝐿𝐿2

                  (2.74) 

the converter is working in CCM, else, if: 

D>2∙IL1med+IL2med
V1∙Ts

∙ 𝐿𝐿1+𝐿𝐿2
𝐿𝐿1∙𝐿𝐿2

     (2.75) 

it starts operating in DCM. The currents through the inductors are going to 
look like the ones in the fig.2.24. 

T

 I

ILmax

0

ILmed

toff2

TS

toff1
ton

 

 Fig.2.24. Currents waveforms for DCM through L1 and L2 

where Ts=ton+toff1+toff2 
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When operates as a step-up converter, a special treatment is required for 

the inductors dimensioning, especially because the values of the currents in the 
proposed application are higher and the stress over the circuit is significant.    
 
 

2.3. Stability analysis 
 
The robustness of power converters is given by their stability in various 

conditions, while the parameters of the components remain the same. The stability 
analysis shows the capability of the converter to operate properly beyond the 
nominal functioning regime. The stability analysis of the BHDC was realized using 
state space average models by defining the discrete time model and the operating 
phenomena of the circuit. The results are verified with the PWM Switch Model 
method. In the end, the results are to obtain compensation circuits which are 
applied and tested on the experimental prototype. 

 

2.3.1. State-Space Averaging method 
 
 State-Space Averaging (SSA) was introduced in the literature about 40 
years ago by Dr. Slobodan Cuk and documented since then. It is based on the 
mathematical analysis of the power converters highlighting the state variables in the 
circuits during the switching periods. The state-variables are associated usually with 
passive components like capacitors and inductors, elements that can store electrical 
energy in one way or another.  This technique allows the linearization of a system 
around an operating point and implies the passing over the switching events with 
their corresponding ripples, considering the system output signal as a continuous 
one, with small variations. Neglecting the ripple, it offers the possibility to analyze 
the system equations as averaged and continuous functions. Thanks to SSA, any 
particular structure behavior can be described by its averaged equations. After the 
linearization around an operating point, these equations lead to the averaged small-
signal model. This new model is useful to provide information regarding the AC 
response of the proposed topologies of converters and more than that, their stability 
can be analyzed and improved once the closed loop control and the compensation 
are designed. 
 The result of the small-signal response is the drawing of the Bode or Nyquist 
plots in snapshots, giving a stability evaluation of the studied system. Information 
about the impedance variations and the other components behavior during various 
operating conditions are also obtained. Another advantage of SSA is that the entire 
circuit is analyzed with no switching elements. This makes the simulation to be 
faster and permits the visualizations of long transient effects, checking if the output 
overshoot is close to the desired specifications. The disadvantage of this fact is the 
difficulty in observing the effects of parasitic characteristics like diodes forward 
voltage drops, or switching losses of semiconductors.  

For the proposed converter, the stability analysis using SSA method is 
realized by reducing the circuit to each inductor and capacitor associated with the 
complementary power-poles. The power-poles represent bi-positional portions of the 
circuit and they refer mostly to the semiconductors during their on-off states and 
the related state variables that change their condition during switching. 
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The SSA method is presented in detail step by step highlighting the way it 
was applied on the stability analysis of the proposed converter. The corresponding 
models are presented during ton and toff for the converter operating as a step-down 
and a step-up converter connected to a voltage source and supplying a resistive 
load. The last averaged model is presented for the case when the converter is 
connected to two voltage sources on both sides.  

 
 

2.3.1.1. SSA for step-down converter with resistive load 
 
The first step of SSA method is to determine the state variables of our 

converter. In order to simplify the computation the circuit is analyzed exactly how it 
works during each operating mode, meaning that some of the existing switches are 
reduced to diodes because the complementary transistors in operation only double 
them. This fact is easier to understand after the presentation of the equivalent 
circuits, which highlights the state variables (fig.2.25):  

L1 L2rL1 rL2

C2C1D

S1

S2

X1 X2

X3
X4

 
Fig.2.25. Highlighted State Variables for BHDC in step-down mode 

The state variables x1 and x2 are the currents through L1 and L2 inductors. x3 
and x4 are the voltages on the switching capacitor cell respectively the “output” 
capacitor. The simplified circuit is also shown separately during ton and toff in order to 
obtain the general state and output equations of the system, which have the 
following forms: 

�̇�𝑥 = 𝐴𝐴𝑥𝑥(𝑡𝑡) + 𝐵𝐵𝐵𝐵(𝑡𝑡)                                         (2.76) 

𝑦𝑦(t) = C𝑥𝑥(𝑡𝑡) + 𝐷𝐷𝐵𝐵(𝑡𝑡)                                         (2.77) 

In (2.76) and (2.77), 𝑥𝑥(𝑡𝑡) represents the state vector and contains all the 
states variables. In the same manner, 𝑦𝑦(t) is called the output vector and it offers a 
way to obtain external waveforms as linear combinations of the state variables and 
input vectors. In other words: 

�̇�𝑥=𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

  -time derivative of the state variable 𝑥𝑥; 
A  -state coefficient matrix; 
𝐵𝐵  -source coefficient matrix; 
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B  -source coefficient matrix; 
C  -output coefficient matrix; 
D  -output source coefficient matrix. 

In fig.2.26 the equivalent circuit of BHDC is presented, highlighting the state 
variables during ton, while operating in step-down mode. The equivalent series 
resistances for inductors and capacitors are added to the system, but only where 
their values affect the system behavior. 

Co

L1

X1

X4

rL2

C1

C2

L2

Vin

X2

X3R

rL1

rC0

 

Fig.2.26. Equivalent circuit of BHDC during ton 

 In this particular case, the input voltage source is Vin and it appears noted 𝐵𝐵1 
in the source coefficient vector. Since we do not have other sources in our circuit, 
the other elements are considered equal with zero. Considering the four state 
variables, a second order system of the proposed circuit is obtained from the 
characteristic equations of the circuit during all states of operation.  
 The simplified state equations neglecting dispensable terms during ton derive 
from the equivalent circuits and are the following ones: 

�̇�𝑥1 = −𝑟𝑟𝐿𝐿1+𝑟𝑟𝐶𝐶0
𝐿𝐿1

∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 1
𝐿𝐿1
∙ 𝑥𝑥3 −

1
𝐿𝐿1
∙ 𝑥𝑥4             (2.78) 

�̇�𝑥2 = 0 ∙ 𝑥𝑥1 −
𝑟𝑟𝐿𝐿2
𝐿𝐿2
∙ 𝑥𝑥2 −

2
𝐿𝐿2
∙ 𝑥𝑥3 + 0 ∙ 𝑥𝑥4 + 1

𝐿𝐿2
· 𝑉𝑉𝑖𝑖𝑖𝑖    (2.79) 

�̇�𝑥3 = 0 ∙ 𝑥𝑥1 + 1
𝐶𝐶1
∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 + 0 ∙ 𝑥𝑥4           (2.80) 

�̇�𝑥4 = 1
𝐶𝐶0
∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 −

1
𝑅𝑅0∙𝐶𝐶0

∙ 𝑥𝑥4          (2.81) 

 Using (2.78)-(2.81) the state and output equations matrix is obtained 
during ton: 

�

�̇�𝑥1
�̇�𝑥2
�̇�𝑥3
�̇�𝑥4

� =

⎣
⎢
⎢
⎢
⎢
⎢
⎡−

𝑟𝑟𝐿𝐿1+𝑟𝑟𝐶𝐶0
𝐿𝐿1

0 1
𝐿𝐿1

− 1
𝐿𝐿1

0 − 𝑟𝑟𝐿𝐿2
𝐿𝐿2

− 2
𝐿𝐿2

0

0 1
𝐶𝐶1

0 0
1
𝐶𝐶0

0 0 − 1
𝑅𝑅0∙𝐶𝐶0⎦

⎥
⎥
⎥
⎥
⎥
⎤

∙ �

𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
𝑥𝑥4

�+

⎣
⎢
⎢
⎡

0
1
𝐿𝐿2
0
0⎦
⎥
⎥
⎤
∙ Vin    (2.82) 

The system during the on state is given by the equations 1x =A1x+B1Vin 
and vout=C1x. From (2.82) the A1 and B1 matrices are determined: 
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A1=

⎣
⎢
⎢
⎢
⎢
⎢
⎡−

𝑟𝑟𝐿𝐿1+𝑟𝑟𝐶𝐶0
𝐿𝐿1

0 1
𝐿𝐿1

− 1
𝐿𝐿1

0 − 𝑟𝑟𝐿𝐿2
𝐿𝐿2

− 2
𝐿𝐿2

0

0 1
𝐶𝐶1

0 0
1
𝐶𝐶0

0 0 − 1
𝑅𝑅0∙𝐶𝐶0⎦

⎥
⎥
⎥
⎥
⎥
⎤

 ;    B1=

⎣
⎢
⎢
⎡

0
1
𝐿𝐿2
0
0 ⎦
⎥
⎥
⎤
;      (2.83) 

C1 results in the following: 

Vout=VR=𝑟𝑟𝐿𝐿1 ∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 − 1 ∙ 𝑥𝑥4; so:  (2.84) 

C1=[𝑟𝑟𝐿𝐿1 0 0 −1]           (2.85) 

 The analysis of the state equations during toff is obtained considering the 
following equivalent circuit during toff following the same principle presented above: 

Co

L1

X1

X4

rL2

C2

L2

Vin

X2

R

rL1

C1

X3

  

Fig.2.27. Equivalent circuit of BHDC during toff  

The state equations during toff derive from the equivalent circuits and are 
the following ones: 

�̇�𝑥1 = −𝑟𝑟𝐿𝐿1+𝑟𝑟𝐶𝐶0
𝐿𝐿1

∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 1
𝐿𝐿1
∙ 𝑥𝑥3 −

1
𝐿𝐿1
∙ 𝑥𝑥4    (2.86) 

�̇�𝑥2 = 0 ∙ 𝑥𝑥1 −
𝑟𝑟𝐿𝐿2
𝐿𝐿2
∙ 𝑥𝑥2 −

1
𝐿𝐿2
∙ 𝑥𝑥3 + 0 ∙ 𝑥𝑥4 + 1

𝐿𝐿2
· 𝑉𝑉𝑖𝑖𝑖𝑖     (2.87) 

�̇�𝑥3 = − 1
2∙𝐶𝐶1

∙ 𝑥𝑥1 + 1
2∙𝐶𝐶1

∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 + 0 ∙ 𝑥𝑥4    (2.88) 

�̇�𝑥4 = 1
𝐶𝐶0
∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 −

1
𝑅𝑅0∙𝐶𝐶0

∙ 𝑥𝑥4    (2.89) 

Using (2.86)-(2.89) the state and output equations matrix is obtained 
during toff: 

�

�̇�𝑥1
�̇�𝑥2
�̇�𝑥3
�̇�𝑥4

� =

⎣
⎢
⎢
⎢
⎢
⎢
⎡−

𝑟𝑟𝐿𝐿1+𝑟𝑟𝐶𝐶0
𝐿𝐿1

0 1
𝐿𝐿1

− 1
𝐿𝐿1

0 − 𝑟𝑟𝐿𝐿2
𝐿𝐿2

− 1
𝐿𝐿2

0

− 1
2∙𝐶𝐶1

1
2∙𝐶𝐶1

0 0
1
𝐶𝐶0

0 0 − 1
𝑅𝑅0∙𝐶𝐶0⎦

⎥
⎥
⎥
⎥
⎥
⎤

∙ �

𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
𝑥𝑥4

�+

⎣
⎢
⎢
⎡

0
1
𝐿𝐿2
0
0⎦
⎥
⎥
⎤
∙ Vin ;           (2.90) 

 Using (2.90), the A2 and B2 matrices are obtained corresponding to toff this 

time. C2 derives from (2.92).  
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A2=

⎣
⎢
⎢
⎢
⎢
⎢
⎡−

𝑟𝑟𝐿𝐿1+𝑟𝑟𝐶𝐶0
𝐿𝐿1

0 1
𝐿𝐿1

− 1
𝐿𝐿1

0 − 𝑟𝑟𝐿𝐿2
𝐿𝐿2

− 1
𝐿𝐿2

0

− 1
2∙𝐶𝐶1

1
2∙𝐶𝐶1

0 0
1
𝐶𝐶0

0 0 − 1
𝑅𝑅0∙𝐶𝐶0⎦

⎥
⎥
⎥
⎥
⎥
⎤

 ;    B2=

⎣
⎢
⎢
⎡

0
1
𝐿𝐿2
0
0 ⎦
⎥
⎥
⎤
;      (2.91) 

 Vout=VR=𝑟𝑟𝐿𝐿1 ∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 − 1 ∙ 𝑥𝑥4 ;           (2.92) 

C2=C1=[𝑟𝑟𝐿𝐿1 0 0 −1]               (2.93) 

 The A1, A2, B1, B2, C1 and C2 final matrices, are weighted by the duty cycle D 
for ton state and by (1-D) during toff state, and the averaged equivalent system 
equations is obtained over one switching period. Because these equations are linear, 
the Laplace transfer functions of the system can be obtained and we can admit: 

x =Ax+BVin;         (2.94) 

vout=Cx;    (2.95) 

Where: 
A=A1∙D+A2∙(1-D)          (2.96) 

B=B1∙D+B2∙(1-D)          (2.97) 

C=C1∙D+C2∙(1-D)          (2.98) 

 The steady-state transfer function X0 is obtained for x =0: 

X0=(-A-1B)Vin                                                 (2.99) 

 For small variations d~  of the duty cycle D, considering Vin constant, the 
averaged equivalent system for small variations over a switching period is: 

   ( ) ( )[ ]dVBBXAAxAx in
~~~

21021 −+−+=                    (2.100) 

( )[ ]dXCCxCvout
~~~

021 −+=                                (2.101) 

where x~  and outv~  are the small variations of the state and respectively the 

output variables. The simplified state-space model of the inverter is obtained using 
the Matlab tools by introducing the matrices A1, A2, B1, B2, C1 and C2 and solving the 
equations (2.100) and (2.101) resulting the small signal transfer function of the 

system outv~ (s)/ d~ (s). 
 The presented average model is practically used for steady state and for 
stability analysis using Bode or Nyquist diagrams. Since all its elements are 
determined, they are introduced in a m-function using Matlab. Because the symbolic 
form of the transfer functions raised many difficulties, the diagrams representing 
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the stability of the system were obtained using the real parameters of the proposed 
converter prototype. They are all listed in Table 2.1: 

Table 2.1. BHDC prototype data (step-down) 
Component Value Units Specifications 

Vin 400 V Input voltage in step-down mode 
L2 1470 uH L2 inductance 
rL2 158 mΩ ESR of L2 

C1=C2 705 uF Capacitance of the switching cap cell 
L1 200 uH L1 inductance 
rL1 4.5 mΩ ESR of L1 
C0 470 uF Output filter capacitor 
rC0 75 mΩ ESR of C0 

R 1 Ω Resistive load 

D 0.78 - Duty Cycle 

 The Bode plots of the transfer functions are used for the system stability 
analysis. Each of the obtained plots corresponds to one of the four state variables 
small-signal transfer function and they determine the stability of the BHDC. Using 
the converter prototype data the following transfer function results: 

1392734

141128
1

10766.110799.610401.12610
10305.21011.110031.1

~
~

⋅+⋅+⋅++
⋅−⋅+⋅

=
ssss

ss
d
x          (2.102) 

1392734

14112734
2

10766.110799.610401.12610
10168.310935.21023.710892.1

~
~

⋅+⋅+⋅++
⋅−⋅−⋅−⋅−

=
ssss
sss

d
x       (2.103) 

1392734

14112734
3

10766.110799.610401.12610
10478.210815.11099.210061.2

~
~

⋅+⋅+⋅++
⋅−⋅+⋅+⋅

=
ssss
sss

d
x         (2.104) 

1392734

1411263
4

10766.110799.610401.12610
1054.210973.110422.51419

~
~

⋅+⋅+⋅++
⋅−⋅+⋅−−

=
ssss

sss
d
x          (2.105) 

 
 The system poles are P1,2=-1164.7±3242.8i and P3,4=-140.4±1211.5i. For 
each transfer function corresponding to a state variable, the system has 2 or 3 
zeros. Fig.2.28 shows that the transfer function corresponding to dx ~/~

1  is stable 
with a low oscillating behavior and a phase reserve of 90 degrees at the cutting 
frequency of ~3.5 kHz. The zeros corresponding to this transfer function are Z1=-
2127,7 and Z2=1051. In fig.2.29 is shown the Bode plot corresponding to dx ~/~

2 . It 
has also a low oscillating behavior and a lack of phase reserve of at the cutting 
frequency of ~2 kHz. The transfer function has three zeros, Z1,2=-1221.8±3264.5i 
and Z3=-1378.6. These first two Bode plots indicate a stable operation for the 
inductor L1 and an unstable operation for L2. 
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Fig.2.28. Bode plot for 
d
x
~
~

1  small signal transfer function 

Fig.2.29. Bode plot for 
d
x
~
~

2  small signal transfer function 
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The Bode plot from fig.2.30 shows that the SCC operation is unstable. The 
cutting frequency is at ~1kHz but the small signal transfer function ac response 
does not have any phase reserve. The transfer function has three zeros, Z1,2=-
1251.3±3141.7i and Z3=1051. Since the behavior of the SCC does not affect the 
output voltage and the currents through the “output” inductor L1 can be controlled, 
the system stability is depends by the behavior of the output capacitor 
corresponding to x4 state variable.     

