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Abstract. 
 

It is well known that conventional energy sources such as coal, oil, and natural gas are 
decreasing and a growing problem of environmental pollution. The renewable energy 
sources are becoming the best alternative for a clean and inexhaustible energy source, 
and solar energy is one of the most popular energy sources. Solar energy has gained 
more and more attention because of its advantages such as abundance, pollution free, 
renewability and low maintenance. 

The solar energy is usually obtained from photovoltaic (PV) cell which transform the 
solar irradiance into direct current (DC), that is electric energy. Since the majority of the 
electric devices and the main grid, require AC (alternate current) a power converter is 
needed to convert the DC electricity coming from the PV cell into AC electricity. The 
most used electronic converter for that is an inverter. 

Inverters contains semiconductor switches that are often controlled using the pulse 
width modulation technique, which yields second-order harmonic currents and 
corresponding ripple voltages on the DC bus. This double line frequency on the DC bus 
affect the performance of the photovoltaic system. Bulky DC link electrolytic capacitors 
are typically employed as transient energy buffer to decouple, or smooth out, the 
pulsating ac power from constant dc power.  

However, the use of electrolytic capacitor leads to temperature and aging concerns, 
and this also result in a low power density. A novel active power decoupling method 
proposed to add a bidirectional buck and boost converter that can store the ripple 
energy in its inductor and capacitor. This method can effectively reduce the energy 
storage in the DC link capacitor. 

This thesis deals with the design of such as bidirectional DC-DC converter and an 
inverter. The theoretical work mode of the bidirectional converter together with an 
inverter is studied. 

The power stages, inverter and bidirectional converter are studied in steady state to 
dimension the components. These stages are also modelled in their small signal 
equivalent model to find their transfer functions need to design the control loops.  

Different control strategies are studied and implemented to achieve the independent 
controls of the inverter and DC-DC converter. By using LTspice, the simulation results 
have verified the proposed power decoupling method. 

 

 

Key words: single-phase inverter, bidirectional converter, PWM, high power density, 
ripple energy. 
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Resumen. 
 

Es bien conocido que las fuentes de energía convencionales como el carbón, petróleo 
y gas natural están disminuyendo y volviéndose un problema de contaminación 
ambiental. Las fuentes de energías renovables están llegando a ser la mejor 
alternativa para a una fuente de energía limpia e inagotable y la energía solar es una 
de la más popular fuente de energía. La energía solar ha ganado más y más atención 
por sus ventajas, tales como, abundancia, libre de polución, renovabilidad y poco 
mantenimiento.  

La energía solar es normalmente obtenida de una célula fotovoltaica (FV) la cual 
transforma la irradiancia solar en corriente continua (CC), es decir, en energía 
eléctrica. Como la mayoría de los dispositivos electrónicos y la red requieren corriente 
alterna (CA) un convertidor de potencia es necesitado para convertir la electricidad 
continua proveniente de la célula fotovoltaica en electricidad alterna. El dispositivo más 
usado para esto es un inversor. 

Los inversores contienen conmutadores semiconductores que son a menudo 
controlados usando la técnica de modulación por ancho de pulso la cual produce un 
armónico de segundo orden en la corriente que da a lugar un rizado en el voltaje del 
bus de continua. Esta frecuencia de dos veces la frecuencia de línea en el bus de 
continua afecta el rendimiento del sistema fotovoltaico. Grandes condensadores 
electrolíticos son típicamente usados como buffer de energía transitoria para 
desacoplar, o suavizar, la potencia alterna de la potencia continua. 

Sin embargo, el uso de condensadores electrolíticos da lugar a problemas de 
temperatura y degeneración y estos además resultan en una baja densidad de 
potencia. Un método novedoso propone añadir un convertidor elevador reductor, 
bidireccional, que almacene la energía de rizado en sus inductor y capacitor. Este 
método puede reducir eficazmente la energía almacenada en el condensador usado 
en el DC link. 

Esta tesis trata sobre el diseño de un convertidor CC-CC bidireccional y un inversor. El 
modo de operación teórico del convertidor bidireccional junto con un inversor es 
estudiado. 

Las etapas de potencia, inversor y convertidor bidireccional son estudiadas en estado 
estacionario para dimensionar los componentes. Estas etapas son también modeladas 
en su modelo equivalente en pequeña señal para encontrar sus funciones de 
transferencia necesarias para el diseño de los lazos de control. 

Diferentes estrategias de control son estudiadas e implementadas para conseguir el 
control del inversor y del convertidor de continua. Usando LTspice, los resultados de 
las simulaciones han verificado el método propuesto de desacoplo de potencia. 

 

 

Palabras clave: Inversor monofásico, convertidor bidireccional, PWM, alta densidad de 
potencia, energía de rizado. 
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Chapter 1. Introduction. 
1.1. Introduction. 
Chapter 1 gives a general background and the purpose of this thesis. Section 1.2 gives 
brief idea about the purpose of this work and motivation. The state of the literature is 
reviewed in section 1.3. The work herein is considered a standalone PV system, a grid-
connected PV system, PV modelling, DC-DC converters, active filters and decoupling 
circuits. These different parts are further introduced and discussed in section 1.4. 
Section 1.5 describes the objectives and the contribution to the research work. Finally, 
the chapter concludes with the organization of this thesis in Section 1.6. 

1.2. Background and Motivation. 
In recent years, with the rapid penetration of distributed renewable energy sources 
(such as solar photovoltaic and wind power) into the traditional power system, it is 
imagined that a mixture of AC and emerging DC power systems will make out the 
future form of our power network and power supplies. In addition, the development of 
DC power stages increases the need for efficient converters that can transform power 
from DC to AC and from AC to DC. Some well-known power electronic engineers like 
professor Robert Erickson estimates that by 2030, 80% of all electrical energy will be 
processed by power electronics.  

On the whole, the use of renewable energy is a challenge to reduce the CO2 emission 
and offer sustainable clean and affordable energy. Energy saving is one of the best 
cost-effective solution. But the worldwide energy demand is increasing, and energy 
saving alone does not tackle the problem. For that issue, renewable energy is a good 
option because it gives a green and clean energy, free of CO2 emission.  

Renewable energy is defined as energy that comes from resources which are naturally 
generated like sunlight, wind, rain, tides, waves and geothermal heat. In recent years, 
the development of renewable energy sources has become a global priority which have 
given rise to intensive research on renewable energy technologies such as PV, 
hydroelectric, wind, geothermal, and tidal systems. 

Production of PV modules is growing by approximately 25% per year [1], and the 
implementation of PV systems on buildings and interconnection to utility networks are 
rapidly increasing and become major programs of developed countries like Japan, 
U.S.A and Europe.  PV systems have been used for over 50 years in various 
specialized applications and grid-connected PV systems have been in use for over 20 
years. At the end of 2016, worldwide installed PV capacity increased to more than 300 
gigawatts (GW) [1]. The global PV market grew significantly, to at least 74,4 GW in 
2016. With non-reporting countries, this number could grow up to 75,4 GW, compared 
to 50 GW in 2015. This represents a 50% growth year-on-year. Worldwide, maximum 
PV systems are utility connected where large amount of PV capacity is involved.  But 
for remote areas, which are isolated from utility grid, standalone operation is the best 
option. An evolution of the PV installations can be seen in figure 1.1 from the 
International Energy Agency [1]. 
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Figure 1. 1. Evolution of annual PV installations in GW. 

1.3. Literature Review. 
The solar energy is converter into electrical energy by the solar cells. The PV systems 
are like any other electrical power generating system, but the equipment used for PV 
system is different than that used for conventional electro-mechanical generating 
systems.  

Although other topologies are also used which consist of only one stage like the 
transformerless PV inverters, two stage systems are most used in a two stage PV 
system where a DC-DC converter is connected between the PV modules and the DC-
AC inverter [2]. In that way the output voltage of the PV system and the input voltage of 
the inverter need not be the same. 

The DC-DC converter perform the maximum power point tracking (MPPT) algorithm for 
a PV string and it is connected in the middle, between the PV modules and the DC-AC 
inverter [3].  

DC-AC inverter is then a voltage sourced inverter which handles the output current 
regulation and DC bus voltage regulation when is connected to the grid or also AC 
voltage and output current regulation when it works in standalone mode [4], [5]. 

The inverter must control the output current in each mode of operation. There are three 
major output current control techniques for the single phase VSI: hysteresis band, 
predictive, and sinusoidal pulse width modulation (SPWM) control [6] [7]. 

The inverter is in this work controlled by SPWM because the hysteresis controllers 
normally have an error band within a fixed range [7]. On another hand the predictive 
control needs complicated calculations and requires a very accurate knowledge of the 
system parameters although it offers a potential to achieve precise current control with 
minimum distortions [8]. 

The SPWM control is the most extended technique for SMPS (switch mode power 
supply) and is easy to implement [9]. This method of SPWM control uses a 
proportional-integral (PI) compensator in the feedback loop to regulate the output 
current. Though, while PI compensators have excellent performances on regulating DC 
quantities, many researchers have also explored the use of proportional-resonant (PR) 
[10]. 

However, in this thesis we use PI and PID compensators and implements the current 
controller using SPWM control theory. The current control is usually developed with an 



Chapter 1. Introduction | 4 

outer loop which control the AC voltage [4], [10] or the DC voltage [11]. Both of them 
are developed in this thesis. 

The selection of the DC link capacitor is a big challenge when one design an inverter, 
even a rectifier. The capacitor must support a twice line frequency energy ripple.  

Because of the DC-link contains power pulsation large electrolytic capacitors are 
connected to the DC-link in order to absorb this power pulsation and decrease the DC 
link voltage ripple.  

Although most PV module manufactures offer 25 warranty years on 80% of the initial 
efficiency and five years warranty on materials and workmanship [3], electrolytic 
capacitors with large capacitance can not be used in PV applications because of their 
short lifetime [12]. 

Furthermore, the DC link capacitor cause usually a large converter volume and low 
power density. For space application, for example, where the solar energy is the only 
energy available to use, the global volume of the energy supply system will 
dramatically increase. The usual choice for this function is the aluminium electrolytic 
(AE) capacitor, which offers low cost and a high energy density, partially offsetting the 
overall increase in the power converter volume. However, this type of capacitors is also 
known for having a somewhat short lifetime, which is unacceptable in many 
applications [13]. 