Fig.2.30. Bode plot for 
d
x
~
~

3  small signal transfer function  

In fig.2.31 is presented the frequency response of the small-signal transfer 
function corresponding to the voltage on the output filter capacitor. The amplitude 
value shows a relative low oscillating response, but it does not raise any problems. 
The phase reserve is approximatively 25 degrees at a cutting frequency of ~1.7kHz. 
The transfer function (2.105) has three zeros, Z1=-14368, Z2=9188 and Z3=1357. 
Since this ac response represents is related to the output of the system, we can 
conclude that the stability of the converter operating in step-down mode is 
confirmed. 
 As presented above not all the state variables small signal transfer functions 
have to be stable. The stability of a system is reflected mostly by the stable 
behavior of the state variables used by the control of the circuit and the ones that 
directly affects the system output. 
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Fig.2.31. Bode plot for 
d
x
~
~

4  small signal transfer function 

   

2.3.1.2. SSA for step-up converter with resistive load 
 
In this subchapter, the stability of the system is analyzed considering the 

converter operating in step-up mode. Except the current sense, the differences 
between this circuit and the previous one is the input voltage source, which in this 
case is a 50 V DC one and the output filter capacitor which is placed in the opposite 
part just near the new load resistor. The new equivalent circuit is represented in 
fig.2.32: 

R

Co

rco

L1 L2rL1 rL2

C2C1

D

S1

X1 X2

X3
X4Vin

D

 
Fig.2.32. Highlighted State Variables for BHDC in step-up mode 
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Following the same procedure, the A1, A2, B1, B2, C1 and C2 matrices have to 
be obtained. The new equivalent circuits for step-up mode, for each switching time 
are presented in fig.2.33: 

Co

L1

X1

X4

rL2

C1

C2

L2

Vin

X2

X3 R

rL1

rco

 
Fig.2.33. Equivalent circuit of BHDC during ton 

Considering the circuits from fig. 2.33 the following state equations results: 

�̇�𝑥1 = −𝑟𝑟𝐿𝐿1
𝐿𝐿1
∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 + 0 ∙ 𝑥𝑥4 + 1

𝐿𝐿1
∙ 𝑉𝑉𝑖𝑖𝑖𝑖   (2.106) 

   �̇�𝑥2 = 0 ∙ 𝑥𝑥1 −
𝑟𝑟𝐶𝐶0+𝑟𝑟𝐿𝐿2

𝐿𝐿2
∙ 𝑥𝑥2 −

2
𝐿𝐿2
∙ 𝑥𝑥3 −

1
𝐿𝐿2
∙ 𝑥𝑥4    (2.107) 

                        �̇�𝑥3 = 0 ∙ 𝑥𝑥1 −
1
𝐶𝐶1
∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 + 0 ∙ 𝑥𝑥4           (2.108) 

�̇�𝑥4 = 0 ∙ 𝑥𝑥1 + 1
𝐶𝐶0
∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 −

1
𝑅𝑅0∙𝐶𝐶0

∙ 𝑥𝑥4                    (2.109) 

Using (2.106)-(2.109) the state and output equations matrix is obtained 
during ton: 

�

�̇�𝑥1
�̇�𝑥2
�̇�𝑥3
�̇�𝑥4

� =

⎣
⎢
⎢
⎢
⎢
⎢
⎡−

𝑟𝑟𝐿𝐿1
𝐿𝐿1

0 0 0

0 − 𝑟𝑟𝐶𝐶0+𝑟𝑟𝐿𝐿2
𝐿𝐿2

− 2
𝐿𝐿2

− 1
𝐿𝐿2

0 − 1
𝐶𝐶1

0 0

0 1
𝐶𝐶0

0 − 1
𝑅𝑅0∙𝐶𝐶0⎦

⎥
⎥
⎥
⎥
⎥
⎤

∙ �

𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
𝑥𝑥4

�+

⎣
⎢
⎢
⎢
⎡
1
𝐿𝐿1
0
0
0⎦
⎥
⎥
⎥
⎤
∙ Vin    (2.110) 

In (2.110) the A1 and B1 matrices are determined. C1 derives from (2.112). 

A1=

⎣
⎢
⎢
⎢
⎢
⎢
⎡−

𝑟𝑟𝐿𝐿1
𝐿𝐿1

0 0 0

0 −𝑟𝑟𝐶𝐶0+𝑟𝑟𝐿𝐿2
𝐿𝐿2

− 2
𝐿𝐿2

− 1
𝐿𝐿2

0 − 1
𝐶𝐶1

0 0

0 1
𝐶𝐶0

0 − 1
𝑅𝑅0∙𝐶𝐶0⎦

⎥
⎥
⎥
⎥
⎥
⎤

 ;    B1=

⎣
⎢
⎢
⎢
⎡
1
𝐿𝐿1
0
0
0 ⎦
⎥
⎥
⎥
⎤
;      (2.111) 

Vout=VR=0 ∙ 𝑥𝑥1 + 𝑟𝑟𝐶𝐶0 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 − 1 ∙ 𝑥𝑥4; so:  (2.112) 

C1=[0 𝑟𝑟𝐶𝐶0 0 −1]   (2.113) 

The analysis of the state equations during toff is obtained considering the 
equivalent circuit from fig.2.34 during toff following the same principle: 
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Co

L1

X1

X4

rL2

C2

L2

Vin

X2

R

rL1

C1

X3

rco

 

Fig.2.34. Equivalent circuit of BHDC during toff  

The state equations during toff derive from the equivalent circuits and are 
the following ones: 

�̇�𝑥1 = −𝑟𝑟𝐿𝐿1
𝐿𝐿1
∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 −

1
𝐿𝐿1
∙ 𝑥𝑥3 + 0 ∙ 𝑥𝑥4 + 1

𝐿𝐿1
∙ 𝑉𝑉𝑖𝑖𝑖𝑖   (2.114) 

�̇�𝑥2 = 0 ∙ 𝑥𝑥1 −
𝑟𝑟𝐶𝐶0+𝑟𝑟𝐿𝐿2

𝐿𝐿2
∙ 𝑥𝑥2 + 1

𝐿𝐿2
∙ 𝑥𝑥3 + 1

𝐿𝐿2
∙ 𝑥𝑥4           (2.115) 

�̇�𝑥3 = − 1
2∙𝐶𝐶1

∙ 𝑥𝑥1 −
1

2∙𝐶𝐶1
∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 + 0 ∙ 𝑥𝑥4                      (2.116) 

�̇�𝑥4 = 0 ∙ 𝑥𝑥1 + 1
𝐶𝐶0
∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 −

1
𝑅𝑅0∙𝐶𝐶0

∙ 𝑥𝑥4          (2.117) 

Using (2.114)-(2.117) the state and output equations matrix is obtained 
during toff: 

�

�̇�𝑥1
�̇�𝑥2
�̇�𝑥3
�̇�𝑥4

� =

⎣
⎢
⎢
⎢
⎢
⎢
⎡−

𝑟𝑟𝐿𝐿1
𝐿𝐿1

0 − 1
𝐿𝐿1

0

0 − 𝑟𝑟𝐶𝐶0+𝑟𝑟𝐿𝐿2
𝐿𝐿2

1
𝐿𝐿2

− 1
𝐿𝐿2

1
2∙𝐶𝐶1

− 1
2∙𝐶𝐶1

0 0

0 1
𝐶𝐶0

0 − 1
𝑅𝑅0∙𝐶𝐶0⎦

⎥
⎥
⎥
⎥
⎥
⎤

∙ �

𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
𝑥𝑥4

�+

⎣
⎢
⎢
⎢
⎡
1
𝐿𝐿1
0
0
0⎦
⎥
⎥
⎥
⎤
∙ Vin ;             (2.118) 

 Using (2.118), the A2 and B2 matrices are obtained corresponding to toff this 

time. C2 derives from (2.120). 

A2=

⎣
⎢
⎢
⎢
⎢
⎢
⎡−

𝑟𝑟𝐿𝐿1
𝐿𝐿1

0 − 1
𝐿𝐿1

0

0 −𝑟𝑟𝐶𝐶0+𝑟𝑟𝐿𝐿2
𝐿𝐿2

1
𝐿𝐿2

− 1
𝐿𝐿2

1
2∙𝐶𝐶1

− 1
2∙𝐶𝐶1

0 0

0 1
𝐶𝐶0

0 − 1
𝑅𝑅0∙𝐶𝐶0⎦

⎥
⎥
⎥
⎥
⎥
⎤

 ;    B2=

⎣
⎢
⎢
⎢
⎡
1
𝐿𝐿1
0
0
0 ⎦
⎥
⎥
⎥
⎤
;      (2.119) 

Vout=VR=0 ∙ 𝑥𝑥1 + 𝑟𝑟𝐶𝐶0 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 − 1 ∙ 𝑥𝑥4; so:  (2.120) 

C2=C1=[0 𝑟𝑟𝐶𝐶0 0 −1]      (2.121) 
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The transfer functions for the state variables are also obtained using Matlab.  
Since all the needed elements are determined, they are introduced in a m-function 
using Matlab, in order to draw the corresponding Bode diagrams. The Bode 
diagrams for the stability analysis of the system were also obtained using the real 
parameters of the proposed converter prototype, but this time with the converter 
operating in step-up mode. All these parameters are listed in Table 2.2: 

Table 2.2. BHDC prototype data (step-up) 
Component Value Units Specifications 

Vin 50 V Input voltage in step-down mode 
L2 1470 uH L2 inductance 
rL2 158 mΩ ESR of L2 

C1=C2 710 uF Capacitance of the switching cap cell 
L1 200 uH L1 inductance 
rL1 4.5 mΩ ESR of L1 
C0 470 uF Output filter capacitor 
rC0 75 mΩ ESR of C0 

R 100 Ω Resistive load 

D 0.78 - Duty Cycle 

The Bode plots of the small signal transfer functions used for the system 
stability analysis correspond to one of the four state variables, determining the 
stability of the BHDC. Using Matlab and the converter prototype data, the following 
transfer function results: 

1182634

13122836
1

10497.210304.110155.33.202
10281.810595.310322.210133.1

~
~

⋅+⋅+⋅++
⋅+⋅+⋅+⋅

=
ssss
sss

d
x           (2.122) 

1182634

12112735
2

10497.210304.110155.33.202
10102.510392.210467.210542.1

~
~

⋅+⋅+⋅++
⋅+⋅+⋅−⋅

=
ssss
sss

d
x           (2.123) 

1182634

14102734
3

10497.210304.110155.33.202
10555.210448.110307.210595.2

~
~

⋅+⋅+⋅++
⋅+⋅−⋅−⋅−

=
ssss

sss
d
x        (2.124) 

1182634

14102834
4

10497.210304.110155.33.202
10106.510152.410261.3101419

~
~

⋅+⋅+⋅++
⋅+⋅−⋅+⋅−

=
ssss
sss

d
x         (2.125) 

The system poles are P1,2=-82.1±1749.5i and P3,4=-19.1±2847i. For each 
transfer function corresponding to a state variable, the system has 3 zeros. 

Fig.2.35 shows that the transfer function (2.122) is unstable. The IL1 small 
signal transfer function is not stable because the cutting frequency is too far from 
the normal operation frequency, even if phase reserve appears to get fixed at 
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approximatively 90 degrees. The zeros corresponding to this transfer function are 
Z1,2=-91±17777 and Z3=-23.1.  

 

Fig.2.35. Bode plot for 
d
x
~
~

1  small signal transfer function 

In fig.2.36 is shown the Bode plot corresponding to
d
x
~
~

2 . It shows a phase 

reserve of almost 90 degrees at a cutting frequency of 20 kHz. The transfer function 
has three zeros, Z1,2=90.7±1244i and Z3=-21.3. These two Bode plots presented in 
fig.2.35 and fig.2.36 indicate an unstable operation of the two inductors L1 and L2 
because the cutting frequency is not reached and the AC response has an oscillating 
behavior.  

Fig 2.37 shows a lack of stability for the SCC operation corresponding to 
d
x
~
~

3

. At the cutting frequency of 4 kHz, the transfer function has no phase reserve and 
compensation should boost the phase with more than 90 degrees in order to get 
stable. The transfer function has three zero, Z1,2=-1349.4±1903i and Z3=1809.7.    
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Fig.2.36. Bode plot for 
d
x
~
~

2  small signal transfer function 

 

Fig.2.37. Bode plot for 
d
x
~
~

3  small signal transfer function 
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Fig.2.38 shows the frequency response of the transfer function 
corresponding to the output filter capacitor voltage. The amplitude is little bit higher 
but it does not raise any problems thinking to the fact that the phase reserve is 
approximatively 35 degrees at a cutting frequency of 3 kHz. The system output 
stability is good, so the BHDC operation can be considered stable in step-up mode. 
The transfer function has three zeros, Z1=-28390, Z2,3=91±1244i. 
  

 

Fig.2.38. Bode plot for 
d
x
~
~

4  small signal transfer function 

 All the four Bode plots presented above proves that the proposed BHDC has 
a stable operation because of the confirmed stability for the output capacitor cell. In 
practice some problems could arise due to the instability of the small signal transfer 
function of L1 due to the fact that the BHDC control monitors it.   
 

2.3.1.3. SSA for bi-directional converter with two DC voltage 
sources 
 
In this subchapter, the stability of the system is analyzed considering the 

converter operating in its default mode. Two DC voltage sources are connected at 
the opposite terminals. The differences between this circuit and the previous ones 
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are the existence of both voltage sources and because of them, the absence of any 
output filter capacitor. This simplification reduces the system state variables number 
from 4 to 3. The new equivalent circuit is represented in fig.2.39: 

L1 L2rL1 rL2

C2C1D

S1

S2

X1 X2

X3
Vin Vin

 
Fig.2.39. Highlighted State Variables for BHDC 

The A1, A2, B1, B2, C1 and C2 matrices have to be obtained. Following the 
same procedure, the equivalent circuits for the proposed bi-directional converter are 
determined for each switching time. In fig.2.40, the equivalent circuit of BHDC 
during ton is shown. 