There are several techniques to reduce the size of the DC-link capacitor by adding an 
auxiliary circuit. There are different configurations for this circuit in the literature [14], 
[15] some of them are shown in figure 1.2. 

  
a) b) 

  
c) d) 

Figure 1. 2. Auxiliary circuits to reduce the voltage ripple in DC link capacitor [39]. 

The topology shows in figure 1.2. c) and d) store the energy ripple in an only electronic 
components, capacitor and inductor respectively. Whereas the circuit shown in figure 
a) and b) work as a bidirectional buck and boost. The topology used in this project is 
the one shown in figure 1.2 b) where a bidirectional DC-DC converter decuple the DC 
link voltage ripple. This circuit allow improve the inverter in the future by using only the 
two additional switches and converting the single-phase inverter in a three-phase 
inverter [16]. 

To control the bidirectional converter some techniques are used in the literature like 
direct control of the instantaneous power in the energy storage device in a closed-loop, 
such that it matches the ripple power generated by the AC/DC converter [17]. Other 
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strategies consist in a direct regulation of the instantaneous DC-link voltage in a 
closed-loop [18]. Full review of different control strategies can be seen in [14]. 

More control ways are found to deal with the bidirectional DC-DC converter, where this 
is study as two independent converters a buck and a boost converter [19]. 

In this research the circuit is study as bidirectional converter follow the references [20] 
and [21]. Two different control loops are designed, one which keep a stable DC link 
voltage and another one which control the inductor current. 

1.4. PV System of the thesis and its parts. 
In both operation modes of the PV system, standalone mode or grid connected mode, 
an inverter is used. This power stage converts the DC energy coming from the PV cell 
or panel into AC current to feed the load in standalone mode or to inject the energy in 
the grid. So, it does not matter the application in the AC side since an inverter is the 
most used electronic converter because of the majority of the load are AC load. The 
simple circuit configuration of a full bridge single phase inverter is shown in figure 1.3. 
Where VAB is a AC voltage but its waveform is not sinusoidal. Typically pulse width 
modulation is used to control the switches which are usually IGBT o MOSFET if the 
inverter power is less than 1KV. 

 
Figure 1. 3. Single-Phase inverter. 

In addition, due to the output voltage is not sinusoidal because it is switched, a low 
pass filter is used, most of the time a LC or LCL filter is the best options used by the 
electronical engineer [2], [3], [10] and [22]. In this thesis a LCL filter is designed to 
alleviate the output harmonic. A LCL filter with a damping resistor is shown in figure 
1.4. 

 
Figure 1. 4. LCL inverter filter. 

Unlike large scale rural solar farms, residential PV modules require the inverters to be 
small, low-power and single-phase units. One of the challenges when designing single 
phase VSIs (Voltage Source Inverter) for PV application is the selection of the DC-link 
capacitor. Although a analytical justification is developed in chapter 2 the instantaneous 
output power of a single-phase inverter is graphically shown in figure 1.5. 
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AC output power of an inverter is product of the current and voltage is sinusoidal 
waveform which is not the same as the DC input power. Because of that a power with 
double fundamental frequency is caused in the DC capacitor. The waveform of the 
power and output current and voltage are figure 1.5. Note that the amplitude is not 
relevant in this moment. 

 
Figure 1. 5. Power balance in an inverter. 

This power contains a constant and a double-line frequency component. Therefore, the 
DC-link contains power pulsation with twice the grid frequency. Often, large electrolytic 
capacitors are connected to the DC-link to absorb this power pulsation so that the DC-
link voltage ripple can be kept small. However, electrolytic capacitors with large 
capacitance (1.6mF for 15KW) are not ideal to use in PV applications because of their 
big dimension and price (167.5cm3 and 20€ for an electrolytic capacitor of 1.6mF). 

Many techniques were proposed to reduce the size of the DC-link capacitor while 
maintaining a good inverter power quality so that a more reliable film type capacitor can 
be used [14], [15]. In this thesis a bidirectional DC-DC converter is used to reduce the 
DC link voltage ripple, this converter work as a buck or boost depending of the energy 
flux. The converted is shown in figure 1.6. 

 
Figure 1. 6. Bidirectional DC-DC converter. 

This method uses an auxiliary circuit to circulate the double-line frequency ripple 
power. Figure 1.6 is an example where the bidirectional DC/DC converter is used as a 
decoupling circuit. The decoupling capacitor, CS is allowed to contain a large ripple 
component. In addition to the fact that an auxiliary circuit would increase the energy 
loss and the complexity of the system. 

This challenging technique to reduce the DC-link voltage ripple is the primary 
motivation of the work in this thesis. The thesis will therefore focus on designing a 
single-phase inverter in standalone mode and in grid connected mode plus a 
bidirectional DC-DC converter which is used to reduce the voltage ripple in the DC-link. 



7 | Single-Phase Inverter with Active Ripple Energy Storage. 

The foci of this work are on the control of the inverter and the bidirectional DC-DC 
converter. This challenge involves the reduction of the size of the DC-link capacitor in 
order to use a long-life film capacitor. 

1.5. Objectives and Contribution of the Thesis. 
A high power-density inverter leads to the following thesis’s objectives: 

• Ensure that the voltage on the DC side and the voltage in the AC side of the 
VSI and the output current are well regulated by choosing appropriate inverter 
topology, the output filter configuration and proper control methods. 

• To supply power to local load at a regulated voltage by suppressing the 
transient that may occur in PV system due to source or load variation. 

• To store electrical energy in an auxiliary circuit when the dc link voltage ripple is 
over the average value and to delivery this when is under the average value. 

• To design a filter to the output voltage and current which can deliver a quality 
current and voltage waveform. 

The primary objective of this work is to model, control and analyse a photovoltaic 
inverter plus a bidirectional DC-DC. Some of the noticeable points of this thesis are: 

• Description of a PV system and its components. 
• Steady state analysis of both power stages, the inverter and the DC-DC 

converter 
• Modelling of an inverter and a DC-DC buck and boost converter. 
• Modelling a PV string working its MPP. 
• Implementation of average current control strategy for single phase voltage 

source inverter. 
• Implementation of input voltage and inductor current control strategy for a 

bidirectional converter. 
• Stability analysis of the system by using different method to tune a regulator. 

1.6. Thesis Organization. 
This project is organized in the following chapters: 

Chapter 2. Provides a brief description about the PV system, its power stages, the 
performance of this and the PV modelling. 
 

Chapter 3. Based on a steady state analysis the components like inductors, 
capacitors and resistors are chosen here. 
 

Chapter 4. Deals with the small signal modelling and implementation of all the 
control strategies and their stability analysis. 

 
Chapter 5. Contains all the simulation results and its discussion under several 

parameter variations. 
 

Chapter 6. The conclusion about the system and the future research scope are 
written here. 

 



 
 
 

Chapter 2. 
 

Power Stage Topology 
and Operation Principle.   
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Chapter 2. Power Stage Topologies and Operation 
Principles. 
2.1. Introduction.  
Before looking into the aboard specific value of the components and the control of the 
photovoltaic (PV) system, it is necessary to study the performance of the system in 
steady state. That means to analyse the circuit with fixed input, i.e. constant input 
voltage, disturbances and duty cycle of internal switches. Since the system consist of 
four subsystem each section corresponds to a different power stage. 

The following section 2.2 gives brief introduction to the photovoltaic systems and the 
involved power stages. Section 2.3 define the PV source, the configuration as panel or 
array, the voltage-current waveform and the desired point of operation, and its 
modelling. Section 2.4 gives a fundamental description of the single-phase inverter and 
sinusoidal pulse width modulation. One of the main contributions of this thesis is the 
use of a bidirectional buck and boost converter to mitigate ripple in the DC-link. This 
converter is used together with an auxiliary battery/capacitor charging and discharging. 
Section 2.6 described the details about the bidirectional buck-boost converter and its 
working. 

The main power stages of this thesis are shown in figure 2.1. Although the system is 
connected to the grid when the system is working in standalone it has the same 
subsystems which are described below: 

- PV solar panel: The energy source 
- Inverter: Transforms DC current from the PV panel into AC current. 
- DC-DC converter: Used as active power decoupling. 
- LCL filter: Needed to filter current harmonics. 
- Control stage: The brain of the system that keeps all the stages working 

property, and which also ensuring stability against disturbances. 

 
Figure 2. 1. Main power stages of this thesis. 

2.2. Photovoltaic Systems. 
The photovoltaic cell converts solar energy into electrical energy. When sunlight strikes 
the surface of a PV cell, an electrical field (created by the material used) provides 
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momentum and direction to light-stimulated electrons, resulting in a flow of current 
when the solar cell is connected to an electrical load [23]. 

PV systems are like any other electrical power generating systems; Although the 
equipment used is different than what is used for conventional electromechanical 
generators. The principles of operation and interfacing with other electrical systems 
remain the same.  

A typical PV installation consist of a number of interfaces, or subparts, that convert, 
conduct, control, distribute, and store the electric energy produced by the PV array [9]. 

Figure 2.2 shows a typical PV system with a DC converter, which is used to track the 
MPP and to control the charge in a battery, and an inverter used to supply a AC load or 
to inject current to the grid. 

 
Figure 2. 2. PV system with ac load or connected to the grid. 

Depending on the application of the system, the required equipment is a DC-DC power 
converter, a DC-AC power inverter, battery bank, etc. Essentially, depending of which, 
where and how the load is, the system will need convert the energy to supply this load 
and consequently the converters, inverters and storage devices will be defined. 
However, a DC-DC converter which tracks the maximum power point of the panel is 
used most of the time. Similarly, when an inverter is used a filter is needed to get a 
sinusoidal waveform. Even though in this thesis, the DC-DC converter it is not used for 
MPP tracking, the following schemes will include it. On another hand the control stage 
is not shown because this is not an electric converter, this ensure property work of 
each power converter. 

Looking at figure 2.2, we can see an AC load, but also a DC load which is the battery. It 
is possible to classify the PV system in 2 main types, grid tied and stand-alone PV 
system. In addiction there are hybrid systems, although these are included into stand-
alone system [24]. 