L1

X1

rL2

C1

C2

L2

V1

X2

X3

rL1

V2

 

Fig.2.40. Equivalent circuit of BHDC during ton 

Considering the citcuits from fig. 2.40 the following state equations results: 

�̇�𝑥1 = −𝑟𝑟𝐿𝐿1
𝐿𝐿1
∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 + 1

𝐿𝐿1
· 𝑉𝑉1         (2.126) 

�̇�𝑥2 = 0 ∙ 𝑥𝑥1 −
2𝑟𝑟𝐶𝐶1+𝑟𝑟𝐿𝐿2

𝐿𝐿2
∙ 𝑥𝑥2 + 2

𝐿𝐿2
∙ 𝑥𝑥3 −

1
𝐿𝐿2

· 𝑉𝑉2          (2.127) 

�̇�𝑥3 = 0 ∙ 𝑥𝑥1 −
1
𝐶𝐶1
∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3    (2.128) 

Using (2.126)-(2.128) the state and output equations matrix is obtained 
during ton: 

�
�̇�𝑥1
�̇�𝑥2
�̇�𝑥3
� =

⎣
⎢
⎢
⎢
⎡−

𝑟𝑟𝐿𝐿1
𝐿𝐿1

0 0

0 −𝑟𝑟𝐶𝐶1+𝑟𝑟𝐿𝐿2
𝐿𝐿2

2
𝐿𝐿2

0 − 1
𝐶𝐶1

0⎦
⎥
⎥
⎥
⎤

∙ �
𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
�+�

1
𝐿𝐿1
0
0

0
− 1

𝐿𝐿2
0
� ∙ �𝑉𝑉1𝑉𝑉2

�    (2.129) 

From (2.129) the A1 and B1 matrices are determined: 
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A1=

⎣
⎢
⎢
⎢
⎡−

𝑟𝑟𝐿𝐿1
𝐿𝐿1

0 0

0 −𝑟𝑟𝐶𝐶1+𝑟𝑟𝐿𝐿2
𝐿𝐿2

2
𝐿𝐿2

0 − 1
𝐶𝐶1

0 ⎦
⎥
⎥
⎥
⎤

 ;    B1=�

1
𝐿𝐿1
0
0

0
− 1

𝐿𝐿2
0
�;                (2.130) 

The C1 matrix results from (2.131), depending by the settled direction of the 

current: 

Iout=1 ∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 or Iout=0 ∙ 𝑥𝑥1 + 1 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 so:        (2.131) 

C1=[1 0 0] or C1=[0 1 0]              (2.132) 

The analysis of the state equations during toff is realized considering the 
following equivalent circuit of BHDC from fig.2.41 during toff following the same 
principle: 

L1

X1

rL2

C2

L2

V1

X2

rL1

C1

X3
V2

 

Fig.2.41. Equivalent circuit of BHDC during toff  

The state equations during toff which derive from the equivalent circuits are 

the following ones: 

�̇�𝑥1 = −2𝑟𝑟𝐿𝐿1+𝑟𝑟𝐶𝐶1
2𝐿𝐿1

∙ 𝑥𝑥1 + 𝑟𝑟𝐶𝐶1
2𝐿𝐿1

∙ 𝑥𝑥2 −
1
𝐿𝐿1
∙ 𝑥𝑥3 + 1

𝐿𝐿1
· 𝑉𝑉1              (2.133) 

�̇�𝑥2 = 𝑟𝑟𝐶𝐶1
2𝐿𝐿2

∙ 𝑥𝑥1 −
2𝑟𝑟𝐿𝐿2+𝑟𝑟𝑐𝑐1
2𝐿𝐿2

∙ 𝑥𝑥2 + 1
𝐿𝐿2
∙ 𝑥𝑥3 −

1
𝐿𝐿2

· 𝑉𝑉2             (2.134) 

�̇�𝑥3 = 1
2∙𝐶𝐶1

∙ 𝑥𝑥1 −
1

2∙𝐶𝐶1
∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3        (2.135) 

Using (2.133)-(2.135) the state and output equations matrix is obtained 
during toff: 

 �
�̇�𝑥1
�̇�𝑥2
�̇�𝑥3
� =

⎣
⎢
⎢
⎢
⎡−

2𝑟𝑟𝐿𝐿1+𝑟𝑟𝐶𝐶1
2𝐿𝐿1

𝑟𝑟𝐶𝐶1
2𝐿𝐿1

 − 1
𝐿𝐿1

𝑟𝑟𝐶𝐶1
2𝐿𝐿2

− 2𝑟𝑟𝐿𝐿2+𝑟𝑟𝑐𝑐1
2𝐿𝐿2

1
𝐿𝐿2

1
2∙𝐶𝐶1

− 1
2∙𝐶𝐶1

0 ⎦
⎥
⎥
⎥
⎤

∙ �
𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
�+�

1
𝐿𝐿1
0
0

0
− 1

𝐿𝐿2
0
� ∙ �𝑉𝑉1𝑉𝑉2

�                 (2.136) 

From (2.136) the A2 and B2 matrices are determined, C2 results from 
(2.138) depending by the settled direction of the current: 
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A2=

⎣
⎢
⎢
⎢
⎡−

2𝑟𝑟𝐿𝐿1+𝑟𝑟𝐶𝐶1
2𝐿𝐿1

𝑟𝑟𝐶𝐶1
2𝐿𝐿1

 − 1
𝐿𝐿1

𝑟𝑟𝐶𝐶1
2𝐿𝐿2

− 2𝑟𝑟𝐿𝐿2+𝑟𝑟𝑐𝑐1
2𝐿𝐿2

1
𝐿𝐿2

1
2∙𝐶𝐶1

− 1
2∙𝐶𝐶1

0 ⎦
⎥
⎥
⎥
⎤

 ;    B2=�

1
𝐿𝐿1
0
0

0
− 1

𝐿𝐿2
0
�;          (2.137) 

Iout=1 ∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 or Iout=0 ∙ 𝑥𝑥1 + 1 ∙ 𝑥𝑥2 + 0 ∙ 𝑥𝑥3 so:         (2.138) 

C2=[1 0 0] or C2=[0 1 0]   (2.139) 

Once determined, the matrices corresponding to the bidirectional converter 
with two voltage sources are introduced in a m-function using Matlab, in order to 
obtain the Bode plots for the small signal transfer functions of the state variable. 
With the absence of the output filter capacitors, the frequency response of system 
depends by the considered direction of the current between the two voltage sources 
and the behavior of L1 and L2. The Bode plots that are needed for the stability 
analysis of the system were built using the real parameters of the proposed 
converter prototype. Because the converter operates bidirectional, a new list with 
parameters is given in Table 2.3: 

Table 2.3. BHDC prototype data 
Component Value Units Specifications 

V1 50 V Input voltage 1 

V2 400 V Input voltage 2 
L2 1470 uH L2 inductance 
rL2 158 mΩ Equivalent series resistance of L2 

IL1 40 (-40) A The reference current through L2 

C1=C2 705 uF Capacitance of the switching cap cell 
rc1=rc2 50 mΩ ESR of the switching capacitor cell 

L1 200 uH L1 inductance 
rL1 4.5 mΩ Equivalent series resistance of L1 
R 200- Ω Resistive load 

D 0.78 - Duty Cycle 

The Bode plots of the small signal transfer functions are used for BHDC 
stability analysis. Using Matlab and the converter prototype data, the following 
equations result for the small signal transfer functions of the x1, x2 and x3 state 
variable: 

7623

12826
1

10357.910696.13.214
10938.110909.110136.1

~
~

⋅+⋅++
⋅+⋅+⋅

=
sss

ss
d
x                    (2.140) 

7623

11725
2

10357.910696.13.214
10395.210198.110546.1

~
~

⋅+⋅++
⋅+⋅+⋅

=
sss
ss

d
x                      (2.141) 
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7623

107
3

10357.910696.13.214
10456.110775.1

~
~

⋅+⋅++
⋅+⋅−

=
sss

s
d
x                     (2.142) 

The system poles are P1,2=-79.4±11296.6i and P3=-55.4. For each transfer 
function of a state variable representation, the corresponding zeros are listed.  

 

Fig.2.42. Bode plot for 
d
x
~
~

1  small signal transfer function 

Fig.2.42 shows that the IL1 bevavior is unstable. It has a phase reserve of 
~90 degrees, but the cutting frequency point is not reached in the range of normal 
operating frequency, so the response oscillates permanently. The zeros 
corresponding to this transfer function are Z1,2=-84±1303.1i. Because this plot 
shows an oscillating response and the system works at 20 kHz, a compensation is 
needed to lower the amplitude and obtain a stable configuration.  

In fig.2.43 is shown the Bode plot corresponding to
d
x
~
~

2 . It shows a phase 

reserve of almost 90 degrees at a cutting frequency of 23 kHz. The transfer 
function has two zeros, Z1,2=-38.7±1244.1i. The two Bode plots presented in 
fig.2.42 and fig.2.43 indicate an unstable operation of the two inductors L1 and L2. 
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Fig.2.43. Bode plot for 
d
x
~
~

2  small signal transfer function 

 

Fig.2.44. Bode plot for 
d
x
~
~

3  small signal transfer function 
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In fig.2.44 is shown that the SCC operation is unstable and   oscillates. The 
transfer function has a zero Z1=820.5521.  

In the following, is presented the compensation of the system and the new 
Bode plots of the compensated transfer functions. This compensation is integrated 
in a simulation model and in BHDC prototype control.  

The compensation is realized by adding new poles to the system transfer 
function. Its goal is to offer a stable behavior to the system operating between two 
voltage sources. For this, the current on the L1 inductor determines the stability of 
the entire system.  

In order to compensate the system and achieve a stable operation of the L1 
inductor, the initial transfer functions are multiplied with Hr (2.143), which 
represents the compensation function and it was determined based on the previous 
Bode plots analysis. 

0001929.00001929.0721.2
47410002150

2 ++
+

=
ss

sHr                     (2.143) 

The new compensated small signal transfer functions of the state variables 
obtained using Matlab are: 

  

4423459

9623
1

10805.1101.838327.50.046150.000193510721,2
10227.9105.226 5877 451.2

~
~

⋅+⋅++++⋅
⋅+⋅++

= − sssss
sss

d
x (2.144) 

4423459

10523
2

10805.1101.838327.50.046150.000193510721,2
10131.110228.45.6883308.0
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In fig.2.45 is presented the Bode plot of the transfer function corresponding 
to IL1, after compensation. The new poles of the compensated transfer function are: 
P1=-7088.6, P2=-5.5, P3=-0.1. P4,5=-7.9±129.7i. The new zeros of the transfer 
function are Z1=-2204.9 and Z1,2=-96.4±1303.1i. It can be observed that the 
frequency response of the inductor L1 is stable, with low oscillations and a phase 
reserve of almost 70 degrees at the cutting frequency of 2 kHz. The stability 
analysis of the second inductor L2 results from the Bode plot from fig.2.46. The new 
zeros of the transfer function in this case are Z1=-2204.9 and Z1,2=61.9±1243.8i 
and the stability is also achieved, with lower response oscillations and phase reserve 
of more than 60degrees at a cutting frequency of ~500 Hz. The current through the 
circuit depends by the two inductors L1 and L2 because it is the only input variable 
for the system normal operation and it also set the direction of the energy flow. 
Once the stability of the related state variables is obtained through compensation, it 
means that the integration of this compensation in the real converter gives stability 
to the entire system.  

For the result confirmation, the stability is analyzed using the PWM Switch 
Model procedure.      
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Fig.2.45. Bode plot for 
d
x
~
~

1  small signal transfer function with compensation (with blue)  

 

Fig.2.46. Bode plot for 
d
x
~
~

2  small signal transfer function with compensation  
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2.3.2. PWM Switch method 
 
 The SSA method can be considered a viable, but complicated way to derive 
small-signal models of power converters. The large number of state variables and 
the complex equations represent the main issues of this method. Many times, a part 
of these variables are neglected, but this also requires some experience in order to 
obtain useful results. In 1986 Dr. Vatche Vorperian from Virginia Polytechnic 
Institute, developed a new and more reliable concept of PWM Switch Model 
(PWMSM). The PWMSM has as starting point mainly the elements that introduce 
nonlinearities in systems, in this case, the diodes and the transistors. The solution is 
their substitution with a special three terminal model for the small signal analysis. A 
big advantage of this method is the fact that once realized, the small-signal model 
could be used for any existing topology without any average or linearization 
process. In fig.2.47 the PWMSM is presented with a single-pole double throw 
configuration for a better understanding of the PWM switch: 
      

a                                 c

PWM switch         p

d
1-d

a c

p

d

1-d

Vap(t) Vcp(t)

Ia(t) Ic(t)

 

Fig.2.47. The PWM Switch model and a single-pole double-throw configuration 

 In fig.2.47, the PWMSM replaces a conventional power pole with a model 
that integrates a two states switch and a diode. The switch model terminals are the 
active node “a”- the switch terminal not connected to the diode- the passive node 
“p”- the diode terminal not connected to the switch- and the common node “c”- the 
junction between the diode and the power switch terminals. One of the most 
important advantages of PWMSM is that the new model works in both CCM and DCM 
operation. Still, in order to obtain correct results is essential to use the PWM switch 
model in a correct form adapted to the related circuit respecting the natural 
operation of the system. 
 The first step in applying the PWMSM is similar with the one we did in SSA 
and it consists in the identification of the PWM switch variables, average and 
perturbs them in order to obtain the small signal model.  

The mediation of PWM switch variables starts with identifying the terminals 
of the PWM switch models, determining and averaging the related waveforms of the 
voltages and currents during one switching period. This procedure is the same with 
the one we use in calculating the average current through an inductor or the 
average voltage over a capacitor. If these models behavior is simulated, the 
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obtained waveforms of the currents and voltages over the switching components 
twist between zero and an averaged value during each switching period. For 
example, in fig.2.48 a typical current waveform during a switching period and the 
equivalent model is presented.  

I1(t) I2(t) Ipeak

Ivalley

dTS (1-d)TS

TS

I2

I1

t

I2

I2(t)

I1(t)

+

0

1

d     1-d

 
Fig.2.48. An usual current waveform and circuit that generates it 

I2(t) represents the real waveform of the current through the circuit during 
Ts and it varies between Ipeak and Ivalley. During ton (d∙Ts) the current through the 
transistor is zero because it is blocked. In this conditions we can consider a current 
I1(t) as a sampled version of I2(t) which is 0 during d∙Ts and jumps to the averaged 
value of I2(t) during the entire period Ts.  

I2=   
𝐼𝐼𝑝𝑝𝑙𝑙𝑙𝑙𝑝𝑝+𝐼𝐼𝑣𝑣𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣

2
                                     (2.147) 

 I1=   
1
𝑇𝑇𝑠𝑠
∙ ∫ 𝐼𝐼1(𝑡𝑡)𝑑𝑑𝑡𝑡 = (1− 𝑑𝑑) ∙ 𝐼𝐼2

𝑇𝑇𝑠𝑠
0                          (2.148) 

In the same manner, the terminal voltages over the PWMSM are treated. 
Neglecting the position of the switch, Vap(t) value is always a DC level, that goes to 
the a and p terminals. On the other side, Vcp(t) represent the output voltage of the 
PWMSM, depending by the duty cycle. The average value of Vcp is: 

Vcp=   
1
𝑇𝑇𝑠𝑠
∙ ∫ 𝑉𝑉𝑐𝑐𝑝𝑝(𝑡𝑡)𝑑𝑑𝑡𝑡 = 𝑑𝑑 ∙ 𝑉𝑉𝑐𝑐𝑝𝑝

𝑇𝑇𝑠𝑠
0                            (2.149) 

 
 In the following subchapters, the stability analysis is realized considering the 
converter operation in step-down and step-up modes. The stability analysis using 
PWMSM ends with a comparison of the results obtained with SSA for the converter 
operating as an interface between two voltage sources. 
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2.3.2.1. PWMSM for step-down converter with resistive load 
  

In this subchapter, the presentation of PWMSM method continues related to 
the proposed converter and how it was applied to our system when it operates in 
step-down mode. First, a new power stage equivalent circuit is presented in fig. 
2.49, just as it was implemented in our design. This version of the circuit came as a 
solution during the prototype designing procedure and it created a more clear view 
of the corresponding PWMSM. The encircled arias are replaced with equivalent PWM 
switch models whose operation determines the same behavior of the circuit. The 
corresponding duty cycle is obtained differently in order to provide a much better 
steadiness of the system against perturbations and the detailed procedure is 
presented.  

R
Co

rco

L1 L2rL1 rL2

VinC2C1D

S2

S3

D

Out2A In1A

In1BOut1AIn2B

In2A

 
Fig.2.49. Step-down mode circuit highlighting switches disposition 

 In fig.2.50 is presented the replacement of the switching power poles to 
PWMSM, highlighting the current and voltage circuits. In step-down mode the 
related power poles of the converter contain the switches S2 and S3 combined with 
the additional antiparallel diode of the S1 switch. 
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Out1A
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In1A

p

a
d

In1B In1B

In2B Out1B
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c
In2B

Out2B

Out1B

In1B

p

a
d

 

Fig.2.50. PWMSM of S1 and S2 switches 

 The equivalent circuit with PWMSM is presented in fig.2.51. It highlights the 
transformation of the step-down circuit, in an equivalent PWMSM circuit, by 
replacing the corresponding power poles with PWMSM.  
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Fig.2.51. Equivalent step-down circuit with PWMSM 

TINA-TI software offers a special tool designed for the stability analysis of 
the electronic circuits with PWMSM. Similar to the Matlab results related to the Bode 
plots, the frequency response of the systems, obtained with TINA, indicate the 
stability of the related systems.  

In fig.2.52 is presented the Tina TI model of the proposed circuit, operating 
in step-down mode with a resistive load. The PWMSMs are designed and they are 
placed in the circuit respecting the observations related to the currents and voltages. 
The rest of the components are modeled using the real parameters corresponding to 
the prototype data. 