2.2.1. Grid tied PV System. 
A grid-tied system or a grid connected system is a solar installation that is directly 
connected to an electric utility grid. The main device of these systems is the inverter 
which must ensure that electrical energy is exchanged between the PV-system and the 
grid in a proper way that minimize noise and harmonics. Grid connected systems rarely 
have battery storage since the objective of these installations are provide energy to the 
grid and no energy to supply any specific load. When the solar panels do not supply 
any energy, simply no energy is injected to the grid. Furthermore, a grid tied PV system 
normally deals with very high power, so it is tough to store this much of power in 
battery. 
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The size of grid tied PV systems range from power plant with MW capacity to small 
residential systems. Figure 2.3. shows the mains power stages of a grid connected 
system. 

 
Figure 2. 3. Grid tied PV system. 

2.2.2. Stand-Alone PV System. 
Stand-alone PV systems are designed to operate independent of the electric utility grid, 
and are generally designed and sized to supply a certain DC and/or AC electrical 
loads. These types of systems may be powered by a PV array only, or may use wind, 
engine-generator, or utility power, as an auxiliary power source in what is called a PV-
hybrid system.  

Non-Hybrid systems provide only solar energy, and this typically need storage capacity 
to supply the load during the night. Because of that, it is common to use a battery as 
storage method. An example of a stand-alone PV system is shown in figure 2.4. 

 
Figure 2. 4. Scheme of stand-alone PV system. 

2.3. Photovoltaic Source. 
A PV cell produce current from light because of the photovoltaic effect. The electric 
power depends on the light radiation. The cell is made up with Silicon, Boron (B) and 
Gallium (Ga). 

Generally, a PV source can consist of several cells as a module, a commercial module, 
or a group of modules which is called PV array. 

A single cell measures 10x10 cm and it supply a voltage of approximately 0.5 volts. 
The delivered power depends of the irradiancy over its surface. Generally, PV cells are 
connected electrically in series and/or parallel to produce higher voltages and currents 
respectively. Normally, a panel is formed for a normalized configuration of cells. 
Likewise, a PV array consist of any number of PV modules and panels to generate a 
specific power range. 

The most commercial format of a PV source is a panel, so in this project a panel is 
used as energy source. However, a part of the real device, the equivalent circuit for 
simulation is derived as a current source. 
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2.3.1. Photovoltaic module. 
In order to get real energy source a commercial photovoltaic module is chosen as 
energy source.  

The module use in this project is the JW-S100 from the company Jiawei. It is a panel of 
monocrystalline cells, 100 W, [25]. Table 2.1 show all the specification for this panel. 

Maximum Power (𝐏𝐦𝐚𝐱) 100 W 

Voltage at Pmax (𝐕𝐌𝐏) 17.9 V 

Open Circuit Voltage (𝐕𝐎𝐂) 21.6 V 

Short Circuit Current (𝐈𝐒𝐂) 6.15 A 

Maximum System Voltage 70 V 

Power Temperature Coefficients -0.38 %/°C 

Voltage Temperature Coefficients -60.8 mV/°C 

Current Temperature Coefficients 3.5 mA/°C 
Table 2. 1. JW-S100 PV panel specifications. 

Since the focus of this projects is the inverter and DC-DC converter the chosen PV 
panel is used just to have a realistic voltage and current values. 

2.3.2. PV Equivalent Circuit. 
An equivalent circuit of the PV panel is needed so that we can model and simulate the 
system before to build a prototype. The circuit in Figure 2.5 shows a common circuit 
model for PV cells or arrays found in the literature. Where IPV is the photovoltaic 
current and Rs and Rp are the series and parallel resistances, respectively [27].  

 

 
a) b) 

Figure 2. 5. a) PV Equivalent circuit, b) UV charateristic curve. 

The characteristic VI curve of a solar panel is shown in figure 2.5 b), since a MPPT 
algorithm is not implemented we will suppose the photovoltaic cell work as a constant 
current source with a constant voltage value. However experimental testing, a physical 
constant power source can be used instead of a photovoltaic panel. So, the final circuit 
used for simulation is as shown in figure 2.6 
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Figure 2. 6. Equivalent circuit used as a input enery source. 

We suppose 20 panels connected in series as a string and 3 strings in parallel which 
form the array with 400V and 19A. Form figure 2.5 where the current source G1 is 
dependence of the power (7.6 KW) and the output voltage V(out). Thus, for the voltage 
settled in Out, the DC bus voltage (“   ”    f g    2.5) will receive the current according 
to the nominal power, 7.6KW. 

2.4. Full Bridge Inverter. 
Basically, an inverter is a power electronic circuit which converts a DC input in a AC 
output. A clearly justification of the energy flux direction could be found in [9]. 

There are plenty of applications where DC-AC current conversions are needed. 
Examples include AC-motor drivers, battery powered uninterruptible power supplies, 
photovoltaic application, etc. A grid connected inverter is uses in this project to deliver 
the current from the solar panel (DC energy) to the grid (AC energy). 

2.4.1 Inverters Characteristics and Classifications. 
There are several ways to categorize inverters, in this project these are classified 
according to their circuit and behavior characteristic. Although it will be detailed 
explained, table 3.1 shows a common way to characterize the inverters. 

Input DC source VSI CSI 

Output AC load phases Single Phase Three Phase 

Number of switches Full Bridge Half Bridge 

Output waveforms Sinusoidal Wave Square Wave 

PWM technique Bipolar Unipolar 
Table 2. 2. Characteristic classifications of inverters. 

A. Input source. 
There are two mains group of inverters depending on if the input current or voltage is 
kept constant:  

1. Single phase current source inverter (CSI). 

In this inverter the input is a DC current source. Since this type of inverter is mostly 
only used for very high-power ac motor drives, they are not appropriate for this 
application. 

2. Single phase voltage source inverter (VSI). 

A VSI, in opposite, was a constant DC voltage source input. The voltage is kept 
constant by connecting a capacitor in parallel to the input voltage. The AC side current 
is fixed up by the load. 
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B. Output AC load phases. 
Depending on the number of phases of the AC the load, there are several types of 
device. The most common configurations of VSI are: 

1. Single-phase inverters. 

2. Three-phase inverters.  

Figure 2.7 shows a schematic of their basic schematic.  

  
a) b) 

Figure 2. 7. a) Single phase inverter and b) three phase inverter. 

A single-phase inverter has been chosen in this application since it is the most used 
configuration for low power inverters.  

C. Number of switches. 
Since a single-phase inverter have only two phases it is possible to divide the single-
phase inverters according to the number of switches. Thus, the two topologies are: 

1. Half-Bridge Inverters. 

In these inverters the only leg is used, the other leg is replaced by two equal capacitors 
connected in series across the dc input. The junction of these two capacitors is the 
medium voltage point. A scheme of half-bridge inverters is shown in figure 2.8. 

 
Figure 2. 8. Hal-Bridge inverter with DC-Link capacitor. 

Although, it seems the cheapest options since only two switches are needed, a half-
bridge is not the best choice for this application since the switches must support twice 
output voltage during tONand it makes the switching losses become very high [27]. 
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2. Full-Bridge Inverters. 

A full bridge inverter is shown in figure 2.7 a), this inverter has two legs (the switches 
couple in the same branch) and 4 switches in total. It is commonly used in high power 
applications.  

Because of the numerous possibilities to control the energy (output/input voltage, 
current, etc.), the big input and output voltage range and the performance a full-bridge 
inverter is the topology used for this project, although a complex control is needed.  

2.4.2. Full-Bridge Inverters topology. 
In the previous section the circuit configuration of a full-bridge inverter was introduced, 
and we will now look into how it functions. Depending of a duty cycle the         ’s 
switch operates to invert the DC inputs. For instance, when S4 and S5 is driving the 
output VAB is VDC (green arrows describe the current flux) unlike when S3 and S6 drive, 
VAB is -VDC (red arrows describe the current flux).  

The switches must also satisfy two main rules, on the one hand, two switches of a 
same branch can not drive at the same time, if this happen, the input will be in short 
circuit and on the other hand, the opposite situation, two switches in a leg can not be 
OFF at the same time since the inductors (LCL filter) at the output side will be in open 
circuit. 

 
Figure 2. 9. Full-Bridge inverters plus LCL low pass filter and DC link capacitor 

Seeing that, it seems like the output voltage is a square wave. However, a sinusoidal 
wave can be also obtained, depending on the control technique (duty signal) used. 

So, the inverters control techniques can be divided in: 

Square wave inverters. 

In these inverters the output ac voltage has a waveform like a square waveform. Here 
the input dc voltage is controlled in order to control the magnitude of the output ac 
voltage, and therefore the inverter has to control only the frequency of the output 
voltage. The switching frequency of this inverter is so much lower than the pulse width 
modulated inverters. 

Pulse width modulated inverters. 

This is the most typical technique, here the inverter switches at high frequency, so in 
principle, these produce a square wave, only that its frequency is so high that it can be 
easily filtered to become a sine.   
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The input DC voltage is transformed in a sine wave at output ac voltage. So, the 
inverter controls the magnitude and the frequency of the output by PWM (Pulse Width 
Modulation). Although it will be described in point 2.4.3. basically, the PWM is obtained 
comparing a sinusoidal wave with a triangular wave. 

There is other kind of inverters where the two characteristics of above inverters are 
combined. The technique is called voltage cancelation and only work with single phase 
inverters. The output voltage is like a square waveform. 

2.4.3. SPWM Inverters. 
The Sinusoidal Pulse Width Modulation (SPWM) is a technique used in most of the 
inverter switching system. Here, a sinusoidal control signal (Vcontrol signal) is compared 
with a triangular carrier signal (Vcarrier) in order to detect the intersection between both 
signals.  

The PWM signal is 1 when the control signal is larger than carrier signal (the 
correspondently switches are ON) and vice versa. The ON time of a switch couple is 
the variable called duty cycle (D). Neglecting the amplitude values, figure 2.10 
illustrates the technique. 

 
Figure 2. 10. SPWM Technique 

There is also other way to generate the duty cycle signal with two opposites sinusoidal 
control signals, see figure 2.11. So, depending of the number of control signals the 
modulation is called: 
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A. Bipolar: one sinusoidal signal is used. The inverter output voltage is 
either at +VDC or −VDC. Figure 2.11 a). 