 
Fig.2.52. Simulation model of the circuit in step-down mode  
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The duty cycle apparently looks to be obtained with a close loop control. The 
value of the output voltage V_out is sent through a resistive divider to an 
operational amplifier and compared with a calculated reference voltage. It amplifies 
by 60 dB the difference between the chosen reference voltage V_ref and V_out. A LC 
filter is added to the obtained output featuring an extremely cutoff frequency, in 
order to get an open-loop control for the duty cycle when getting the AC response. 
During the bias point, the duty cycle is automatically computed according to the 
output voltage set point. The LoL inductor is shorcircuited and the CoL capacitor is 
open, so the duty cycle depends only by the output voltage set point given by R3, 
R4, and V_ref. This way, the modification of Vin or Rload as input conditions does not 
affect the system output V_out. During the AC analysis process, the LC filter will 
stop any AC excitation so the control circuit will act as an open loop control.  

In fig.2.53 is presented the AC response related to the V_out (voltage on the 
output capacitor). Similar to the SSA method, it shows that it is stable, even if the 
phase reserve does not exceed 22-25 degrees.  

 
Fig.2.53. Bode plot for the V_out state variable  

 In fig.2.54 and fig.2.55 are presented the PWMSM AC responses 
corresponding to IL1, respectively IL2 currents. Both Bode plots highlight a lack 
stability with the cutting frequency out of the operating frequency domain. Since the 
current on the L1 inductor is high and used in the BHDC control, it would important 
to have a stable behavior for it. Also, the responses shapes are close to the ones 
obtained with the SSA method and the conclusion are similar.  
 In fig.2.56 is shown the PWMSM AC response for the voltage over the 
switching capacitor cell which is unstable, with no phase reserve at the cutting 
frequency. 
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Fig.2.54. Bode plot for the AM1 (IL1) state variable  

 

 
Fig.2.55. Bode plot for the AM2 (IL2) state variable  
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Fig.2.56. Bode plot for the V_C2 state variable  

Comparing the stability analyses using SSA and PWMSM methods for the 
system operating in step-down mode, the results are similar. 

2.3.2.2. PWMSM for step-up converter with resistive load 
 
The PWMSM for step-up mode imposes a different equivalent circuit, 

because the switches operation is also different. The new equivalent circuit is shown 
in fig.2.57. 
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Fig.2.57. Step-up mode circuit highlighting switches disposition 
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 According to the representation from fig.2.57, the PWMSM method analysis 
is adapted to the step-up operation mode of BHDC. In fig.2.58 are shown 
transformation and the connections of the PWM switch models in the circuit 
according to the inputs In1A, In2A, In1B, In1B, respective the outputs Out1A, Out2A, 
Out1B and Out2B, corresponding to the current and voltage circuits, for the both 
power poles. 

In1A

In2A

Out1A

Out2A

a

c

p

S2 Out1A

Out2A

c

In1A

p

a
d

 

In1B

In2B

Out1B

Out2B

c

a

p

S1

c
In2B

Out2B

Out1BIn1B

p

a
d

 
Fig.2.58. PWMSM of S1 and S2 switches 

 After the determination of the current and voltage circuits terminals, the 
new equivalent circuit with PWMSM for BHDC operating in step-up mode is designed 
and it is presented in fig.2.59. 
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Fig.2.59. Equivalent step-up circuit with PWMSM 

 The proposed equivalent PWMSM circuit is digitally modeled using TINA TI 
software. Since this platform offers prebuilt models for the PWM switches modeled 
according to the presented theory, it is used to obtain the AC response for the main 
components of the BHDC. In fig. 2.60 is shown the simulation model of the circuit 
using PWMSM, considering the same specifications related to the open loop control 
given in the previous subchapter. 
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Fig.2.60. Simulation model of the circuit in step-up mode  

 In fig.2.61 is presented the Bode plot corresponding to the output voltage 
state variable of the system operating in step-up mode. Its behavior is stable with a 
low phase reserve at the cutting frequency. 

 
Fig.2.61. Bode plot for the V_out state variable  
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Fig.2.62. Bode plot for the V_C2 state variable  

 
Fig.2.63. Bode plot for the AM2 (IL2) state variable  
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Fig.2.64. Bode plot for the AM1 (IL1) state variable  

The Bode plot from fig.2.62 shows that the PWMSM AC response for the 
switching capacitor cell is unstable. The result is similar with the one obtained with 
the SSA procedure and it does not affect the stability of the output voltage on the 
filter capacitor. 

In fig.2.63 and fig.2.64 are shown the Bode plots for the currents through 
L1, respectively L2 inductors. Their behavior is unstable and the results confirm the 
ones obtained with SSA method. 

In step-up operating mode, the BHDC offers the required output voltage and 
it has a stable behavior. Still, the control is based on the control of the currents 
through the L1 and L2 inductors and the voltage over the switching capacitor cell. 
The results of the stability analysis show that a compensation function may be 
needed in order to control the system. 

 

2.3.2.3. PWMSM for bidirectional converter with two DC 
voltage sources 
 
The analysis of the proposed converter with PWMSM in a two DC voltage 

sources configuration is realized using different models in TINA TI. The differences 
do not change the converter topology, they only set the direction of the energy flow 
by introducing a resistive load connected in parallel with the source on the side that 
receives energy. The PWMSM equivalent circuits are the same ones presented in 
step-down and step-up configurations with additional DC sources connected in 
parallel with the resistive loads. 

G
a

in
 (

d
B

)

0.00

20.00

40.00

60.00

80.00

Frequency (Hz)
10 100 1k 10k 100k

P
h

a
s
e

 [
d

e
g

]

-100.00

-50.00

0.00

50.00

100.00

BUPT



 2.3. Stability Analysis     85 

Based on this hypothesis, stability information of the system are obtained 
twice depending by the direction of the current. In fig.2.65 is presented the PWMSM 
simulation model when the current flows from a 400 V DC source to a 50 V DC 
source and supplies a 2 kW resistive load.  

 

  
Fig.2.65. Dual voltage source PWMSM circuit in step-down mode  

 In the following, the AC response of the system is presented in comparison 
with the SSA, highlighting the main state variables, which are the currents through 
the L1 and L2 inductors and the voltage over the SCC. The AC responses for the 
currents are shown in fig.2.66 and fig.2.67. The results are almost similar with the 
ones obtained with the SSA method. For each state variable a comparison is made 
between the two methods. Operating as an interface between two voltage sources 
makes the stability of the state variables corresponding to the inductors currents 
mandatory. From the Bode plots, it can be seen that they have an unstable behavior 
and a compensation function has to be integrated in the system to improve the 
stability. 
 In fig.2.68 is presented the Bode plot corresponding to the voltage over the 
switching capacitor cell. With the results close to the ones obtained with SSA 
procedure, even if this state variable AC response is stable, it does not improve the 
overall BHDC stability. 
 The little differences between the Bode plots obtained with the SSA method 
and the ones obtained with the PWMSM method appear because of the both 
procedures particular features. Even so, the BHDC stability analysis with the two 
procedures has appropriate results and their similarities validate them.   
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Fig.2.66. Bode plot for the IL1 state variable  
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Fig.2.67. Bode plot for the IL2 state variable  
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Fig.2.68. Bode plot for the V_C2 state variable  
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In fig.2.69 is presented the PWMSM simulation model when the current flows 

from a 50 V DC source to a 400 V DC source and supplies a 2 kW resistive load. The 
control of the system is based on the current through the L1 inductor control, so its 
stability is mandatory. A new stability analysis of BHDC is realized using the 
corresponding energy flow direction and the following PWMSM equivalent circuit.  

 

 
Fig.2.69. Dual voltage source PWMSM circuit in step-up mode  

 In the following the AC responses of the system state variable are presented 
in comparison with the ones obtained with the SSA method.  
 In fig.2.70 is presented the Bode plot corresponding to the current through 
the L1 inductor. Since it shows an unstable behavior and the cutting frequency is far 
from the normal operation frequency, a compensation function is needed to obtain a 
proper cutting frequency. 

In fig.2.71 is shown the Bode plot for the current through the L2 inductor. 
The stability is close to be reached but the cutting frequency is very close to the 
normal operation frequency. Even if its behavior is better, it depends by the current 
through L1 inductor. The BHDC control compensation will be realized considering the 
AC response of the IL1 state variable small signal transfer function. 

 In fig.2.72 is presented the Bode plot for the voltage over the switching 
capacitor cell. Even if it is stable, it does not change the overall BHDC stability when 
the energy flow direction is from the lower voltage source to the higher voltage 
source. 

The small differences between the Bode plots come from each method 
particularities. Regarding the phase response, it is cyclic for each 360 degrees so we 
can conclude that big similarities exist between the results obtained with SSA and 
with PWMSM. Because the system is unstable, a compensation function is 
introduced in the control system, in order to gain the needed stability of the BHDC. 
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Fig.2.70. Bode plot for the IL1 state variable  
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Fig.2.71. Bode plot for the IL2 state variable  
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Fig.2.72. Bode plot for the VC state variable  
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2.3.3. Stability improvements tested with SSA and PWMSM 
 
 As shown in the previous subchapters, the proposed converter presents 
several problems regarding the system stability. In order to obtain a stable 
operation against various perturbations, the system has to be compensated. The 
stability improvement is seeking for larger phase reserves at the cutting frequencies 
for the main state variables. Only the normal operation with two voltage sources 
and bidirectional current flow is considered in this section for the stability analysis. 
 The compensation was realized in Matlab, by updating the SSA m-functions 
with the compensation function. The results are verified with PWMSM by adapting 
the simulation models. The current through the inductor L1 needs more attention, 
due to its high value and the problems that may occur in the circuit if its operation 
gets out of control. The compensation made for the stability improvement is close 
related to IL1 state variable and it is highlighted in the resulted Bode plots.  
 The transfer function used in the stability analysis with SSA, is therefore 
adjusted with a compensation function Hr, in order to increase the phase reserve at 
a cutting frequency. In the same time, the magnitude is lowered for a faster 
response with low oscillations. The compensation function Hr was obtained in Matlab 
and it introduces an amplitude gain and a phase boost at the cutting frequency 
through an additional zero and two poles. The results were presented in section 
2.3.2.3 and they are compared with the results obtained using PWMSM and the 
compensation is introduced in the simulation model, fig.2.73.   

 

Fig.2.73. PWMSM circuit in step-down mode with compensation  
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The simulation model used for the AC response in Tina follows the results 
obtained with SSA. Practically, the same compensation function Hr is transformed in 
an operational circuit capable to increase the stability and get a desired phase boost 
at the crossover frequency. The compensation is realized through observation of the 
open loop Bode plot of the state variable which operation we want to stabilize. It 
consists of deriving a k factor, which indicates the necessary distances between the 
frequency positions of the poles and zeros that have to be brought by the 
compensation network. In fig.2.74.a, b and c is presented how this calculated k 
factor places the poles and zeros in order to obtain the desired crossover frequency 
as a geometric mean between these points. 
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Fig.2.74.a), b), c)- The K factor action in obtaining the desired phase boost at the crossover 
frequency by adjusting the positions of poles and zeros  

 The compensation needed for our system is a compensation function that 
adds to the initial transfer function a pole and two zeros, in order to improve the AC 
response of the IL1, in the purpose of a better control of the current through L1. In 
fig.2.75. a type 2 amplifier circuit is presented. It is used in our PWMSM and it 
represent the solution for a phase boost.  
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Fig.2.75. A type 2 amplifier for phase boost  

 In this circuit, the compensation function is obtained as a few lines of a 
Laplace equation (2.150): 
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 In the fig.2.76 a comparison is presented between the SSA and PWMSM 
results, obtained with compensation.  
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Fig.2.76. Bode plot for the IL1 state variable with compensation  
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 The compensation function lowers the cutting frequency down to 2kHz, 
which is very reasonable thinking to the fact that the normal operation frequency is 
20kHz. The second advantage is related to the phase reserve which is boosted up to 
70 degrees at the related cutting frequency. 
 In fig.2.77 the compensation circuit is introduced in the equivalent step-up 
PWMSM circuit of BHDC, operating as an interface between two voltage sources.  

 

Fig.2.77. PWMSM circuit in step-up mode with compensation  

In fig.2.78 are presented the Bode plots for the IL1 state variable with 
compensation. The results obtained with the PWMSM validate the ones obtained 
with the SSA method and they both confirm the compensation function 
effectiveness. The compensation circuit integrated in BHDC operating in this mode is 
lowering the cutting frequency down to 2 kHz and a phase reserve of 70 degrees is 
reached.  

Due to the fact that the control is based on the monitoring of IL1, its stability 
determines the stability of the entire system. In order to check and validate the 
stability analysis results, the PWMSM equivalent circuits are simulated in transient 
mode. This way is verified the capability of the BHDC PWMSM circuit to follow a 
reference waveform given for the current through L1 inductor. The results are 
confirmed using a simulation model realized in Psim with real models for the 
semiconductors. 
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Fig.2.78. Bode plot for the IL1 state variable with compensation 
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2.4. Digital simulations 
 
The information regarding the proposed bidirectional DC-DC converter 

obtained after the analytical study, the stability and compensation analysis are used 
at the prototyping procedure. Before this, all the results are verified through 
simulation using the PWMSM with compensation in transient mode and with a step 
signal reference for IL1, in order to verify how fast the BHDC can operate at different 
values of the current and how high are the oscillations. A second validation is made 
with the same compensation circuit, but this time applied to a spice model of BHDC 
realized in PSIM with real models for the semiconductors. 

 

2.4.1. Digital simulations of BHDC in step-down mode 
 
 In fig. 2.79 is presented the simulation model of BHDC using PWMSM during 
a transient process. It is used to obtain the waveforms for the currents through L1 
and L2 inductors.  

 

Fig.2.79. PWMSM simulation circuit in transient step-down mode 

 In fig.2.80 are presented the waveforms for the currents IL1 and IL2 for a 
step signal reference at different values passed through a 100 Hz filter. The results 
show that the proposed converter is able to follow a given reference signal.  
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Fig.2.80. IL1 Reference signals with 100 Hz filter and IL1 and IL2 PWMSM simulation waveforms  

 In fig.2.81 the same waveforms are represented using a 100 kHz filter for 
the reference signal. Adding this filter, forces the converter to operate following a 
more severe reference signal. 

 
Fig.2.81. IL1 Reference signals with 100 kHz filter and IL1 and IL2 PWMSM simulation waveforms  

The BHDC is simulated in the following using Psim software in order to 
observe the operation using real models for the semiconductors. The simulations are 
realized using the same compensation circuit used in TINA for the PWMSM. The 
reference signal is also identical, so the results comparison will be used for the 
digital validation of the proposed circuit working as an interface between two DC 
buses when the energy flows from the upper voltage source to the lower voltage 
source, injecting a maximum power of 5 kW. The Psim simulation circuit is 
presented in fig.2.82. 
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Fig.2.82. PSIM simulation circuit in transient step-down mode 

 In fig.2.83 and 2.84 are presented the simulation results obtained using 
Psim. Despite the variations of the waveforms introduced by the semiconductors 
models, which are normal since no mediation is done, it can be seen that the 
waveforms are similar with the ones obtained previously using PWMSM. 

 

 Fig.2.83. IL1 Reference signals with 100 Hz filter and IL1 and IL2 PSIM simulation waveforms  
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Fig.2.84. IL1 Reference signals with 100 kHz filter and IL1 and IL2 PSIM simulation waveforms  

 

2.4.2. Digital simulations of BHDC in step-up mode 
 
 The PWMSM step-up simulation circuit is run in transient mode in order to 
obtain the IL1 and IL2 currents through the inductors when the energy flows from the 
lower energy source to the upper one. The step reference signal for the IL1 current 
used in the simulation is passed through a 100 Hz and a 100 kHz filter using the 
simulation circuit from fig.2.85. 

 

Fig.2.85. PWMSM simulation circuit in transient step-up mode 
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 The waveforms obtained with the PWMSM simulation model are presented in 
fig.2.86 using a first order low-pass filter at with the cutting frequency at 100 Hz 
and in fig.2.87 using the same filter but with the cutting frequency at 100 kHz. 

 

 

Fig.2.86. IL1 Reference signals with 100 Hz filter and IL1 and IL2 PWMSM simulation waveforms  

Fig.2.87. IL1 Reference signals with 100 kHz filter and IL1 and IL2 PWMSM simulation waveforms  

 
The BHDC is simulated in the following operating in step-up mode using 

Psim. The simulations are realized using the same compensation circuit used in TINA 
for the PWMSM. The reference signal is identical, so the results comparison will be 
used for the digital validation of the proposed circuit working as an interface 
between two DC buses when the energy flows from the lower voltage source to the 
upper voltage source, injecting a maximum power of 5 kW. The Psim simulation 
circuit is presented in fig.2.88. 
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Fig.2.88. Psim simulation circuit in transient step-up mode 

 The simulation waveforms of the above circuit are presented in fig.2.89 and 
fig.2.90. The waveform shapes follows the ones obtained using the PWMSM and 
validate once again the good operation of the converter.   