B. Unipolar: Two opposites sinusoidal signals are compared with a 
triangular signal. The inverter output voltage is at +VDC or 0 for the positive 
part of a sine, of at 0 or −VDC for the negative part of a sine. Figure 2.11 b). 

Figure 2. 11. Sinusoidal PWMs. a) Bipolar PWM, b) Unipolar PWM 

Note that the name come from the number of potentials at the output voltage and do 
not from the number of control signals used. 

Table 2.3 describe the switching states according the control signals. 

  Bipolar Unipolar 
  S3 S4 S5 S6 S3 S4 S5 S6 

1 VControl VCarrier <VControl OFF ON ON OFF ON OFF - - 
VCarrier >VControl ON OFF OFF ON OFF ON - - 

2 VControl VCarrier <-VControl - - - - - - OFF ON 
VCarrier >-VControl - - - - - - ON OFF 
Table 2. 3. Switch States. Unipolar and Bipolar modulations. 

The bipolar modulation is not used in this thesis because of the following 
disadvantages: 

• The DC side current becomes higher due to elevated frequency. 
• A complex control is needed to correctly control the zero crossing. 

A detailed description of the unipolar modulation can be found on the chapter 8 of the 
book [9]. 

Looking to the power balance, the inverter itself is not able to store energy, so the 
instantaneous power input (photovoltaic input) must equal the instantaneous power 
output.  

  
a) b) 
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Figure 2. 12. Full bridge inverter with AC sinusoidal load. 

If the load is an AC load, such as an AC motor or the grid (on grid connecter inverter) 
the output current is also sinusoidal, and this could lag VAB. From the circuit on figure 
2.12 the voltage and current on the AC side are expressed in equation 2.1 where 𝜔𝑙𝑜𝑎𝑑 
is the fundamental frequency of the AC load: 

 VAB = √2 · VAB,RMS · sin(ω1 · t) (2.1) 

 Iload = √2 · Iload,RMS · sin(ω1 · t − φ) (2.2) 

As the inverter itself has no energy stored elements, the instantaneous power input 
must equal the instantaneous power output. So, it is means: 

 Pin = VAB · Iload (2.3) 
 Pin = [√2 · VAB,RMS · sinω1 · t] · [√2 · Iload,RMS · sin(ω1 · t − φ)] (2.4) 

Using trigonometric property, one can get: 

 Pin = VAB,RMS · Iload,RMS · cosφ − VAB,RMS · Iload,RMS · cos(2 · ω1 · t − φ) (2.5) 
From equation 2.5, the input power has two terms, a DC term minus a second order 
harmonic component (twice the fundamental frequency of the output inverter voltage).  

 PDC = VAB,RMS · Iload,RMS · cosφ (2.6) 
 Pripple = VAB,RMS · Iload,RMS · cos(2 · ω1 · t − φ) (2.7) 

The second order harmonic components come from the ac side current and it produce 
a voltage ripple in the input capacitor CDC. That is other reason why a DC link capacitor 
is needed. 

2.5. LCL Output Filter. 
The use of renewable energy source is rapidly increasing in the modern distribution 
networks because of the disadvantages of the non-renewable energy sources. But 
renewable energy sources need inverters for interfacing with the utility grid. The 
switching frequency of these inverters is very high and this may introduce high order 
harmonics that can interfere with neighborhood EMI (Electromagnetic interference) 
sensitive loads or equipment which are connected to the grid. 

On another hand, the output voltage between two branches (VAB) is a square waveform 
with high frequency (See figure 2.11 b) for red waveform). This voltage can not be 
applied directly to a load because it could damage it. Therefore, a filter is necessary 
between the bridge and the load.  
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A third order LCL filter is shown in figure 2.13 a), this is used to transforms the output 
square waveform in a sinusoidal waveform, but also to decrease the harmonics in the 
spectrum of the output voltage. The main characteristic of the selected filter are that 
this attenuates at -60db/decade after the resonant frequency and it produce few 
reactive power. 

 
a) 

 
b) 

Figure 2. 13. a) LCL Low pass filter b) Input and Output voltage waveforms of a LCL filter. 

In figure 2.14 the output voltage spectrum is shown before and after to filter it. Note that 
the main harmonics are located at multiples of the switching frequency (70KHz in this 
simulation). The harmonic magnitude depends of the duty ratio and the capacitors and 
inductor values of the filter. Because of these values will be developed in chapter 3 the 
harmonics magnitudes of figure 2.14 are not consider. Moreover, a derivation of the 
harmonics magnitude based into the duty ratio and the frequency location of these can 
be found in [9].  

In addition, figure 2.14 b) shows the behavior of the output LCL filter which work as a 
low pass filter. 

  
a) b) 

Figure 2. 14. Output voltage spectrum. a)Without filer, b)With a LCL filter 
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2.6. Bidirectional DC-DC Converter. 
The bidirectional dc-dc converter has become a promising option for many power 
related systems, including hybrid vehicles, fuel cell vehicles, renewable energy 
systems and as active filters [28]. It not only converts an input DC voltage to an output 
DC voltage of different value, but can also work to mitigate ripple keeping a stable 
voltage in one of the two sides (normally in high voltage side).  

The bidirectional converter in this project is used to keep a constant voltage in DC-Link 
and to minimalize the ripple due to the PFC inverter. The bidirectional converter is 
connected to the DC bus and this shares the DC capacitor with the inverter. 

In a bidirectional DC-DC converter power can flow in both directions; it thus allows one 
to decrease or increase the output voltage. Consequently, the converter work as a 
unidirectional converter in each mode of operation depending of the energy flux 
direction and in this way the converter can be described as a single DC-DC converter 
depending on the operation mode. 

Basically, DC-DC converters can be divided into two categories depending on the 
Galvanic isolation between the input and output side [9]. Table 2.4 shows the main DC-
DC converters: 

Non-Isolated 

1 Coil 
Buck (Step Down) 
Boost (Step Up) 
Buck-Boost 

>1 Coil 
Cúk 
Sepic 
Zeta 

Isolated 

Unidirectional Core Excitation Flayback 
Forward 

Bidirectional Core Excitation 
Push-Pull 
Half Bridge 
Full Bridge 

Table 2. 4. Types of DC-DC converters 

For the present bidirectional dc-dc converter a non-isolated boost and buck converter is 
chosen because it only works primarily as a ripple mitigator and the output is only used 
to store energy in a capacitor and no galvanic isolation is needed. 

The basic non-isolated one coil converter (in table 2.4) do not have the inherent 
property of the bidirectional power flow due to the presence of a diode. This limitation in 
the conventional Boost and Buck converter circuits can be removed by introducing a 
second switch (with anti-parallel diode across them) allowing current conduction in both 
directions for bidirectional power flow in accordance with the controlled switching 
operation. This bidirectional buck and boost circuit can be seen in figure 2.15. 
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Figure 2. 15. Bidirectional Buck and Boost 

The converter has two switches, S1 and S2 with both with anti-parallel diodes D1 and 
D2. The mode of operation depends of which switch is used. The S1 switch set the 
Boost mode, so the voltage in VDC is increasing (energy moved from VS side to VDC 
side), on the contrary, the S2 switch set the Buck mode and the voltage in VDC is 
decreasing (energy moved from VDC side to VS side). Although the operation modes can 
be also see in figure 2.16, a more detailed behaviour of the bidirectional DC-DC is 
explained below where the converter is divided into the two modes of operations. 

 
Figure 2. 16. 𝐕𝐃𝐂 Voltage and opertation modes of the bidirectional DC-DC converter. 

2.6.2. Boost Mode. 
In this mode, the switch S2 is off all the time whereas S1 and diode D2 enter into 
conduction depending on the duty cycle.  

In order to simply the analysis, in Boost mode the input current come from the inductor 
LS and capacitor CS. Thus, the capacitor, CDC absorb this current and increase the DC-
link voltage. 

Due to ON and OFF state in the S2, there are two states: 
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State 1. S1 ON, D2 OFF. 

 
Figure 2. 17. ON State S1. Boost operation mode. 

Referring to figure 2.17 when S1 is ON its RDS(ON) presents a low drain-to-source 
resistance and in consequence, it has a small voltage drop of VDS [29]. Although RDS 
and VDS are not consider in the calculus since these values depend of the switch 
chosen.  

The difference between input voltage VS and a small voltage drop across the DC 
resistance of the inductor (equal to ILs×RLs) is the voltage applied over the inductor Ls. 
As equation 2.8 describe: 

 VLs(tON) = VS − ILs · RLs (2.8) 
The diode D2 is OFF during this time, because its reverse biased, the inductor current, 
ILs, flows from the input source, VS, through S1 to ground. Thus, during the ON state, 
the voltage across the inductor is constant, as consequence, the inductor current 
increases linearly according to the equation 2.9. 

 
∆ILs(+) =

VS − ILs · RLs
Ls

· D · TS (2.9) 

Likewise, the DC capacitor current is delivered to the inverter, so the DC voltage 
decrease. During the S1 ON state the slope of the voltage waveform in CDC capacitor 
is: 

 
∆VDC(−) =

−VDC
Zin · CDC

· D · TS (2.10) 

Where Zin is the inverter impedance and D de duty signal which is complementary for 
the switch S2.  
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▪ State 2. S1 OFF, D2 ON. 

 
Figure 2. 18. OFF State S1. Boost operation mode. 

Opposite to the previous state, when S1 is OFF, it presents a high drain-to-source 
impedance. Consequently, the voltage across the inductor reverses polarity until D2 
becomes forward biased and turns ON. 

During tON, the inductor voltage applied to the inductor, VL remains the same as before 
plus DC voltage, VDC and plus the diode (D2) forward voltage, VD2. Neglecting the VD2, 
the equation of the voltage in this state is: 

 VLs(tOFF) = VS − ILs · RLs − VDC (2.11) 
The inductor current, ILs, now flows from the input source, VS, through D2 to the DC 
capacitor and inverter. Maintaining the same polarity convention as the ON state, this 
applied voltage is negative (or opposite in polarity from the applied voltage during the 
on time). Hence, the inductor current decreases during the off time. The amount of 
decrease is given by: 

 
∆ILs(−) =

ILs · RLs + VDC−VS
Ls

· (1 − D) · TS (2.12) 

Analogy, the output DC voltage ripple peak magnitude can be derived. Thus, for the S1 
OFF state the increase of the voltage waveform in CDC capacitor is: 

 
∆VDC(+) =

ILs
CDC

−
VDC

Zin · CDC
· (1 − D) · TS (2.13) 

2.6.3. Buck Mode. 
Contrary to the previous mode, in the Buck mode the switch S2 and diode D1 are 
working according the duty cycle.   

In addition, in this mode of operation the bidirectional converter must store energy from 
the DC side because of its excess. As consequence the DC side can be approximated 
as a constant voltage source and a impedance connected to the right side of CS which 
store the surpass input energy. 

As well as the Boost mode there are two states depending of ON or OFF state on 
switch S2: 
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▪ State 1, S2 ON, D1 OFF. 

 
Figure 2. 19. ON State S2. Buck operation mode. 

Analog to the Boost mode, when the S2 is ON the current flow through its RDS(ON), and 
through the inductor. There is also a voltage across the dc resistance of the inductor, 
RLs, and the voltage VDC and VS are in the same mesh. Thus, considering figure 2.19 
the inductor voltage, VLs is: 

 VLs(tON) = VDC − ILs · RLs − VS (2.14) 
The inductor current, ILs, flows from the DC side through S2 and to the CS capacitor 
and battery unit Vb. Because of the constant applied voltage, the inductor current 
increases linearly. The equation which describe the amount of increase is: 

 ∆ILs(+) =
VDC − ILs · RLs − VS

Ls
· D · TS (2.15) 

▪ State 1, S2 OFF, D1 ON. 

 
Figure 2. 20. OFF State S2. Buck operation mode. 

Referring to Figure 2.20, when S2 is OFF, the voltage across the inductor reverses 
polarity until D1 becomes forward biased and turns ON.  
Them, the voltage over the inductor can be derived as: 
 VLs(tOFF) = −VS − ILs · RLs (2.16) 

When diode, D1 is conducting, the inductor current flows from ground through D1 and 
to the output capacitor, CS, and series resistors combination. So, maintaining our same 
polarity convention, this applied voltage is opposite in polarity from the applied voltage 
during the ON time, hence the voltage over the inductor decrease. The amount of 
decrease is given by the equation 2.17 
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∆IL(−) =

VS − ILs · RLs
Ls

· (1 − D) · TS (2.17) 

As the capacitor is connected directly to the inductor and to the output impedance, the 
voltage over CS capacitor increase when the inductor current is higher than the output 
impedance current and decrease when the inductor current is lower than the output 
impedance current. Therefore, the amount of decrease or increase must be exactly the 
same at the end of each period. The amount of voltage ripple in CS is expressed in 
equation 2.18: 
 

∆V𝑠 =
∆𝐼𝐿
8 · 𝐶𝑆

· 𝑇𝑠 (2.18) 

The voltage ripple in V𝑠 will be developed in section 3.3 of chapter 3. 

Finally, it can be seen how the inductor current change the direction depending of the 
operation mode, for instance, if the IL in Boost mode is chosen as a positive, the IL in 
Buck mode will be negative, or in opposite direction. The follow figure from [20] shows 
the inductor current waveform when the bidirectional converter changes the mode of 
operations. 

 
Figure 2. 21. Inductor current waveform when the mode of operation change. 

 



 
 
 

Chapter 3. 
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Chapter 3. Components Selection. 
3.1.  Introduction. 
Although many times the value of some components are determined by the power 
supply specifications, the main objective of this section is to derive the electrical 
requirements and applied stresses of each components used in the power stages of 
this thesis.  

As it was explained in chapter 2, there are two power stages plus a LCL filter, the 
power stages are a single-phase inverter and a bidirectional converter. In this chapter 
the components used in each power stage and in the filter, are dimensions. 

Firstly, the DC capacitor is designed since the inverter itself does not have more 
storage components than this capacitor. We will design the capacitor for both power 
stages because of the DC link capacitor is shared with both power stages. 

The bidirectional converter is a combination of two known DC converters, buck and 
boost. Even though the converter works independently in either mode (or direction), the 
components are the same. The chosen components must therefore assure the correct 
performance of both operations directions. 

The behaviour of the Buck-Boost converter is described in chapter 2 where it is noted 
that the storage components (inductors and capacitors) have an important role in the 
operation mode of the converter. These can change the mode of operation depending 
on their values. In this section the values of the inductance and capacitance are 
discussed to assure the continuous conduction mode (CCM). 

Secondly the value of the inductances, capacitance and damping resistor is calculated 
for the LCL output filter in order to mitigate the main harmonic. 

A part of the capacitances and inductances other values will be calculated, such as 
equivalent series resistances (ESR) of capacitors, DC resistance of inductors (DCR), 
etc. However, we will start with the inductance and capacitor since their values 
condition the others. The components are dimensioned according to the inverter 
specifications collected in table 3.1 

Parameter Magnitude 
𝐕𝐀𝐂,𝐑𝐌𝐒 230 V 
𝐈𝐀𝐂,𝐑𝐌𝐒 32 A 

𝐅𝐀𝐂 50 Hz 
𝐏𝐢𝐧 7.6 kW 

𝐕𝐃𝐂 𝐋𝐢𝐧𝐤 400 V 
𝐕𝐬 200 V 

𝐅𝐬𝐰 70 KHz 
Table 3. 1. Inverter Specifications. 

Although some basics analytical equations are calculated below to dimension the 
components, the final value of this are chosen studying the performance of the 
converter by simulations. 

3.2. DC link Capacitor, CDC. 
The input capacitor is placed after the PV current source, its aim is to keep a stable voltage 
in the input and to damp the voltage ripple resulting from a pulsating current that appears 
on the DC side of the inverter. The frequency of this current is twice the output frequency. 
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The value of the DC capacitor can be calculated from two different ways depending of the 
converter. We will calculate first the capacitor attending to the behaviour of the DC-DC 
converter, then the capacitor will be dimension according to the inverter power flux and 
finally a new method based on [30] will be presented to dimension the capacitor for both 
power stages. 

3.2.1. Calculus for DC-DC converter. 
First of all, let assume only the bidirectional converter with constant voltage in both sides. 
When the converter is working as a boost, it is especially important since the DC capacitor 
must to store energy during ON state of switch, S1 and then supply the load when the S1 is 
in OFF state. The bidirectional converter working as a Boost can be seen in figure 3.1. 

 
Figure 3. 1. Boost converter equivalent circuit. 

Clearly, the amount of voltage in the input capacitor depend of the duty cycle as the 
following two equations shown: 

 
∆VDC(−) =

−VDC

VDC
Iripple

∙ CDC

∙ D ∙ TS (3.1) 

 
∆VDC(+) =

IDC,ripple

CDC
−

−VDC

VDC
Iripple

∙ CDC

∙ (1 − D) ∙ TS (3.2) 

The above equations are also sketched in follow figure where it is noted that the load 
current is maximum during the beginning of tON state, when capacitor current is 
minimum, as well as maximum DC voltage. The capacitor value should be dimensions 
then, using the maximum DC current or minimum V𝑆, voltage. The boost converter 
waveform can be seen in figure 3.2. 

As mentioned previously the duty value is required. The duty cycle ratio is deducted in 
equation 3.3: 

 
D = Du4 = 1 −

Vs,min

VDC
= 1 −

200

400
= 0.5 (3.3) 

Finally, the capacitor can be deducted from 3.1 admitting a 5% as the maximum 
voltage ripple:  

 
CDC =

Iripple

∆VDC
∙ D ∙ TS =

7.6KW
400V

0.05 ∙ 400V ∙ 70KHz
∙ 0.5 = 6.8μF (3.4) 
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Although a solar panel (the current source) can not be feed we assume that the converter 
will deliver the needed current until keep the DC voltage at 400V, when can assume, then, 
resistive load for this analysis since the DC capacitor will be compared. So, in the equation 
3.4 we use the nominal current. 

 
Figure 3. 2. DC Capacitor waveforms in Boost mode. 

3.2.2. Calculus for Inverter. 
The DC link capacitor can also be obtained considering the voltage ripple of double line 
frequency. It can be expressed as the equation 3.5. 

 
CDC =

Iripple

∆VDC · 𝜔1
=

7.6KW
400V

0.05 ∙ 400V ∙ 2 · π · 50Hz
= 3mF (3.5) 

3.2.3. Active Filter Capacitor Calculation. 
Both method offered a big different capacitor magnitude, some authors have developing a 
new analysis to set the capacitance value of the DC link capacitor [30]. 

From equations 2.7 of the chapter 2 we can obtain the energy ripple by integrating the 
power ripple, so the energy ripple is: 

 
Eripple = ∫ Pripple(t) · dt + 0 · dt

t

0

 (3.6) 

The powers, PAC, PDC, Pripple and the energy ripple, Eripple are plot in figure 3.3. 

On another hand, the energy ripple will be stored in the auxiliary capacitor, Cs and/or in a 
battery, if we consider the energy store in a capacitor, the equation 3.7 can be written: 

 
ECs(t) =

1

2
· Cs · Vs

2 (3.7) 
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Figure 3. 3. Powers and energy ripple waveforms. 

Now it is possible to relate the equation 3.6 and 3.7 since the auxiliary capacitor is 
supposed to store the energy ripple.  

 
Vs(t) = √2 ·

Eripple + E0

Cs

2

 (3.8) 

So, based on the initial value of the energy ripple which coming from the constant term of 
the integral. One can plot the voltage Vs  as function of E0 for one desired value of the Cs 
capacitor, the waveforms are shown in figure 3.4 for a Cs = 160μF 

 
Figure 3. 4. 𝐕𝐬 as funtion of 𝐄𝐫𝐢𝐩𝐩𝐥𝐞. 

Similarly, the current can be expressed as the equation 3.8: 

 
ICs(t) = Cs ·

dVs(t)

dt
 (3.9) 

The current for the same energy values as the voltage is plot in figure 3.5. 
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Figure 3. 5. 𝐈𝐬 as funtion of 𝐄𝐫𝐢𝐩𝐩𝐥𝐞. 

From figure 3.4 and 3.5 one can see how depending of the energy store in the auxilary 
device (a capacitor) the average calue of the voltage change and more over the ripple 
increase when energy store decrease since the capacitor can charge and discharge. 

Based on that whith the math software like matlab one can choose both capacitor 
according to the amount of voltage ripple is allow in each one. 