 

Fig.2.89. IL1 Reference signals with 100 Hz filter and IL1 and IL2 PSIM simulation waveforms  
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Fig.2.90. IL1 Reference signals with 100 kHz filter and IL1 and IL2 PSIM simulation waveforms  
 
 

2.4.3. Digital simulations of BHDC  
 
The presented simulation results show that BHDC can operate smoothly in 

both step-down and step-up mode, following rough reference inputs. The next 
simulation model presented in fig.2.91 shows the last BHDC configuration with the 
switching control circuit and protections, exactly how they are built in the prototype.      

 

Fig.2.91. BHDC simulation circuit 
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In fig.2.92 is presented the switching control circuit with the compensation function 
additional circuit integrated. 

 

Fig.2.92. BHDC switching control and compensation circuit  

 The presented simulation models are used to obtain all the needed 
waveforms in order to validate the normal operation of the proposed BHDC. All the 
existing limitations are physically integrated in the experimental prototype. Their 
goal is to protect the components and the grid every time a malfunction is detected. 
Several current and voltage sensors are used for determination of the parameters 
on different circuit meshes. Based on the experimental prototype constraints, all the 
information received from the sensors are compared with some maximum values 
compatible with the physical components.  
 In fig.2.93 are presented the simulation waveforms of the currents through 
the L1 and L2 inductors during several reversals of the current at different values. 
The BHDC control is based on the IL1 monitoring and the waveforms validate the 
proposed control because it follows with very low oscillations a reference waveform 
during fast reversals of the energy flow at relative high currents. The IL2 current has 
higher oscillations but for a short time. The waveforms of the currents through the 
S1, S2 and S3 semiconductors highlight the good operation of the semiconductors. 
Because these currents do not reach harmful levels confirm that the proposed 
control circuit is working well. In conclusion, the current flow reversal is realized by 
BHDC in a smooth mode and the current change its direction in an effective manner 
with a very low stress for the semiconductors and the other passive components. 
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Fig.2.93. BHDC current waveforms for IL1 following the reference, IL2, IS1 and IS2_3
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2.5. Experimental prototype and results 
   
The positive results of the simulations led to the start of the prototype 

design. The design of the power stage circuit is presented in the following. 
Comparisons are made between the prototype experimental results and the results 
obtained from simulations of the full power stage and switching control circuit 
model. 

 

2.5.1. Experimental prototype design 
 
 The power stage circuit of BHDC is presented in fig.2.94. The connectors J1 
and J2 serve for the L1 coupling and J5 and J6 serve for L2. The BHDC capacitors have 
a modular configuration and they are presented separately. The filter capacitors Ci 
and Co are connected between VP50 and GND_50, respectively VP400 and 
GND_400. The switching cell capacitor C1 is connected between VC1 and GND_400 
respectively C2 between VC2 and GND_50.  

 
 Fig.2.94. Power stage circuit schematic 

  

 Capacitors C1,C2, Ci, C0 dimensioning: 

Considering C=C1=C2, during toff the capacitors are discharged in series from 
the input voltage and during ton they are charged in parallel. Assuming a voltage 
ripple of y percent from the maximum voltage, results: 

∆𝑉𝑉𝐶𝐶 = [𝑦𝑦]% ∙ 𝑉𝑉2,𝑚𝑚𝑚𝑚𝑑𝑑                                  (2.151) 

From the expression of currents through these capacitors during ton the 
rated current through the switching cell capacitors is obtained in (2.152 and 2.153), 
the capacitor’s capacity is obtained in (2.154): 

𝑖𝑖𝐶𝐶 = 𝐶𝐶 ∙ ∆𝑉𝑉𝐶𝐶
∆𝑡𝑡

                                                (2.152) 

𝑖𝑖𝐶𝐶 = 1
2
∙ (𝐼𝐼1 − 𝐼𝐼2)                                           (2.153) 

𝐶𝐶 = 𝐼𝐼𝐶𝐶 ∙
∆𝑡𝑡
∆𝑉𝑉𝐶𝐶

                                                (2.154)

 
BUPT



108    2. BHDC WITH LARGE VOLTAGE CONVERSION RATIO  

For C0 it is also imposed a voltage ripple of y percent from the maximum 
output voltage through the capacitor: 

 
∆𝑉𝑉𝐶𝐶𝑜𝑜 = [𝑦𝑦]% ∙ 𝑉𝑉2,𝑚𝑚𝑚𝑚𝑑𝑑                                    (2.155) 

Considering (2.156), (2.157) and (2.158), the capacitance of C0 is obtained 
in (2.159) and Ci in (2.160) : 

∆𝑉𝑉2 = ∆𝑄𝑄
𝐶𝐶0

                                                     (2.156) 

∆𝑄𝑄 =
∆𝐼𝐼𝐿𝐿2∙𝑇𝑇𝑠𝑠

2
2

                                                   (2.157) 

 ∆𝑉𝑉2 = ∆𝑄𝑄
𝐶𝐶0

= 1
𝐶𝐶0
∙ 2 ∙ 𝑇𝑇𝑠𝑠

2
∙ ∆𝐼𝐼𝐿𝐿2

2
                                        (2.158) 

𝐶𝐶0 = 𝑇𝑇𝑠𝑠
2
∙ ∆𝐼𝐼𝐿𝐿2
∆𝑉𝑉𝐶𝐶0

                                                  (2.159) 

Assuming the same hypotheses, the expression of Ci is written in (3.182): 
 

𝐶𝐶𝑖𝑖 = 𝑇𝑇𝑠𝑠
2
∙ ∆𝐼𝐼𝐿𝐿1
∆𝑉𝑉𝐶𝐶𝑙𝑙

                                                  (2.160) 

Based on the above equations and calculations considering a 1% ripple of 
the voltages, the following capacitors configurations were chosen: 

 
Ci – 4X470 uF/400 V + 10X470 nF + 4X470 nF ≈ 470 uF; 

C0 – 4X470 uF/400 V + 10X470 nF ≈ 470 uF; 

C1=C2 – 6X470 uF/400 V + 6X470nF ≈ 705 uF; 

The capacitors Ci, C1, C2 and C0 configurations are presented in fig.2.95-2.97. 

 

Fig.2.95. Ci capacitor circuit structure 

   
Fig.2.96. C1 and C2 capacitor circuit structures 
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Fig.2.97. C0 capacitor circuit structure 

 
 The inductor L1 dimensioning: 

The value of the input current is equal with the mean value of the current 
through the input inductor, L1: 

I1 = IL1,med                                             (2.161) 

The input current is calculated using the following equation taking into 
consideration, the maximum input power and the input voltage: 

                         I1,max = P1,max

V1,min
                                           (2.162) 

                   I1,min = P1,max

V1,max
                                           (2.163) 

During toff the voltage drop across the input inductor can be calculated with 

the following equation:  

 VL1 = V1 − VC = V1 −
V1
1−D

= V1 ∙
D

D+1
                       (2.164) 

We impose the inductor current ripple equal to x percent of the maximum 
input current: 

∆IL1 = [x]% ∙ I1,max = [x]% ∙ P1,max

V1,min
                       (2.165) 

The maximum and minimum values of the current through the input 
inductor have the following expressions: 

 IL1,max = IL1,med + ∆IL1
2

                                     (2.166) 

IL1,min = IL1,med −
∆IL1
2

                                     (2.167) 

Considering that Δt=D·Ts and (2.168), the value of the input inductance is 
obtained in (2.169) and (2.170): 

VL1 = L ∙ ∆IL1
∆t

                                         (2.168) 

L1 = VL1
∆IL1

∙ ∆t                                          (2.169) 

L1 = V1∙D
∆IL1∙(1+D)

∙ ∆t                                     (2.170) 
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Based on the considerations above and a x=10% ripple for the IL1 current, 
the resulted inductance of L1 was chosen 200 uH at a maximum current of 120 A. 
Since no prebuilt inductors were found with these parameters, the inductor was 
manufactured. Following a dimensioning procedure found in [2.37] and a dedicated 
inductor design tool software offered by Metglas.Inc for validation, the inductor was 
realized using an AMCC400 Metglas Alloy core with a 2.4mm air gap and 22 turns of 
16mm2 wired copper.   

    
 The inductor L2 dimensioning: 

The value of the output current is equal with the mean value of the current 
through the output inductor, L2: 

I2 = IL2,med                                        (2.171) 

The output current is calculated using the following equation taking into 
consideration the maximum output power and the output voltage: 

                                I2 = P2,max

V2
                                         (2.172) 

During toff the voltage drop across the output inductor can be calculated with 
the following equation:  

 VL2 = 2 ∙ VC − V2 = 2∙V2
1+D

− V2 = V2 ∙
1−D
1+D

                           (2.173) 

An inductor current ripple equal to x percent of the maximum output current 
is imposed: 

∆IL2 = [x]% ∙ I2,max = [x]% ∙ P2,max

V2,max
                         (2.174) 

The maximum and minimum values of the current through the output 
inductor have the following expressions: 

 IL2,max = IL2,med + ∆IL2
2

                                (2.175) 

IL2,min = IL2,med −
∆IL2
2

                                (2.176) 

Considering that Δt=D·Ts and (2.178), the value of the input inductance is 
obtained in (2.179) and (2.180): 

VL2 = L ∙ ∆IL2
∆t

                                     (2.178) 

L2 = VL2
∆I2

∙ ∆t                                     (2.179) 

L2 = V2∙(1−D)
∆IL2∙(1+D)

∙ ∆t                                  (2.180) 

Based on the considerations above and a x=20% ripple for the IL1 current, 
the resulted inductance of L2 was chosen 1470uH.  

L2 – 1X1000uH/11A + 1X470uH/16A≈ 1470uH; 
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 The S1, S2 and S3 switches: 

The transistors S1, S2 and S3 are planned to support voltages up to 600 V 
and currents up to 120 A, at an operating frequency of 20 kHz. In order to avoid 
any breakdown, beside protection circuit, the switches have to support a maximum 
VCE of 1200 V and a current of 150 A (for S1) considering the frequency and 
thermal constraints. For the proposed prototype, two Semikron IGBT modules 
(SKM75GB123) are used. Their internal configuration is shown in fig. 2.98. Since 
these modules have two transistors per package and the maximum current is 75 A, 
based on their configuration and the BHDC parameters, the S1 transistor is realized 
by two transistors from two modules, connected in parallel, offering this way a 
double maximum current (150 A). The other two switches from each module are 
used as S2 and S3.  

 

Fig. 2.98. IGBT module – internal schematic 

Because VCEsat voltage decreases with the increase of temperature and the 
temperature of the transistors increase when the handle high currents at high 
frequencies, the chosen switches were analyzed to see if they can handle a 100 A 
current at a frequency of 20 kHz, when switching at 600 V.  Using the equation 
(2.181) (provided in Advanced Power Technology’s application notes [2.36]), the 
maximum switching frequency of SKM75GB123 can be determined by limiting the 
maximum dissipated power. 

𝑓𝑓𝑚𝑚𝑚𝑚𝑑𝑑 =
𝑇𝑇𝐽𝐽−𝑇𝑇𝐶𝐶
𝑅𝑅𝜃𝜃𝐽𝐽𝐶𝐶

−𝑉𝑉𝐶𝐶𝐶𝐶×𝐼𝐼𝐶𝐶×𝐷𝐷

𝐸𝐸𝑂𝑂𝑂𝑂+𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂
   (2.181) 

Having a thermal resistance (RθJC) of 0.27 K/W, a maximum junction 
temperature (TJ) of 125 ºC, at a duty cycle of 0.875 (corresponding to the input and 
output voltages), the maximum frequency has a value of approximately 19 kHz. 
Since the heat sink used for the prototype is a passive one and the operating 
frequency is 20 kHz, the prototype will be tested at maximum a value of 50 A for 
the IL1 current. 

The dimensioned components used for the power stage circuit and the 
current sensors are listed in Table.2.4.  
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Table.2.4. List of BHDC components  

Components Value  Configuration Additional Details 
L1 inductor 211uH 1X211uH 

inductor 
The inductor was 
dimensioned and realized 
using 2 AMCC400  U cores 
and 22 turns of copper 
wire of 16mm2 

L2 inductor 1470mH 1x1000mH+ 
1x470mH 
inductors 

The inductor was realized 
connecting 2 ferrite based 
inductors connected in 
series 

Ci capacitor 470uF 4X470uF+ 
12x0.47uF 

2 series connected groups 
of 2 electrolytic caps 
connected in parallel with 
6 polyester caps 

C0 capacitor 470uF 4X470uF+ 
10x0.47uF 

2 series connected groups 
of 2 electrolytic caps 
connected in parallel with 
5 polyester caps 

C1-C2 
capacitors 

705uF 12X470uF+ 
12X0.47uF 
capacitors 

Each capacitor of the 
capacitor cell contain 2 
groups connected in series 
of 3 electrolytic caps 
connected in parallel with 
3 polyester caps  

S1,S2,S2 2xSKM75GB123
D IGBT modules 

4XIGBT of 
1200V and 
75A 

S1 is realized with 2 IGBTs 
of each module connected 
in parallel. The other 2 
remaining IGBTs are used 
independently for S2 and 
S3 switches     

IL1, IS1, IS2 3xACS758-150 150 A current 
sensors 

IL1- current sensor for L1 
IS2- current sensor for S2 
IS3- current sensor for S3 

IL2 1xACS758-50 50 A current 
sensor  

IL2- current sensor for L2 
 

  

2.5.2. Experimental prototype and results 
 
 In this section digital simulations and experimental results of BHDC will be 
presented. 

Using the components listed in Table 2.4 the BHDC prototype was realized 
and it is presented in fig.2.99.  
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Fig. 2.99. BHDC prototype 

The prototype is connected to a 100 Ah battery stack at 48 V to the lower 
voltage side and to a 2 kW, 0-400 V voltage controlled power supply source on the 
high voltage side. The battery stack can be charged and discharged so no additional 
loads are needed. On the other side, in parallel with the DC voltage source is 
connected a programmable 2 kW resistive load in order to test the current injection 
in both ways. This way the proposed BHDC can be tested in a similar operation 
corresponding to a microgrid application. Due to the equipment limitations, the 
experimental tests are realized at a maximum power of 2 kW. 

In fig.2.100 are presented the waveforms of the currents through L1 and L2 
inductors. With a reference signal that forces the converter to operate in both ways 
at different values of the current. Using the Psim digital model of the converter, the 
simulation and experimental waveforms are given for the same reference waveform 
given for IL1. We can see that both IL1 and IL2 follow the reference signal. The 
experimental waveforms are smoother because of the acquisition system. Since the 
test duration is 5 seconds, the oscilloscope automatically averages the acquired data 
in order to reduce the number and dimension of points. Except this difference, the 
prototype operates well and it follows the reference in harder conditions than the 
intended application.   
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Fig.2.100. Comparison of simulation and experimental results for 

 IL1 and IL2 currents following a reference signal  
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 In fig.2.101 is shown a comparison between the IL1 and IL2 current 
waveforms obtain numerically and experimental. The similarity between them shows 
that the proposed converter has a good operation in step-up mode.   

 

Fig.2.101. Comparison of simulation and experimental results for 

 IL1 and IL2 currents operating in step-up mode 
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In fig.2.102 is shown a comparison between the IL1 and IL2 current 

waveforms obtain numerically and experimental. The similarity between them shows 
that the proposed converter has a good operation in step-down mode.   

 

 

Fig.2.102. Comparison of simulation and experimental results for 

 IL1 and IL2 currents operating in step-down mode 
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In fig.2.103 is shown a comparison between the S1 and S2_3 PWM control 

signals, with waveforms obtained numerically and experimental. The similarity 
between them shows that the switching signals are identical, the prototype 
operation is stable and the simulation results are validated. 

 
Fig.2.103. Comparison of simulation and experimental results for 

 PWM signals for S1 and S2_3 
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 The above simulation and experimental waveforms show a good behavior of 
the BHDC. The waveforms obtained during the spice simulation are experimentally 
confirmed being almost identical. 
 
 

2.6. Conclusion 
 
In this chapter is presented a bidirectional DC-DC converter with large 

conversion ratio.  
It starts with an introduction designed to present a general overview of the 

main topologies of bidirectional DC-DC converters used in microgrids applications. 
They were selected from literature because of their relative simple and robust 
structures make them appropriate for renewable energy applications.     