3.2.4. RMS Current, 𝐼𝐶𝑑𝑐,𝑅𝑀𝑆. 

Accordingly, power dissipation in the capacitor, excessive temperature can seriously 
shorten the expected life of a capacitor. The RMS value of the current ripple flowing 
through output capacitor is calculated from the equation 3.10 wich is developed in [31]. 

 
ICdc,RMS =  √2 · IAC,RMS · √

1

8
· [4 − ma

2 · (1 + 2 · cos(φ)2)] = 22,7A (3.10) 

Where 𝑚𝑎 is the modulation index and φ is equal to zero when the inverter work as 
power factor corrector. 

3.2.5. Equivalent Series Resistance, 𝑅𝐶𝑑𝑐. 
The equivalent series resistance (ESR) will also limit the ripple, ∆V𝐷𝐶, voltage. 
However, the ESR in the capacitor will dissipate power. Since the capacitance of the 
DC link capacitor is chosen initially 3mF, this limit the range of product available 
because the capacitance is bigger than the most commercial capacitor. The ESR of the 
DC link capacitor is chosen based on the commercial capacitor. 

 
Rc,DC ≥

∆VDC

PR,DC

VRDC

;  RDC = 0.06Ω 
(3.11) 
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3.3. Inductor, LS. 
The choice of the inductor LS is critical for the operation mode of the converter and 
consequently for the control. Continuous conduction mode is set to dimensions the 
inductor. 

The analysis will be developed from buck converter operation as shown in figure 3.6 
(Since this direction of operation is more stressed for the inductor because this to 
delivery his current to capacitor and battery). After that, the inductor value is checked 
with the boost mode operation to justify the chosen value. 

 
Figure 3. 6. Buck operation mode. 

The waveforms of the circuit can be seen in figure 3.7. The inductor current rise and fall 
during tON and tOFF respectively, hence the inductor current ILs has two states, 
∆ILs(+) during tON and ∆ILs(−)during tOFF. 

 
Figure 3. 7. Current Ripple through 𝐋𝐬. 
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The current increase and decrease are derived are shown again in equations 3.12 and 
3.13. Where the increase of the current, ∆IL(+), depend of the input voltage VDC and 
the output voltage VS, and the decrease of the current, ∆IL(−), depend only of the input 
voltage VDC. 

 
∆IL(+) =

VDC − VS

LS
∙ D ∙ TS (3.12) 

 
∆IL(−) =

VS

LS
∙ (1 − D) ∙ TS (3.13) 

From above equations D is the same as Du3, this is the duty cycle. Because of the ON 
and OFF states there are two states in the inductor current and these must be equal 
during each switching period for CCM. Therefore ∆IL(+) must be the same as ∆IL(−). 

If the above equations are expressed as function of VS and solved for ∆IL we get [33]: 

 
∆IL = IL_PP =

VDC

LS
∙ D ∙ (1 − D) ∙ TS (3.14) 

Note that ∆I𝐿 is also the peak-to-peak value of the inductor current, I𝐿_𝑃𝑃.  

It is possible to find the duty cycle for maximum I𝐿_𝑃𝑃 by plotting this equation (3.13), 
shown in figure 3.8. The blue curve shown I𝐿_𝑃𝑃 for different duty cycle values. The 
duty cycle for the maximum ripple current is 0.5. 

 
Figure 3. 8. Peak to peak inductor current versus duty cycle. 

This result can also be obtained by deriving equation 3.13 with respect to D setting the 
resulting equation equal to zero. This derivation can be seen in equation 3.14. 

 VDC

LS
· (1 − 2 · D) ∙ TS = 0 → D = 0.5 (3.15) 

Introducing this duty value in to equation in 3.13, the value of the maximum current ripple in 
CCM is expresses as: 

 
∆ILs,max =

VDC

4 · LS
∙ TS (3.16) 
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To guarantee that the converter operated in CCM, we can now relate the ∆ILs,max  to the 
∆ILs(%) given by the specifications and solving for the inductor: 

 
LS ≥

VDC

4 · ∆IL
∙ TS (3.17) 

The minimum inductor value is at maximum input voltage because it gives the maximum 
∆ILs. In order to decoupling the voltage ripple in the DC capacitor it can be supposed 
that the inductor need to store the pulsating current going to this. That is the RMS 
value of the current obtained in equation 3.10. We can now introduce this current in to 
equation 3.16 and with the rest of specifications the corresponding inductor value is: 

 
LS ≥

400V

4 · 30% · 24.14A · 70kHz
= 197.26μH (3.18) 

It is possible to check the mode of operation in boost mode for the dimensioned inductor, 
simulating the circuit of figure 3.1. The result of figure 3.9 show that the inductor current 
never become zero. Although the current values are not the used in the calculus, note the 
opposite direction of the current. 

 
Figure 3. 9. Inductor Current in Boost mode of operation. 

 

3.3.1. Peak Current. 
The inductor must be able to sustain the following peak current: 

 
IL_P = Io +

∆IL

2
= 27.8A (3.19) 

The allowed ripple current ∆IL is specified as a percentage of the nominal output current, 
for example 30%. 

3.3.2. Inductor’s DC Resistance, 𝑅𝐿. 
Due to the inductor’s DC resistance the current through it causes power dissipation. 
There is also an additional power dissipation due to core loss. Anyway, the inductor 
must to maintain its inductance at the elevated operating temperature. Although the 
DCR value is usually given by the datasheet of a specific inductor, a limit for it can also 
be approximated from the output values assuming an acceptable power loss: 

 
RL =

PDCR,loss

Io
2 =

5.6W

(24.14A)2
= 6.6mΩ (3.20) 
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3.4. Output Capacitor, CS. 
The output capacitor is used to store the energy coming from the ripple in the DC Link, 
thus the choice of this capacitor is an engagement with the CDC capacitor value and the 
voltage ripple in the DC link, as the equation 3.8 shown.  

Although the best way to choose the CS capacitor is attending to the derivation in 3.2.3 
there is other way when the converter work in buck mode. In this mode, the capacitor, 
Cs decrease the Vs voltage ripple due the inductor current ripple. Hence, the Buck 
circuit of figure 3.6 can be used to derivative alternative circuit.  

The capacitor current can be estimated to be the same as the inductor current ripple, 
the AC inductor current, ∆I𝐿. The capacitor voltage ripple can then be related to the 
total charge contained in the positive portion of the waveform. Consider the circuit in 
figure 3.6, the inductor current has also a DC component, I𝑜, which must flow entirely 
through the battery. Figure 3.10 show the waveform of the capacitor, inductors and 
battery. 

 
Figure 3. 10. Output Capacitor waveforms, load and inductor current. 

The capacitor voltage increases from its minimum to its maximum when its current is 
positive, thus, the relations between charge Q and voltage for a capacitor is: 

 Q = C · ∆Vs (3.21) 
In addition, it is possible express the capacitor charge as the area of the positive 
portion of capacitor current, which is shown in blue triangle of figure 3.10. 

 
Q =

1

2
·

Ts

2
·

∆IL

2
 (3.22) 

Combining equation 3.21 and 3.22, and rearranging, the C value is calculated as: 

 
C =

∆IL

8 · fs · ∆Vs
=

30% · 24.14A

8 · 70kHz · 0.25 · 200V
= 0.3 μF (3.23) 
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3.4.1. RMS Current, 𝐼𝐶𝑠,𝑅𝑀𝑆. 

Ripple current flowing through a capacitor’s equivalent series resistance causes power 
dissipation in the Capacitor and consequently a temperature increase which must be 
avoided as well as possible [32]. To control the temperature, the ripple current must to 
be know, that is the RMS value. For CCM output capacitor current waveform of figure 
3.10. 

 
ICs,RMS = ∆IL ·

√3

6
= 0.3 · 24.14A ·

√3

6
= 2A (3.24) 

3.4.2. Equivalent Series Resistance, 𝑅𝐶𝑠. 
Practical capacitors, as used in electric circuits, are not ideal components with only 
capacitance. They can be treated, to a very good degree of approximation, as being 
ideal capacitors in series with a resistance. This is the equivalent series resistance 
(ESR). Since it is a AC resistance, it can be calculated as: 

 
RCs ≤

∆VRcs

∆IL

=
0.05 · 200V

0.3 · 24.14A
= 1.4 Ω (3.25) 

Note that the voltage ripple is split between the capacitor and its ESR to have a total 
ripple of 30%. 

3.5. LCL Filter. 
As it was introduced in section 2.5 of chapter 2 the LCL filter works as a low pass filter. 
Depending of the component values (capacitance and inductances) the cutting frequency 
will be in low or high.  

Although there are different ways to design a LCL filter we will follow the energy flux as a 
design criterion to get a good efficiency. The components of a LCL filter are shown in the 
circuit of figure 3.11. 

 
Figure 3. 11. LCL Filter 

3.5.1. Capacitor Cf. 
First of all, the capacitor Cf will consume reactive power, so its capacitance will be 
limited by the total in the inverter. 

That means that the maximum current in the capacitor must be a portion of the nominal 
current (at full load). If we set this amount a 5% of the nominal load: 

 
ICf ≤ 0.05 ·

Po

Vo
;  ICf = 0.05 ·

7600 Kw

230 V
= 1.652 A (3.26) 

Them the capacitor impedance will be the output AC voltage divided by the current in 
3.22 since the capacitor is in parallel with the ac load. 
 

ZCf =
ICf

Vo
;  ICf =

230 V

1.652 A
= 193.21 Ω  (3.27) 
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Once the capacitor impedance is known, it is easy solve the capacitance value from 
equation 3.24, where 𝜔1 is the fundamental frequency in rad/s of the load. 
 

ZCf =
1

ω1 · Cf
;  Cf =  

1

ω1 · ZCf
=

1

2 · π · 50 Hz · 193.21 Ω
= 22.865 μF  (3.28) 

The capacitor, Cf, also has an equivalent resistance whose value is critical since this 
works as a damping resistance. Although most of the time an additional series 
resistance is added. 

The damping resistance, Rd increase the low amortiguation which come from the high-
quality factor, Qf. A high quality factor is a charatereistic in LC and LCL filters, this has 
low amortiguation at the resonant frequency which can instablilize the system. 