The presented BHDC was found in literature as a simple topology but it was 
never studied in detail. Considering this, the originality of this research comes from 
the fact that for a first time a full analytical study was realized in this chapter in 
order to establish the operation principles and the equations of the currents and 
voltages for the main components. As a result of this analytical study, there were 
obtained important information about the topology constraints and capabilities 
which were used in the prototyping procedure of the power stage circuit and for the 
switching control circuit. After a preliminary design, a stability analysis was made 
for the BHDC. Its main goal was to verify the behavior of each component during 
the operation in all the possible modes. Using the SSA method, the stability was 
verified for the converter working in step-up/step-down mode with simple resistive 
loads and one voltage source connected once a time. It was also verified with two 
voltage sources connected. The SSA results were verified with the PWMSM method. 
The stability results were identical and they all shown an instability of the system 
when it operates as an interface between two DC busses. Because of this, a 
compensation function was needed and it was integrated in the BHDC circuit 
especially to improve the stability of the current through the L1 inductor, which is 
used as input for the control. Using a compensation function that introduces new 
poles and zeros in the original transfer functions and based on the Bode plots 
obtained before, the new AC responses of the main components became stable. 
After SSA validation, the compensation function was integrated in a compensation 
circuit. The circuit was tested with PWMSM regarding the stability and using a spice 
simulation model to verify the operation. The simulation waveforms confirmed the 
good behavior of the proposed BHDC and allowed the design of a prototype. The 
resulted prototype follows the information collected in the previous sections, 
including the compensation function. Design considerations, simulation and 
experimental results are presented. 

The BHDC prototype is functional, stable and it is integrated in a emulator of 
the intended application. The tests confirm its stability during harsh conditions. 
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3. FLYBACK BIDIRECTIONAL DC-AC POWER 
CONVERTER  

 
The following subchapters are related to high efficiency inverters used in 

renewable applications. They are described in terms of operation, underlining the 
advantages and disadvantages that make them more or less appropriate for specific 
applications. Every topology was simulated using Psim software. The resulted 
efficiencies were above 95%, up to 99%. The efficiency was obtained using digital 
models for transistors that integrate the real parameters of the semiconductors. The 
parameters used for the switch models were chosen considering the last generation 
of high efficiency SiC semiconductors. They are capable to manage big amounts of 
energy with very low losses helping this way the converters to be able to reach high 
efficiencies. In conclusion, the new technologies of semiconductors have advanced 
the transformerless topologies to reach high efficiencies, overtaking somehow the 
traditional converters with transformer [3.1]. With a proper control and using high 
performance semiconductors, the actual transformerless converters can achieve 
efficiencies over 99% for some specific conditions [3.2]. Still, there are many 
applications where a galvanic isolation is mandatory and the well-known transformer 
is needed, especially when the systems include photovoltaic modules. In order to 
obtain lower losses, all the specific applications work at high frequency and many 
times the HF transformer uses all its particular features in order to convert the 
energy and transfer it from one side to another more efficient. Many existent 
topologies realize the energy conversion in one stage using HF transformers  with 
split secondary windings in order to get the isolation and a specific conversion of the 
energy, or in two stages using the transformer only for galvanic isolation and use 
additional electronic circuits for the rest [3.3]. 

The Push-Pull, Forward and Flyback DC converters are integrated in many 
inverters topologies and their efficiencies depend on the number of semiconductors, 
the switching frequency and the way the transformer is used. On the other hand, 
the conversion of energy requires the mandatory use of passive components and 
this supports the use of the transformers, especially because of their inductive 
additional features [3.4-3.8]. 

Mostly used in relative low power DC applications, Flyback converters are 
also used in different topologies of inverters. The actual configurations are designed 
to realize the alternating current in many ways. Most topologies completely separate 
its features during the functioning states. On the DC side, a boost stage is preferred, 
obtaining this way the necessary energy that has to be transferred. This is made by 
using the primary winding as the needed inductor for step-up. After this step, 
specific circuits are used to manage the current flow, in order to obtain the AC 
character. Another preferred way is to alternate the current using a boost stage on 
the DC side and split secondary winding which is followed by a circuit that directs 
and manages the current flow and acts as an inverter. Respecting these facts, it 
have been developed many topologies that are currently available on market [3.9-
3.11]. The control strategies are multiple, but all of them are based on the 
management of the current flow and the transferred energy. Because of this, only 
close loop control can be used [3.12-3.13] 
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3.1. High Efficiency DC-AC Converters 
 
 

 Heric H5 Converter 
 

This converter has one of the simplest topology and it is in the same time a very 
efficient one (Fig.3.1). It has only five intelligently controlled transistors and by 
being transformerless, its efficiency is increased with about 3%. For the efficiency 
improvement, the fifth switch (S5) was introduced in the traditional H-Bridge circuit. 
Its goal is to make the connection to the grid more efficient by eliminating the 
parasitical leakage currents. It also plays an important role in simplifying the 
command of the other four switches by using unipolar control strategy, resulting in 
decreased switching losses for two transistors.  

Related to the transistors and diodes, it is preferred to be chosen by having the 
same parameters, because it is very important to obtain the voltage symmetrically 
distributed through the high frequency switched elements [3.14]. 

 
Fig.3.1.    Heric H5 Converter 

The rated efficiency for Heric H5 Converter is over 96%. This value can be 
considered high enough to make it a competitive converter. An advantage is given 
by the S5 switch, which allows the switches S1-S4 of the inverter to be switched 
using an unipolar strategy control, that lowers the switching losses for two of the 
switches. The other two switches are PWM controlled and their losses depend by the 
transistors performances. 

With a relative high efficiency and a simple circuit, the biggest disadvantage 
of this converter is related to the fact that the energy source has to offer a high DC 
voltage at the inverter input. The filter capacitors and the inductors have to be 
larger and sometimes over dimensioned in order to obtain a stable operation. Still, 
because of the simplicity, its price makes this converter competitive. More than that, 
these characteristics make it very adaptive for UPS Applications. These kinds of 
systems are available on the market. Most of them are readapted for the new tasks 
or even recycled and reconfigured using new generation of semiconductors. In 
related papers about this converter, the rated efficiency can be increased up to 98% 
if some special transistors are used [3.15].        
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 Coolcept Converter 

 
„Coolcept“ converter topology is presented in fig.3.2 and it comes with an 

innovative circuit design able to reach high efficiencies. In present, this topology is 
integrated in StecaGrid inverters, which are designed and well sold for renewable 
energy applications. The „Coolcept“ converter topology is based on a single-stage 
transformerless switching concept that uses proven standard components to 
implement symmetric step-down converters with downstream pole-reversing 
circuits. More than that, it is a multi-level topology and because of the intelligent 
control, it can do all these tasks mainly with two of the all six transistors [3.16].  

 

Fig.3.2. “Coocept” Converter 

“Coolcept” converter, through its hybrid Buck stage on the DC Bus can 
operate on three levels. The related efficiencies are over 98% for special conditions 
and high efficiency semiconductors. Its complexity is not so high and the most 
important, the losses are highly decreased by the number of transistors and the low 
frequency of the inverter. Previously, at its beginning, this topology was realized 
using IGBTs as switching elements, the most adequate technology available at that 
time. After a while, the development of MOSFETs has marked the existence of this 
topology, especially because of the improvements related to high frequency and less 
dependence by temperature. Nowadays, the SiC technology, which develops 
continuously, places this converter among the most effective structures [3.2]. 

Based on its operation, this topology may be considered one of the latest 
generations of high efficiency converters. For a better understanding of its operation 
is useful to split the system in two parts, the first part which acts as a two sided 
Buck converter and the second part which is a traditional inverter that works at very 
low frequency. It has to be mentioned that unlike the traditional Buck output the 
resulted shape of the output waveform is a rectified sinusoid, built on three levels. 
The inverter is the well-known traditional H Bridge with four transistors whose task 
is to let parts of the current to go through and alternate its sign. However, this time 
it doesn’t create the sinusoid by its own and only opens the opposite transistors of 
the two arms. This way a complete sinusoid with the frequency of 50 or 60 [Hz] is 
created by splitting the Buck output, letting one half of the sinusoid the way it is and 
inverting the other one.   
    Using high quality semiconductors, this converter efficiency may be 
increased up to 99.2% at specific loads and parameters. These results are reported 
in papers and are the effect of the high performance transistors and the low number 
of components used for this topology [3.2].  This is remarkable thinking to the fact 
that this converter offers the possibility of using lower filters because of its multi-
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level operation mode. More than that, it can adapt itself to the renewable energy 
sources, acting like a Buck converter and offering the possibility of getting the 
maximum power point.  

It has to be mentioned that the circuit design of the StecaGrid 3000 and 
StecaGrid 3600, already available on the market, provides very high efficiencies for 
grid feeding inverters rated up to 20 kW. They are rated at 3 kW and 3.6 kW and 
can achieve a peak efficiency of 98.6% [3.16].  
 

 Cascade Boost-Switched-Capacitor Converter 
 
In fig.3.3 a Cascade Boost-Switched-Capacitor Converter is presented. The 

efficiency of this converter is high due to the low number of transistors, the type of 
commutation and control. Two structures, a switched-capacitor based boost 
converter and a two-level inverter, are connected in cascade. The DC multilevel 
output voltage which consists of series of positive halves of a sinusoid becomes the 
input voltage of the classical inverter, resulting in an alternating waveform for the 
inverter output voltage. Because the multilevel waveform is meant to be close to a 
sinusoid its harmonics can be reduced using multiple stages for the switched-
capacitor converter. The output filter which is very important for single stage 
converters, have lower dimensions, resulting in a smaller size of the entire 
converter. Usually, both stages switch at a high frequency, but in this case, only the 
DC stage operates at high frequency, opposite to the inverter [3.17].  

 
Fig.3.3. Cascade Boost-Switched-Capacitor Converter 

For a better understanding, this converter also can be split in two: the DC 
part, respectively the inverting part. The DC part is a larger step-up ratio converter.  
Two identical capacitors are connected through the diodes to the output of a boost 
converter and this makes its step-up ratio to be much larger compared with the 
conventional boost converter. The explanation is that the capacitors are charged in 
parallel and discharged in series through the on-off transition of the main S1. The 
circuit is simple and has some significant features of extended output voltage, less 
input current ripple and a lower output voltage ripple compared to the conventional 
boost converters.  

 The second part is a traditional one phase inverter. Considering this we can 
admit that the efficiency may be increased by using a more efficient topology for the 
inverter, but the main purpose of presenting this concept is that there are specific 
applications which can successfully use its particular features. The most relevant 
applications are the photo-voltaic ones, when the output voltage of the panels is 
under 50 volts [3.17][3.18].  
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With a rated efficiency over 96%, the goal of this topology is to obtain 
multilevel inverters using a cascade of a boost-switched-capacitor converters, which 
offers a larger step-up ratio and attached to it is a traditional full-bridge inverter. 
This circuit contains fewer elements than the other existent solutions for inverters 
with five-level output waveform. The multilevel output waveform can be improved, 
by simply adding more switched-capacitor circuits. Adding more cascaded switched 
capacitors offers the possibility of adding more levels to the output, lowering the 
parameters of the filters and the rating values of the semiconductors. Because a 
switched-capacitor circuit can reach any voltage ratio, it allows boosting of the input 
voltage to high values, but being much unregulated is hard to get a high efficiency. 
That’s why the boost stage of this converter has a secondary purpose to avoid 
diode-reverse recovery problems, operating at a relative low duty cycle.  

The presented converter may be considered an integrated cascade 
interconnection of two power stages. Having a simple and robust circuit, it offers the 
possibility to obtain high voltage ratios with a transformerless configuration, the 
Cascade Boost-Switched-Capacitor Converter offers a good overall efficiency 
[3.19][3.20]. 

 
 5 Level Converter 

 
This topology is illustrated in fig.3.4 and it is a single-phase multilevel 

converter that can decrease the harmonic components of the output voltage and 
load current.  

 
Fig.3.4. 5 Level Converter 

One switching element and four diodes are added to the conventional full 
bridge inverter. This additional module is connected between the middle points of 
the two sources and the two arms of inverter. With a proper switching control of the 
fifth transistor (S5), it generates a half level of the DC total supply voltage, and by 
alternating its sign, 5 levels of the final voltage are obtained (-Vin, -Vin/2, 0, Vin/2 
and Vin). Just like the topologies presented before, the efficiency of this converter is 
mainly influenced by the switches performance. All transistors work at high 
frequency and it is very important to have very efficient diodes too. The rated 
efficiency of this converter, using high performance semiconductors, is 
approximately 98% [3.21][3.22]. 

The power stage circuit of the 5 Level Converter has several advantages for 
the use as a single-phase, stand-alone photovoltaic system. One of these 
advantages is that this converter can be adapted to work with an additional DC-DC 
converter, influenced by the input source and power. Depending on the application 
where it is used, the 5 Level Converter can be configured differently. For example if 
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it is used as a motor drive, it does not require an output filter, because high order 
harmonics are effectively filtered directly by the reactance of the motor load; 
therefore, it can produce a high quality output alternative voltage and current with 
good harmonic characteristics. Also, it reduces stresses on power switching devices 
and the result is a lower Radio Frequency noise and Electromagnetic Interference. 
Also, this converter provides fewer Electromagnetic Compatibility problems, since 
multilevel inverters operate with a relative low switching frequency and voltage 
switching is done for lower voltage levels [3.23]. 

In the same time this converter offers good results when it is used in 
unconventional energy applications. With a carefully designed control and proper 
filters, it can make the transfer of energy from the power sources to the grid with 
lower losses and parasitical distortions. With a maximum of about 98%, the 
efficiency of this converter is a major reason for it to be used in lots of renewable 
energy applications.  

 
 Soft Switching Converter 

 
This is another inverter topology whose number of switches is low enough to 

obtain lower switching and conduction losses. More than that, because of the way 
this converter works, the losses are even lower. At first sight, the converter which is 
illustrated in fig.3.5 looks like an incomplete “Coolcept” design. Actually it has the 
advantage of a lower number of elements. 

`
AC
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        D7               

    

        D8
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Fig.3.5. Soft switching Converter 

The rated efficiency for this converter is over 98 % in special conditions. 
This makes this converter desirable in low power applications and smart grids, 
especially when the incoming energy is from a photovoltaic module. Also, by the 
way it works this converter pushes up the quality of the semiconductors to be so 
high, in order to decrease the conduction losses for the inverter and the switching 
losses, for the DC converter [3.24].  

This topology does not generate any common-mode voltage, provides a high 
efficiency and its operating mode is almost independent by the power factor. The 
average efficiency is about 96% for input voltages between 350 V and 800 V. As a 
conclusion, this is another topology that can be considered a convenient power-
conversion stage for transformerless PV systems connected to the grid. Any 
improvement of its semiconductor, despite their higher price, has good 
repercussions for its efficiency and this will pay off later for the initial price of the 
converter [3.25]. 
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3.2. Bidirectional Flyback Inverter 
 

In this chapter is presented a single-phase voltage source inverter with a 
high frequency flyback bidirectional dc-dc converter, as a previous stage, and a full-
bridge inverter. The flyback converter generates a rectified sinusoidal voltage 
waveform across the output capacitor. The full bridge transistors switch two times in 
one AC period transforming the output capacitor voltage in an AC waveform. The 
converter offers galvanic insulation between input and output. The flyback 
transformer gives a possible high conversion voltage ratio. An analytic study is 
made and the proposed converter. The system stability is analyzed using the SSA 
procedure and a controller is proposed. Digital simulations validate the control 
stability, a proper operation of the inverter and a low THD value of the output 
voltage. 
 
 Analytical Study 

 
The following converter is a hybrid bidirectional flyback DC-AC (HBFAC) 

topology, which realizes the conversion of energy with a low number of components. 
An analytical study is presented in order to understand how the energy flows 
through the converter and why it has a permanent bidirectional characteristic. It 
also help to determine the equations and parameters of the currents and voltages of 
the active and passive components. A non-isolated DC-AC converter found in 
literature inspired this inverter [3.26]. It contains a buck-boost DC-DC bidirectional 
conversion stage and a full-bridge power inverter. The DC-DC conversion stage is 
replaced with a flyback converter with a bi-directional power flow, in order to have 
galvanic insulation and a possible high voltage conversion ratio. This modification 
led to two new novel topologies. The first one has a lower number of 
semiconductors, it uses a split capacitor cell and operates at a double value of the 
output voltage. Neglecting the higher voltage, a major disadvantage of this topology 
is the imbalance of the energy stored in the split capacitor cell during the AC 
conversion. It causes a high voltage THD which depends by the output load size. 
The power stage circuit for this first topology is shown in fig.3.6 [3.27]. 