A high resistance, Rd, value will decrease notability the oscillation at resonance 
frequency but will also decrease the efficiency of the system [22]. 

A good resistance value would be what keeps the attenuation in the current loop blow 
of 0dB, so different values of Rd are plot in figure 3.12 where Rd = 50 Ω is chosen to 
have a good attenuation at the required frequency.  

3.5.2. Inverter Side Inductance, Li. 
The inductance of the inductor at the inverter side, Li, is calculated in similar way to the 
capacitor, but consider the inductor voltage when the inverter voltage at the output is 
the nominal voltage. 

In the first place, we assume an impedance low or the same as the 5% of the load 
nominal impedance: 

 
ZLI

≤ 0.05 · ZLoad; ZLI
= 0.05 ·

Vo
2

Po
= 0.348 Ω (3.29) 

The impedance magnitude of an inductor is defined as 3.26. 

 ZLI
= ω1 · Li (3.30) 

From where the inductance value can be easily solved: 

 
Li =

ZLI

ω1
=

0.348 Ω

2 · π · 50 Hz
= 1.108 mH (3.31) 

3.5.3. Load Side Inductance, Lf. 
Lastly, the inductance at load side is selected from the resonance frequency equation. 
 

ωres = √
Li + Lf

Cf · Li · Lf
 (3.32) 

The resonance frequency should be located at less 10 times the load frequency and an 
halft of the switching frequency. 

 10 · ω1 ≤ ωres ≤
ωs

2
 (3.33) 

With this criterion we avoid the resonance problems in the low and high frequency 
range of the harmonic spectrum. 

If we set the resonance frequency at 10 KHz the inuctor value is: 
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ωres = √

Li + Lf

Cf · Li · Lf
;  Lf =

1.108 mH

((2 · π · 10 KHz)2 · 1.108 mH · 22.865 μF) − 1
= 11.19μH (3.34) 

Although in chapter 5 the harmonic spectrum is discuses as well as the output 
waveform, in figure 3.12 one can be see the frequency response obtained by LTspice.  

 
Figure 3. 12. LCL filter frequency response. 

The simulation was done for 3 different values of Rd,where for the blue and red values 
(20 Ω and 50 Ω respectability) have a low response in despite the green value where the 
resonance frequency is higher. On another hand, the resonance frequency is situated 
at 10 kHz while the fundamental frequency of the load (50Hz) is not affected. 
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Chapter 4. Modelling and Control Strategies  
4.1. Introduction.  
This chapter 4 present various relevant control strategies and their analysis. For 
controlling the standalone PV system three independent control loops are used; DC-
DC control, inverter input voltage control and output voltage control. Section 4.2 
describes the details about the inverter modelling and its transfer functions, as well as 
the two control strategies purposed. Also, this section gives clear analysis of the 
transfer functions and their stability. Section 4.3 describes the bidirectional DC-DC 
converter control technique and the state-space averaging of the converter. 
Furthermore, this section includes stability analysis of the proposed converter control 
loop through bode diagrams. Section 4.4 introduce an alternative control strategy. 

4.2. Single Phase Inverter Control. 
In this work, a single phase VSI is used to convert DC power into AC power. To provide 
electrical power to any load or appliances, the inverter converts the DC bus voltage to 
a single-phase AC voltage with appropriate amplitude and frequency. To ensure a 
desired and stable input or output voltage, a control strategy is need in the inverter. 

However, it would be extremely difficult to describe the numerous control strategy of 
the inverters, since the inverters are currently employed in very wide variety of cases in 
which different parameters to control are needed.  

Here a current mode control is used Note that this is just the name of the control 
strategy which may not reflect the actual electrical value to control). There are two 
kinds of current control according to [34]: 

• Linear Current Control: Multi loops with PI, PID… 
• Nonlinear Current Control: Hysteresis Control. 

In this project a linear current control is chosen where 2 loops are designed, an inner 
current loop and an outer voltage loop. 

Although an input voltage control is briefly described at the end of this section (4.2.4), 
the inverter control is developed to control the output voltage. 

The discussion of the controllers for the inverter can be divided into three parts: 1) 
average modelling and small signal modelling of the inverter, 2) the inner inductor 
current controller and 3) the outer output voltage controller. The purpose loops with the 
controllers can be seen in the block diagram of figure 4.1. 
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Figure 4. 1. Control strategy for single phase VSI. 

Before designing the controller itself we must find a model which describes the inverter, 
preferably as a transfer function. To derive this transfer function, firstly an average 
circuit is developed, secondly the small signal circuit is derived and thirdly the transfer 
functions are calculated. 

4.2.1. Inverter Average Model. 
Due the behavior of the switched converters (DC/DC or AC/CD) is no-lineal, they 
should be linearized in an operation point before to apply linear control techniques. 
Although there are other techniques we will use the cycle by cycle averaging to 
linearize the inverter. 

First of all, the switching functions are developing from the circuit in figure 4.2, a). 

 

 

SA 
1 S4=1 S3=0 

0 S4=0 S3=1 

SB 
1 S6=1 S5=0 

0 S6=0 S5=1 
a) b) 

Figure 4. 2. a) Inverter Switches circuit, b) Switching functions. 

The two main switching rules were explained in section 3.4.2. Thus, the two switches of 
a same branch should not be open or closed at the same time. In this way the 
switching functions of each branch can be defined according to the table on figure 4.2, 
where the branch SA is 1 when S4 switch ON and 0 when S4 is OFF. The SB branch 
has the same functions. Therefore, one can define VAB as: 

 VAB = VDC · (SA − SB) (4.1) 
Similarly, the output current IA 

 IDC = (SA − SB) · IA · (4.2) 
The above equations justify the inverter output voltage and current. If S4 is ON (SA =

1) and the switch S5 is also ON (SB = 0), then, the output voltage will be VDC (from the 
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equation 4.1) since the branch SA is 1 and SB is 0. For the opposite situation the output 
voltage would be −VDC and analogous for the current (equation 4.2). 

So, the circuit can be simplified as in figure 4.3, with only two switches. But this circuit 
is not yet a linear circuit. 

To get a linear circuit the average model of the switching function is developing. By 
using cycle by cycle averaging the no-linear component, introduced by the switches, is 
removed. 

If the switching frequency is much faster than the fundamental frequency (fs ≫ f1), it 
can be assumed that the output waveform is constant.  

 
Figure 4. 3. Inverter with simplified switches. 

Thus, studying on switching period, one can realise than from one switching period to 
another, the fundamental wave form does not change. This can be seen in figure 4.4 
where VAO is equal to VAB if the B branch is connected to the same ground than VDC. 

 
Figure 4. 4. Cycle by cycle averaging. 

From figure 4.4 Vcontrol is the sinusoidal signal and Vtri the carrier triangular signal, 
according to the SPWM as explained in chapter 3. The average value of a switching 
function, A or B, is calculated: 
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dk(t) =

1

Ts
· ∫ S(t) · dt

dk·Ts

0

 (4.3) 

Then, the average value of the switching functions is the duty cycle value (for one 
switching period). The duty cycle has the following expression: 

 dk(t) = 0.5 + 0.5 · ma · sin(ω1 · t) (4.4) 
Equation 4.4 follows the sinusoidal law (SPWM). The second term (+0.5) ensures only 
positive values of the duty cycle. 

 
Figure 4. 5. Duty cycle waveform. 

Now a linear circuit is obtained (figure 4.6.) where the switches are replaced by 
transforms with a ratio of 1: dk. 

 
Figure 4. 6. Inverter with average switches. 

After that, the output voltage (VAC) can be developed as in equation 4.5: 

 V̅AB(t) = VA(t) − VB(t) = [dA(t) − dB(t)] · VDC (4.5) 
In bipolar modulation, each branch work complementary to the other and we can 
approximate the dB(t) function as: 

 dB,bip(t) = [1 − dA(t)] (4.6) 
For unipolar modulation dB(t) can be expressed as: 

 dB,unip(t) = 0.5 + 0.5 · ma · sin(ω1 · t − π) (4.7) 
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Now by introducing equation 4.6 into 4.5, one gets: 

 V̅AB(t) = [dA(t) − [1 − dA(t)]] · VDC = [2 · dA(t) − 1] · VDC (4.8) 

Equation 4.8 is expresses with only the duty cycle of branch A, as the branches are 
complementary the equation is the same when this is rearranged for the duty of branch 
B. So, we can introduce a new duty cycle functions as: 

 D′i(t) = [2 · dA(t) − 1] (4.9) 
Where the subscript “i” means the inverter duty cycle because another duty cycle will 
be developed for the DC-DC converter.  

The current relation conversion can also be expressed as in equation 4.10, which 
shows the DC side current as function of the duty cycle: 

 ID̅C(t) = [2 · dA(t) − 1] · IA (4.10) 
In this way the circuit on figure 4.6 can be further reduced to only include one ratio (2 ·

dk(t) − 1). The final average circuit of the inverter is shown in figure 4.7: 

 
Figure 4. 7. Final average circuit model of the inverter. 

Seeing the above circuit, one realizes that this is similar to a buck converter circuit 
(when the filter is added) but with a DC operation point which is a time varying signal.  

The circuit in figure 4.7 can be checked by comparing with the switching circuit in 
LTspice where it can be se that the outputs waveforms in the average model are the 
average value of the output waveforms in the switches model. 

 
Figure 4. 8. Average waveforms compared to switches waveforms 
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In addition, the justification on figure 4.7 can also be done by an analytical way. By 
replacing equation 4.5 into 4.9, the average output voltage is:  

 V̅AB(t) = [2 · (0.5 + 0.5 · ma · sin(ω1 · t)) − 1] · VDC = VDC · ma · sin(ω1 · t) (4.11) 
It can be seen in equation 4.11 the output voltage is the same as the fundamental 
output voltage. It is important to note that equation 4.1 does not define the real output 
voltage, it only defines the average value when no other factors are considered. 

For the current a similar derivation can be developed, replacing equation 4.12 and 4.4 
into 4.10. The current, in the DC side and the AC side, depends on the load, if the load 
is linear the AC current will be sinusoidal with fundamental frequency and with 
amplitude and phase dependent of the load impedance. This output current (ac side) 
has the form of the equation 4.12: 

 IA̅(t) = IA · sin(ω1 · t − φ1) (4.12) 
For the unipolar modulation the same equation is obtained when 4.4 and 4.7 are 
introduced into 4.5. 