Vin

C1HF Tr
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Fig.3.6. HBFAC with split capacitor 

The second proposed topology solves these disadvantages by using a full 
bridge inverter in the final conversion stage and it is presented in detail along this 
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chapter. With a H-bridge inverter operating at 50Hz and using high efficiency 
semiconductors, the two additional transistors do not represent a major 
disadvantage since the THD factor becomes very low. In fig.3.7 is presented the 
power stage circuit of the proposed HBFAC. The left side of it is a lower voltage 
source able to sustain high current needs, where the energy is being normally 
supplied by or stored in battery stacks. The right side of the inverter can be 
connected directly to AC loads or even to grid.  
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Fig.3.7. Proposed HBFAC power stage circuit 

 For a better understanding of HBFAC operation, in fig.3.8.1 a), b), c) and d) 
are presented the possible states during switching. The conversion process starts 
with a DC-DC conversion stage that is realized using a conventional flyback 
converter on the left side by switching at high frequency the transistors S1 and S2. 
Instead of a constant value of the voltage on the filter capacitor C, the flyback 
converter output is an irregular voltage with the waveform of a rectified sinusoid. 
During this process are used two features of the flyback converter. First is related to 
the galvanic isolation and the possibility of high ratio conversion given by the 
flyback transformer and second is related to the bidirectional characteristic that is 
used constantly during operation when the filter capacitor charging and discharging 
process is controlled in order to obtain the needed waveform of the voltage and the 
energy flows in both ways. The conventional flyback converter becomes bidirectional 
only by adding a complementary transistor to the diode from the secondary circuit. 
The H-bridge added to the filter capacitor has the simple role of inverting the 
rectified sinusoidal voltage and obtain this way AC voltage. A major advantage 
comes out during this process because of the low frequency at which the inverter 
works. The shape of the voltage that comes at its input is already processed and the 
four transistors S3-S6 which at switch 50 (60) Hz. In terms of efficiency, using new 
generation semiconductors and a flyback transformer with low losses, the proposed 
HBFAC performances depends only by its construction. The relative high power 
circulated through the flyback transformer raises switching problems for the 
semiconductors S1 and S2, because of the voltage peaks that appear due to the 
leakage inductance of the transformer, which cannot be eliminated and this requires 
the snubbers existence. Being involved large amounts of energy, only non-
dissipative snubbers can be used. Because of this, there are two possible solutions 
that can be used. One of them implies a resonant circuit able to recirculate the 
energy back to the main circuit and the second one is an additional circuit able to 
collect that energy and use it for different purposes.             
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Fig.3.8. The HBFAC the operating states:  

a)  and c) ton and toff for S1 during positive alternance; 

b) and d) ton and toff for S1 during negative alternance            

  (S1 and S2 control signals are complementary) 

 If Vpeak is considered the amplitude of the output voltage vout, then the 
equation that gives the relation between them is: 
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Vout=Vpeak∙sin(ωt)                                          (3.1) 

 Going backward, the prescribed voltage that is required on the filter 
capacitor is: 

             V*
C=| Vpeak∙sin(ωt)|                      (3.2) 

 Considering Vin the input DC voltage, then the value of the voltage across 
the capacitor vC is given by (3.3): 

 vC=
𝑘𝑘∙𝐷𝐷
1−𝐷𝐷

∙ Vin                                                (3.3) 

 In (3.3) D is the duty cycle for S1 and k=N2/N1 represents the transformer 
ratio. A complementary duty cycle 1-D is used for S2.  

The particularity of flyback transformer which applies to the entire converter 
is the fact that it does not carry current in primary and secondary circuits 
simultaneously during the semiconductors switching and this is why its operation is 
more like two magnetically coupled inductors. Because of this, the primary winding 
is considered as a first inductor with the inductance L1, respectively the voltage over 
it, V1; and the secondary winding is a second inductor with its own inductance, L2 
and voltage, V2. Since the converter is bidirectional and it has a similar operation in 
each way. Considering that the energy flows from Vin to the filter capacitor the 
following relations can be written, when S1 is active: 
 

    V1=Vin            (3.4) 

   V2=Vin∙k                        (3.5) 

Vin=L1∙
𝑑𝑑𝑖𝑖1
𝑑𝑑𝑡𝑡                   (3.6) 

 The energy stored in L1 during this transition is given in (3.7) and due to the 
law of conservation of energy it is important to determine maximum I1 current at 
the end of the conduction period.  

Vin=L1∙
𝐼𝐼1
2

2            (3.7) 

 In the secondary circuit since S2 is inactive and the complementary diode is 
also reversed biased, the voltage VS2 over them is: 

VS2=VC+Vin∙K            (3.8) 

 When S1 is turned off and S2 become active, the current I2 through the 
secondary circuit becomes: 

  I2=
𝐼𝐼1
𝑘𝑘            (3.9) 

VC=- L2∙
𝑑𝑑𝑖𝑖2
𝑑𝑑𝑡𝑡               (3.10) 

   V1=
𝑉𝑉𝐶𝐶
𝑘𝑘             (3.11) 

V2=VC         (3.12) 
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When S1 is inactive and the complementary diode is reversed biased, the 
voltage VS1 over them is: 

VS1=Vin+
𝑉𝑉𝐶𝐶
𝑘𝑘          (3.13) 

In fig.3.9 are presented the waveforms of currents through L1 and L2 and 
voltages over them when at the output of the flyback converter is connected a 
resistive load and supplied with constant voltage.  

 
Fig.3.9. Flyback circuit waveforms in CCM and constant output voltage  

 
 The relations between the currents through the circuits are: 

I1-I0=
𝑉𝑉𝑙𝑙𝑜𝑜
𝐿𝐿1

∙DTs         (3.14) 
 The mean voltage across the transformer windings are: 
 

Vin∙D=𝑉𝑉𝐶𝐶
𝑘𝑘
∙(1-D)          (3.15) 

 Because the reference voltage given for the DC link capacitor is a rectified 
sinusoidal, the duty cycle does not have a constant value and the controller 
permanently change it between a low value corresponding to the zero crossing time 
intervals and a high value corresponding to the time intervals when VC is close to 
Vpeak. 
 Combining the DC operation with the expected operation of the flyback 
inverter, the currents and voltages through the circuits depends by a close loop 
controller that establishes continuously the value of D and the direction flow of the 
energy through the transformer.    
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3.3. Stability analysis 
 
The robustness and feasibility of proposed HBFAC is given by its stability in 

various conditions, while the parameters of the components remain the same. The 
stability analysis of the proposed DC-AC converter was realized using state-space 
average models by defining the discrete time model considering an unfavorable 
operating point, obtained from spice simulations. 

For HBFAC, the stability analysis using SSA method is realized by reducing 
the circuit to a flyback DC converter considering the aspects discussed in section 
2.3. Because the H-bridge does not need any additional control loops and it only 
inverts the already shaped DC voltage, it can be neglected in the stability analysis 
while the entire attention is focused on the voltage over the DC link capacitor. The 
SSA method is presented in detail step by step highlighting the way it was applied 
on the stability analysis of the proposed HBFAC.  

The corresponding models are presented during ton and toff for the flyback 
converter acting as a step-up converter connected to a voltage source and supplying 
a resistive load. The state variables are identified and based on the considered 
simplifications, the equivalent circuit results in fig.3.10. The L1 and L2 inductances of 
the flyback transformer are treated together, because they are magnetically coupled 
and the transformation ratio k offers a direct relation between them. This simplifies 
more the stability analysis by reducing the state variables at only two.        
 

Vin

C

HF Tr

R

S2

S1

r1

rc

r2

x2

x1

L1 L2

 
Fig.3.10. Highlighted State Variables for HBFAC  

 The state variables in the equivalent simplified circuit are x1, which 
corresponds to the current through the magnetization inductance L of the flyback 
transformer and x2, which is the voltage over the capacitor C.  
 During ton the equivalent circuit is presented in fig.3.11. Based on it the 
state and output equations are written. 
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Fig.3.11. Equivalent circuit of BHDC during ton 

The simplified state equations during ton derive from the equivalent circuit 
and are the following ones: 

�̇�𝑥1 = −𝑟𝑟1
𝐿𝐿
∙ 𝑥𝑥1 + 0 ∙ 𝑥𝑥2 + 1

𝐿𝐿
· 𝑉𝑉𝑖𝑖𝑖𝑖          (3.16) 

�̇�𝑥2 = 0 ∙ 𝑥𝑥1 −
1
𝑅𝑅𝐶𝐶
∙ 𝑥𝑥2    (3.17) 

 Using (3.16) and (3.17) the state and output equations matrix is obtained 
during ton: 

��̇�𝑥1�̇�𝑥2
� = �

− 𝑟𝑟1
𝐿𝐿

0 

0 − 1
𝑅𝑅𝐶𝐶

� ∙ �
𝑥𝑥1
𝑥𝑥2�+�

1
𝐿𝐿
0
� ∙ Vin        (3.18) 

The system during the on state is given by the equations 1x =A1x+B1Vin 
and vout=C1x. From (3.18) the A1 and B1 matrices are determined: 

A1=�
− 𝑟𝑟1

𝐿𝐿
0 

0 − 1
𝑅𝑅𝐶𝐶

�;    B1=�
1
𝐿𝐿
0
� ;      (3.19) 

C1 results in the following: 

Vout=VC=0 ∙ 𝑥𝑥1 + 1 ∙ 𝑥𝑥2   so:       (3.20) 

C1=[0 1]                  (3.21) 
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Fig.3.12. Equivalent circuit of BHDC during toff 

The simplified state equations during toff derive from the equivalent circuit 
and are the following ones: 

�̇�𝑥1 = − 𝑟𝑟2+𝑟𝑟𝑐𝑐
𝑘𝑘2𝐿𝐿

∙ 𝑥𝑥1 −
1
𝑘𝑘𝐿𝐿
∙ 𝑥𝑥2              (3.22) 

�̇�𝑥2 = 1
𝑘𝑘C
∙ 𝑥𝑥1 −

1
RC
∙ 𝑥𝑥2    (3.23) 

 Using (3.22) and (3.23) the state and output equations matrix is obtained 
during ton: 

��̇�𝑥1�̇�𝑥2
� = �

− 𝑟𝑟2+𝑟𝑟𝑐𝑐
𝑘𝑘2𝐿𝐿

− 1
𝑘𝑘𝐿𝐿

1
𝑘𝑘C − 1

RC

� ∙ �
𝑥𝑥1
𝑥𝑥2�+�

0
0� ∙ Vin       (3.24) 

The system during ton state is given by the equations 1x =A1x+B1Vin and 
vout=C1x. From (3.24) the A1 and B1 matrices are determined: 

A1=�
− 𝑟𝑟2+𝑟𝑟𝑐𝑐

𝑘𝑘2𝐿𝐿
− 1

𝑘𝑘𝐿𝐿
1
𝑘𝑘C − 1

RC

�;   B1=�
0
0� ;     (3.25) 

C1 results in the following: 

Vout=VC=0 ∙ 𝑥𝑥1 + 1 ∙ 𝑥𝑥2   so:       (3.26) 

C1=[0 1]                  (3.27) 

 Considering d~  as small variations of the duty cycle ratio D and Vin constant, 
the averaged equivalent system for small variations over a switching period is: 

( ) ( )[ ]dVBBXAAxAx in
~~~

21021 −+−+=       (3.28) 
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( )[ ]dXCCxCvout
~~~

021 −+=                    (3.29) 

In (3.28) and (3.29) x~ and outv~  are the small variations of the state and 

respectively the output variables. Using these relations, the simplified state-space 
model of the inverter is given in (3.30): 
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     (3.30)             

Using Matlab tools, the related transfer function 
outv~ (s)

d~ (s)

 is obtained from 

(3.28) and (3.29).  
The above average model is used to obtain the Bode plots for steady state 

and for stability analysis. Because the symbolic form of the transfer functions raised 
many difficulties, the diagrams representing the stability of the system were built 
using the real parameters of the proposed HBFAC. The prototype data is listed in 
Table 3.1: 

Table 3.1. HBFAC prototype data  
Component Value Units Specifications 

Vin 50 V Input voltage in step-down mode 
L 20 uH Primary winding inductance of the 

flyback transformer 
Llk 1.6 uH Leakage inductance of the flyback 

transformer 

r1 4.5 mΩ Primary winding resistance of the 
flyback transformer 

C 100 uF Filter capacitor 
rC 10 mΩ ESR of C 

Rload 50 Ω Resistive load 
k 5  Flyback transformer conversion ratio  

 The Bode plots of the small signal transfer functions are used for the system 
stability analysis. Each of the obtained plots corresponds to one of the four state 
variables, determining the stability of the BHDC. Using the converter prototype data 
the following transfer function results: 

62

96
1

10844.74.359
10097.110991.3

~
~

⋅++
⋅+⋅

=
ss
s

d
x             (3.31) 
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62

94
2

10844.74.359
10982.410281.4

~
~

⋅++
⋅+⋅−

=
ss
s

d
x               (3.32) 

 
 The system poles are P1,2=-179.7±2975i. For (3.31) there is a negative zero 
Z1=-274.8563 and for (3.32) the corresponding zero is Z2=116390. The 
corresponding Bode plots for the small-signal transfer functions of the state 
variables are presented in fig.3.13 and fig.3.14. 

The following Bode plot shows that the  
d
x
~
~

1  small signal transfer function is 

unstable and the practically the flyback transformer cannot support various 
perturbations and maintain a proper operation. The cutting frequency point is far 
from the normal operation point frequency. Still, the attention is focused on the 
operation of the output capacitor filter whose characteristics determine the good 
operation of the HBFAC. In fig.3.14 it can be seen that the related Bode plot shows 

that the
d
x
~
~

2  small signal transfer function is also unstable. This results involves the 

necessity of the transfer functions for a compensation, which will be integrated in 
the HBFAC controller.   

Fig.3.13. Bode plot for 
d
x
~
~

1  small signal transfer function 
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Fig.3.14. Bode plot for 
d
x
~
~

2  small signal transfer function  

     For the compensation, a controller with a pole-zero is used for the phase 
boost of the ac response on the output capacitor filter, which is presented in 
fig.3.14. The compensation transfer function is:  

25000
5001.0)(

+
+

=
s

ssH                          (3.33) 

With ωzero=5000 rad/s (~795 Hz) being several times lower than 
ωpole=25000 (~3.98 kHz), the phase is boosted on that interval and the cutting 
frequency is lowered to a more appropriate value. The Bode plots for the system 
transfer functions, including the compensation, are presented in fig.3.15 and fig 
3.16. In fig.3.16 a phase margin at 219 (-141) degrees is obtained at a cutting 
frequency of 2.7 kHz.  This results show that the compensated system has a phase 
reserve of 39 degrees at the cutting frequency, corresponding to good system 
stability. The proposed compensation function is going to be integrated in the 
simulation models and in the experimental prototype. 
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Fig.3.15. Bode plot for 
d
x
~
~

1  small signal transfer function with compensation

 

Fig.3.16. Bode plot for 
d
x
~
~

1  small signal transfer function with compensation
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3.4. Digital simulations 

 
The information regarding the proposed bidirectional DC-AC converter after 

the analytical study and the compensation analysis are used for the simulation and 
the prototyping procedure. Using the compensation transfer function and a proper 
control that integrate a rectified sinusoidal signal as reference for the voltage over 
the DC link capacitor, a spice model of HBFAC was realized in PSIM. 

In fig.3.17 is presented the spice model of the proposed HBFAC.  

 
Fig.3.17. HBFAC simulation circuit 

 The upper side of the simulation model represents the power stage circuit. 
The high frequency flyback transformer used in simulation, is modeled using the real 
parameters. Since the snubber circuits are not selected yet, they do not appear in 
simulation. Additional resistances appear in the model in order to reproduce the real 
components. 
 On the bottom side of the simulation model, the control circuit is presented. 
While the H-bridge is controlled using a sinusoidal zero crossing detector, the 
flyback converter on the left side contain the rectified sinusoidal reference signal 
and the compensation function H(s).  
 In fig.3.18 are presented the simulation results. They confirm the well 
operation of the proposed HBFAC and the compensation function efficacy.  
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Fig.3.18. HBFAC simulation waveforms of the output voltage and current, the voltage and 

current over the DC link capacitor, following the reference waveforms and the filtered currents 
through the primary and secondary circuit. 
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 The simulation waveforms show that the proposed HBFAC has a good 
operation. The filtered waveforms of the currents through the primary and 
secondary circuit highlights the bidirectional feature of the converter, considering 
the operating mode when the energy flows only from a 50V DC voltage source to a 
230V AC resistive load. Since the voltage over the DC link capacitor represent the 
main variable that have to be controlled, the waveforms show that using a proper 
controller that integrates the mentioned compensation function, the system is able 
to follow the reference signal and the voltage over the capacitor is similar with a 
rectified sinusoidal voltage.  

In order to test the compensation function and the capability of the HBFAC 
to operate in different conditions, the simulation model response was obtained using 
a variable resistive load. In fig.3.19 are shown the voltage and current waveforms 
considering a resistive load of 220, 165, 110 and 55 Ohms.  

 
Fig.3.19. HBFAC simulation waveforms of the output voltage and current with a variable 

resistive load of 220, 165, 110 and 55 Ohms 

0

-200

-400

200

400

Reference signal

0

-200

-400

200

400

Vout [V]

0.08 0.1 0.12 0.14 0.16
Time (s)

0
-2
-4
-6

2
4
6

Iout [A] with a load of 220, 165, 110 and 55 Ohms

BUPT



 3.4. Digital Simulations     143 

The output voltage and current present a low THD factor and they highlight 
that the proposed HBFAC is operational. With additional resonant snubbers, 
protection and limitation circuits the above simulation model is going to be the basis 
of an experimental prototype. 

 
3.5. Experimental prototype design 

 
 With positive results during the analytical and stability studies, confirmed 
afterwards through simulation, a prototyping procedure was initiated. In the 
beginning of this chapter, two quite similar topologies were proposed. Since there 
are not so many differences, a configurable circuit was conceived.  

The power stage circuit of HBFAC is presented in fig.3.20. The connectors 
TS1, TP2, TS1 and TS2 are used for the flyback transformer primary and secondary 
windings connection to the circuit. Since the currents through these windings are 
used for the system control, two current sensors IS1 and IS2 are added. The 
connectors V+50 and V-50 are designed for the lower voltage source connection to 
the circuit. On the other side, the connectors V230ACF and V230AC represent the 
output of the converter when the h-bridge is used. In the second configuration, only 
a half of the h-bridge is used and the output is given by the V230ACF and a 
midpoint V230ACm, between 2 identical capacitor cells connected between VCCap2 
and VCC650 connectors.     
 

 
Fig.3.20. Power stage circuit schematic 

Three capacitors cells are designed for this configurations.  Between V+50 
and V-50 is connected the first filter capacitor cell Ci on the lower voltage source 
side. The two remaining capacitors cells C1 and C2 are connected between VCC650 
and VCCCap2. They have a configurable design and they can be connected in series, 
parallel or only one at the time. In fig.3.21 are presented the capacitor cells circuits.
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Fig.3.21. Capacitor circuit structure Ci(a), C1(b) and C2(c) 

 
 The Ci input filter capacitor is intended to be used as voltage buffer only for 
the voltage source protection. Its value of approximatively 2000 uF was chosen high 
enough to protect the battery stack from any voltage peaks that that can appear 
during experimental test.  
 The flyback transformer was based on the fact that the currents through its 
windings are not constant and a low magnetic inertia is needed for a fast reversal of 
the energy flow. (3.34) gives the maximum energy transferred by the transformer 
and a first relation between the rated power and the primary winding inductance is 
given in (3.35) 

 
2

2ILE ⋅
=                      (3.34) 

ps

sin

LT
TDVP
⋅⋅
⋅⋅

≈
2

)( 2

                        (3.34) 

 Since the duty cycle is permanently changing during a switching period all 
the determined values for the inductances had a minimum and a maximum value. A 
spice simulation model was used to verify these values and was chosen as the final 
solution a 20uH value, for the primary winding inductance. The transformer was 
designed and physically realized experimentally in the laboratory, using high quality 
Metgas U cores following [3.28] and a dedicated Core Calculator software offered by 
Metglas.Inc. In Table 3.1 are listed the dimensioned components of the HBFAC. 
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Table.3.1. List of HBFAC components  
Components Value  Configuration Additional Details 
Primary 
winding L1 
inductor 

20uH 6 turns of 
6mm2 copper  
conductor 

The flyback transformer 
was designed and realized 
using 2 AMCC100  U 
cores, 6 turns of 6mm2 

copper wire of  for the 
primary winding, 30 turns 
of 1.5 mm2

 for the 
secondary winding and 
1.2mm air gap between U 
cores 

Secondary 
winding L2 
inductor 

700uH 30 turns of 
1.5mm2 
copper  
conductor 

Ci capacitor 2000uF 20X100uF+ 
10x2.2uF 

2 parallel connected 
groups of 20 electrolytic 
caps connected also in 
parallel with 10 polyester 
caps 

C1-C2 
capacitor 
cells 

50uF 20X5uF+ 
10X0.47uF 
capacitors 

Each capacitor of the 
capacitor cell contain 2 
groups connected in 
parallel of 6 up to 10 large 
polyester caps connected 
in parallel with 5 up to 9 
small polyester caps  

S1,S2 2xSKM200GB125
D IGBT modules 

2XIGBT of 
1200V and 
150A 

S1 is realized using 1 
IGBT from one module. 
S2 uses 1 IGBT from the 
second module 

IS1 LA100-P 100 A current 
sensor 

IS1- current sensor for L1 

 
IS2 LA50P 50 A current 

sensor  
IS2- current sensor for L2 
 

 

3.6. Conclusion 
 
 

In this chapter is presented a bidirectional hybrid DC-AC converter with 
galvanic isolation and a low number of components.  

This chapter starts with an introduction presenting a general overview of 
high efficiency topologies of DC-AC converters used in microgrids applications. They 
were found in literature and most of them are actually integrated in renewable 
energy applications 

In this chapter, two novel topologies of bidirectional flyback inverters are 
proposed. Only one topology of HBFAC is presented in detail. An analytical study is 
realized in order to establish the operation principles and constraints, based on the 
current and voltages equations. After a preliminary design procedure a parametrized 
circuits of the HBFAC is obtained. In order to verify its operation behavior a stability 
analysis is made using the state-space average procedure and the results show 
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that the system is unstable. A compensation function was designed based on the 
Bode plots obtained for the transfer functions of the main components. After its 
effectiveness was verified, it was integrated in a spice simulation model. The Bode 
plots for the compensated transfer functions shown that the system became stable 
and the simulation waveforms confirmed the good behavior of the proposed HBFAC. 
This allowed the design of a prototype which follows the information collected in the 
previous sections, including the compensation function. Design considerations and 
simulation results are presented. 
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4. EXPERIMENTAL SETUP 
 
 

4.1. Introduction 
 
 In the previous chapters, two novel topologies are presented. They are 
intended to be integrated in smart microgrids applications considering their 
particular features like bidirectionality, low number of components and simple 
control. The microgrid applications are nowadays very popular, mostly because of 
the continuous increase of the energy need while the conventional energy sources 
represent a real problem on relative long term (25-35 years).  
 This thesis presents two solutions for a microgrid application that is under 
construction. The two proposed topologies can be found in fig.4.1 which is sketch of 
the intended microgrid. 
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Fig.4.1. A microgrid application that integrates the two proposed topologies 
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The presented microgrid has two DC busses. The first one is a high DC 
voltage bus that collects energy from three different renewable energy sources at a 
value of 400 V. It is connected through an inverter to AC loads or even to the grid in 
order to inject energy and interfaced to a secondary bus of 50V. The interface 
between the two busses is realized using the proposed bidirectional DC-DC 
converter. The 50V bus is connected to a battery stack and through the BHDC, the 
power flow is realized in both directions, up to the 400V bus and the AC loads.  

The proposed Flyback inverter appears in the microgrid sketch, but it has a 
particular purpose. It is intended to supply with energy directly from the storage 
system special loads and equipment. It operates like an UPS, but it receives the 
input energy from the battery stack [4.1].  
 
 

4.2. BHDC Experimental Setup 
 

In this subchapter are presented the experimental test conditions and 
equipment. In fig.4.2 is shown the configuration of the setup during the 
experimental tests. 

Resistive Load
39Ω  8kW

Battery Stack 
50V, 420Ah

Bidirectional Converter

Power Supply
400V  2kW

50V 400V

DC  

Fig.4.2. Experimental setup structure for BHDC 

 The experimental tests were realized complying with the design 
specifications and with the equipment limitations. The proposed BHDC is intended to 
be used in up to 5 kW applications. The circuit passive components were designed 
and dimensioned to operate at the rated power. But the SKM75GB123 IGBT 
modules were chosen by economic criteria. Since their configuration and parameters 
match with the proposed application requirements but at a lower rated power, these 
semiconductors were used. The limitation introduced by them is related to the 
maximum current through the two IGBTs connected in parallel, which is less than 95 
A at a 20 kHz frequency. 
 The rest of the equipment will be presented in detail from the lower voltage 
side to the higher voltage side. Currently, the BHDC was integrated in the intended 
microgrid and it realize the interface between the lower voltage DC bus which 
corresponds to a 50 V and 420 Ah gel battery stack shown in fig.4.3 and a 400 V 
and 2 kW power source which emulates the second DC bus. This battery stack [4.2, 
4.3] can provide a high current capacity of over 400 Ah when it is used as a power 
supply. During its charging, the current that can be injected is about 10% of its 
capacity. Because of this, the BHDC can be tested at a maximum power of 2 kW, in 
order to protect the batteries.  
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Fig.4.3. A 50 V, 400 Ah battery stack emulating a storage system 

The BHDC prototype is presented in fig.4.4 during operation. An electronic 
signal generator is used for the reference input signal of the converter. Based on the 
reference waveforms and values, the converter automatically establishes the duty 
cycles, switching strategy and the energy flow direction. Since the converter is 
connected directly to two voltage sources, no data was acquired regarding the 
input/output voltages. The current waveforms through the L1 and L2 inductors   
were obtained using current probes directly on their connections to the circuit. The 
PWM switching pulses were collected from the transistor gates.  In the presented 
image, the 50 V power cables come through cable ladders from the battery stack, 
and the higher voltage side of the converter is connected directly to the 400 V, 2 kW 
Regatron TopCon Quadro Power Supply [4.4] in parallel with a resistive load of 39 
Ω, 8 kW [4.5, 4.6]. During its operation, in this configuration the converter can 
transfer energy in each direction. It was tested at a maximum power of 2.5 kW with 
good results.  
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Fig.4.4. BHDC Prototype during operation 

 In fig.4.5 is presented the 400 V power supply unit and the resistive load 
that emulates the 400 V DC bus. Due to the power supply constraints (2 KW), the 
system cannot be tested at a higher power.   
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a) 

 
  b) 

Fig.4.5. a) 39 Ω, 8 kW resistive load; b) 400 V DC 2KW Regatron TopCon Quadro Power 
Supply 

 Regatron power supplyes are ususally used for: 

- Simulation and substitution of real DC sources like: 
  - Batteries 
  - PVs 
  - Fuel cell stacks 
- Supply of: 
  - Burn-in- and test-systems 
  - Plasma loads e.g. surface technology 
  - Radar modulators (klystron, magnetron) 
  - Highly dynamic DC applications 
  - Pulse laser 
  - Demagnetizing and degaussing systems
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 Regatron TopCon Quadro Power Supply main output specifications: 
- Output ratings: 
  - Output power range .................................. 0 – 10 [kW] 
  - Output voltage range ..............................  0 – 400 [Vdc] 
  - Output current range ................................... 0 – 31 [A] 
  - Internal resistance range ........................ 0 – 1000 [mΩ] 
- Operating modes  
  - Voltage regulation (CV) .....................  0 – 100 % [Umax] 
  - Current regulation (CC) ......................  0 – 100 % [Imax] 
  - Power regulation (CP) ........................ 5 – 100 % [Pmax] 

  
4.3. Conclusion 

 
 

In this chapter are presented the experimental setup used to obtain the 
prototype experimental results.   

The structure of the intended microgrid application where the two proposed 
converters are going to be integrated is presented. 

 Starting with a schematic of how the BHDC is used as an interface between 
a battery stack and higher DC voltage source, the main components of the 
experimental setup are presented.  

The high power rechargeable batteries are shown as a lower voltage source. 
They are able to supply energy and collect energy through the BHDC, assuring this 
was the possibility of a bidirectional power flow.  

On the other side, the 400 V DC source is connected in parallel with a 
resistive load in order to obtain the same bidirectional power flow during the 
experimental tests.  

With the  BHDC prototype connected to the presented sources, experimental 
results are collected. Because of the equipment constraints, the experiments are 
realized at a lower power, but the results validate the good operation of the 
converter.     
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5. CONCLUSION AND CONTRIBUTIONS 
 
 

5.1. Conclusion  
 
 This thesis is a power electronics research with references to bidirectional 
DC-DC and galvanic isolated DC-AC converters. These topologies are close related 
to the microgrid applications and the presented converters are intended to be used 
in a microgrid system. 
 This study starts with a general overview regarding smart grids. Its goal is 
to present the main components of these systems and underline their special 
features. On the other hand are presented the limitations, weaknesses and the 
elements constraints.  
 After the microgrid concept is understood, the attention is focused on the 
converters that these systems usually integrate. These converters with high 
efficiencies have a simple control, a low number of components and because of their 
bidirectional features they can be used as interfaces between the DC-DC or DC-AC 
busses of a microgrid.     

The first analyzed topology is a bidirectional hybrid DC-DC converter able to 
convert energy with a large voltage ratio without using a transformer and with a low 
number of components. A full analytical study is realized in order to establish the 
operation principles and limitations of the BHDC. The voltages and currents 
equations are written for the main components. 

Using the real prototype information, a stability analysis is made using the 
state-space average method and the PWM switch model method. The results of both 
stability analyses are presented and compared, determining this way the stability of 
the state variables whose operation determines the proper operation of BHDC. The 
results are used to obtain a compensation function that improves the converter 
stability and which is integrated in a spice simulation model in order to verify its 
efficacy.  

A spice simulation model is designed in Psim. It matches the experimental 
setup design and integrates in addition to the control loop the compensation 
function obtained during the stability analysis. The main waveforms of the currents 
and voltages confirm the good behavior of the proposed BHDC. They validate the 
theoretical considerations and allow the experimental tests directly on the 
prototype.  

 The experimental results are obtained in tough conditions during fast 
reversals of the current at different values. The currents and voltages waveforms 
show that the proposed BHDC operates in good conditions, with fast responses to 
the reference signal and low oscillations.  These tests confirm its stability during 
harsh conditions. 

The second proposed converter is a bidirectional flyback inverter. An 
analytical study is realized highlighting its operating principles and limitations.  

After a prototyping procedure, the real components parameters are used in 
a stability analysis using the state-space average procedure. The results are 

 
BUPT



156    5. CONCLUSION AND CONTRIBUTIONS  

analyzed and the AC response of the main state variables, which determine the 
proper operation of the entire system, is assessed. Since its behavior is not stable, a 
compensation function was obtained and integrated into the system, in order to 
improve its stability.  

The compensation function and the design considerations are used to create 
a simulation model in Psim. During simulations, the waveforms of the currents and 
voltages showed a good operation of the proposed flyback inverter and a low THD 
factor.   

The simulation and experimental results confirm the robustness of the two 
proposed converters and qualify them to be used on large scale in microgrids 
applications due to their special features. 

  

5.2. Contribution 
 

The author contributions to this thesis can be summarized as follows: 

 A general overview of smart microgrids was made, highlighting their main 
features and components; 

 A hybrid bidirectional DC-DC converter was analytically studied, designed 
and validated through digital simulation; 

 A stability analysis was made using two different procedures. The results 
were analyzed, compared and the results were used to design a 
compensation function needed to improve the stability requirements; 

 A prototype was built and the theoretical considerations were validated; 
 A general overview of high efficiency DC-AC topologies used in microgrid 

applications was made and they were tested through simulation; 
 An analytical study and design were made for a proposed flyback inverter. 
 A stability analysis was made for the proposed flyback inverter. The results 

were analyzed and used to obtain a compensation function, the stability 
performances were improved;   

 The theoretical considerations were validated through simulations. 
 Five papers in international conferences were written.  

 
 

5.3. Future Work 
 
 The thesis subject includes the two proposed converters and it is close 
related to the main microgrid application presented in chapter 4. All the future work 
will be focused on the complete development of it: 

 The BHDC will be tested at 5KW operating between the two 50V and 400V 
DC busses and particular efficiency determinations will be made; 

 The HBFAC prototype will be realized including resonant snubbers. It will be 
tested unidirectional and bidirectional, integrated in the microgrid 
application. Efficiency determinations will be made. 

 The proposed converters will be exploited in different microgrid scenarios 
and applications. 
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