The average model can be used to get faster simulations, to see the frequency 
response and to design the control loops. However, it is not appropriate to simulate real 
behavior as power losses, switching noise and harmonic distortion. 

4.2.2. Inverter Small Signal Model. 
In order to get the plant transfer functions and the frequency response a small signal 
circuit model is developed.  

We now need to perform perturbation and linearization and then the PWM switch 
model will be in the desired form, i.e., linearized about a given operating point. 

The main idea of perturbation and linearization is assuming an operating point and 
introducing small variations about that operating point. For example, we assume that 
each averaged variable, 𝑥, can be represented as:  

 x = X + x̂ (4.13) 
where X is the value of the variable at the operation point (either a constant value or a 
value with the same fundamental frequency) and 𝑥 is the small-signal variation around 
the operation point. Thus, the voltage and current equations (equations 4.8 and 4.10) 
can be rewritten as 4.14 and 4.15 respectively:  

 VAB + v̂AB = [2 · (Di + d̂i) − 1] · (VDC + v̂DC) (4.14) 

 IDC + îDC = [2 · (Di + d̂i) − 1] · (ILi + îLi) (4.15) 

Where ILi , the current through the inductor Li is the same as IA. 

Now, separate steady-state quantities from ac quantities and also drop products of ac 
quantities because the variations are assumed to be small and products of two small 
quantities are assumed to be negligible. We arrive at the steady-state and ac 
relationships or, in other words, the dc and small signal model: 

• DC equations or operation point (OP) 

 VAb = [2 · Di − 1] · VDC (4.16) 
 IDC = [2 · Di − 1] · ILi (4.17) 
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• Small signal equations. 

 v̂AC = v̂DC · (2 · Di − 1) + 2 · VDC · d̂i (4.18) 

 îDC = îLi · (2 · Di − 1) + 2 · ILi · d̂i (4.19) 

Finally, the small signal circuit can be built by replacing the transformer in figure 4.7 
circuit with voltage and current sources which satisfy equations 4.18 and 4.19. This 
circuit is shown in figure 4.9. 

 
Figure 4. 9. Small signal inverter model. 

4.2.3. Inverter transfer functions. 
The transfer functions what is to be controlled to correct by the controller depends on 
the control strategy and how we configure the control loops. The control loops shown in 
figure 4.1 can be plotted in a block diagram form as shown in figure 4.10. Where, in 
addition, the gain of the PWM is added (Fm,i): 

 
Figure 4. 10. Control block diagram for inverter. 

There are two loops in figure 4.10, an inner current loop, Ti and an outer voltage loop 
Tv.  

For the inner loop it is considered that the voltage controller will give a current 
reference. The current error (from comparing the current reference with the sensed 
current) will be compensated with a proportional integrator derivative (PID) controller 
which (with the F𝑚 gain) gives the duty signal to the switches. So, the transfer function 
to be compensated in this inner loop is the Inductor current, îLi to duty signal, d̂. 
HîLi,d̂

(s). 

The outer transfer function depends on the output of the inner loop. Because îLi is the 
output of the inner loop, the transfer function of the outer loop must be the output 
voltage v̂AC to inductor current, îLi transfer function, Hv̂AC,îLi

(s). That is, the AC voltage 
at output of the final control loop.  

To find the transfer functions we analyse the circuit in figure 4.9 for v̂DC = 0 since input 
voltage is supposed constant. Using Kirchhoff’s laws, we get: 
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• Output impedance. 

 ẐO,i = (Z2‖Z1) + Li; 

ẐO,i =
s3 · Cf · Lf · Li + s2 · Cf · (Li · R + Li · Rd + Lf · Rd) + s · (Li + Lf + Cf · Rd · R) + R

s2 · Cf · Lf + s · Cf · (R + Rd) + 1
 

(4.20) 

• Inductor current- duty cycle transfer function. 𝐻�̂�𝐿𝑖,�̂�
(𝑠) 

 2 · VDC · d̂i

ẐO,i

= îLi;  

HîLi,d̂
(s) =

îLi

d̂i

|
v̂DC=0

=
2 · VDC

ẐO,i

 
(4.21) 

• Output voltage - Output current transfer function. 𝐻�̂�𝐴𝐶 ,�̂�𝐿𝑖
(𝑠) 

 
Hv̂AC,îLi

(s) =
v̂AC

îLi
|
v̂DC=0

=
R · (Z2‖Z1)

Z1
= 

=
s2 · Cf · Lf · R + s · Cf · (R2 + Rd) + R

s2 · Cf · Lf · Rd + s · (Lf +· Cf · Rd · R) + 1
 

(4.22) 

Once the plant transfer functions are found (equation 4.21 and 4.22), the bode diagram 
can be plotted by the values of Cf, Lf, Li obtained in chapter 3 and in addition a load of 
R = 50Ω and a VDC = 400V. It is possible also to check the bode diagram with the one 
obtained by simulation as figure 4.11 shows.  

 
Figure 4. 11. 𝐇�̂�𝐋𝐢,�̂�

 obtained from simulation of the small signal circuit in LTspice 

HîLi,d̂
(s) − 

Hv̂AC,îLi
(s) − 
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Figure 4. 12. Obtained from the equations. 

The bode diagrams in figure 4.11 have an initial gain of 24.08 dB for HîLi,d̂
(s) and 

33.97dB for Hv̂AC,îLi
(s), whereas the bode diagrams in figure 4.12 have an initial gain of 

24.1dB and 34dB for HîLi,d̂
(s) and  Hv̂AC,îLi

(s) correspondingly. The cutting frequencies 
are 114.32KHz and 35.33 MHz for HîLi,d̂

(s) and  Hv̂AC,îLi
(s) respectively in simulated 

bode diagrams, as well as, in the calculated bode diagram are 115 KHz and 35.5 MHz. 
Therefore, the loops can be designed since the transfer functions correctly describe the 
system dynamics.  

4.2.4. Inner current loops. 
Since the current loop is the inner loop we need to calculate it first, before we analyze 
the outer voltage loop.  

To tune the PID regulator constants, we will analyze the transfer function from equation 
4.21. Inserting parameters values, simplifying and rearranging in pole-zero form, we 
get the equation shown in 4.23: 

 
HîLi,d̂

(s) =
7.273 · 105 (𝑠 + 437.4)

(𝑠 + 2.222 · 104)(𝑠 + 892.6)
 

=
16.041 (2.286 · 10−3 · 𝑠 + 1)

(4.5 · 10−5 · 𝑠 + 1)(1.12 · 10−3 · 𝑠 + 1)
 

(4.23) 

Now, by using the IMC method of [35], one can compare the transfer function in 4.23 
with the correspondently on table 11.1 of reference [35]: 

 
G̃(s) =

K ·  (τ3 · s + 1) · e−θ·s

(τ1 · s + 1) · (τ2 · s + 1)
 (4.24) 

According to the table and neglecting the term e−θ·s ,because this only represent the 
time delay, the values of equation 3.25 are: 

𝐊 𝟏𝟔. 𝟎𝟒𝟏 

𝛕𝟏 4.5 · 10−5 

𝛕𝟐 1.12 · 10−3 

𝛕𝟑 2.29 · 10−3 
Table 4. 1.Transfer function gain, poles and zero constants. 
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The PID regulator has the following transfer functions: 

 
PID(s) = Kp · (1 +

1

τI · s
+ τD · s) (4.25) 

 Where if we use the IMC tuning method the parameters should be set to [35]: 

 
Kp =

τ1 + τ2 − τ3

K · (τC + θ)
 (4.26) 

 τI = τ1 + τ2 − τ3 (4.27) 

 
τD =

τ1 · τ2 − (τ1 + τ2 − τ3) · τ3

τ1 + τ2 − τ3
 

(4.28) 

For the proportional constant equation 4.26  τC is the desired time response, as a rule 
of thumb we can chose this constant as: 

 τdom

5
≤ τC ≤

τdom

2
 (4.29) 

Where τdom is the dominating time constant which decides the response time of the 
process G̃(s) and HîLi,d̂

(s) is relatively safe since its phase only goes to -90º, we can 
therefore try a quite aggressive controller: 

 τC =
τdom

4
=

τ2

4
= 2.8 · 10−4 (4.30) 

That  τC = 2.8 · 10−4 means that the controller is designed to give a response time of 
280 µs. 

So, Kp is: 

 
Kp =

4.5 · 10−5 + 1.120 · 10−3 − 2.286 · 10−3

16.041 · (2.8 · 10−4)
= −0.25 (4.31) 

We get a negative Kp, which we know it cannot be since overall loop gain must be 
positive. 

The method failed because the zero time constant τ3 is dominating. The system with a 
dominating zero leads to a faster response and overshot to step response. Figure 4.13 
compares the two systems, the true one (with the zero) and the one without the zero. 

 
Figure 4. 13. Step response of 𝐇�̂�𝐋𝐢,�̂�

(𝐬) with (blue) and without (red) the dominant zero. 
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As the IMC method failed for our process function we will try to disregard the dominant 
zero in the transfer function. This should give a functional controller, but it may be a bit 
too aggressive; but we can adjust that based on simulations afterwards. Thus, the 
transfer functions to compensate is expressed in equation 4.32. 

 
H

îLi,d̂
new(s) =

16.041 

(4.5 · 10−5 · 𝑠 + 1)(1.120 · 10−3 · 𝑠 + 1)
 (4.32) 

Comparing the new plant transfer functions with the one found in table 11.1 of 
reference [35]: 

 
G̃(s) =

K

(τ1 · s + 1) · (τ2 · s + 1)
 (4.33) 

The new parameters of the PID regulator are now: 

 
Kp =

τ1 + τ2

τC
 (4.34) 

 τI = τ1 + τ2 (4.35) 

 τD =
τ1 · τ2

τ1 + τ2
 (4.36) 

Although the zero has been avoided to set the PID constant, it is always there in the 
true transfer function, so the controller should not be aggressive. Thus, the response 
time constant is settled to: 

 τC = τ2 (4.37) 
The parameters of the PID regulator are then: 

 Kp = 0.065 (4.38) 

 τI = 1.2 · 10−3 (4.39) 

 τD = 43.27 · 10−6 (4.40) 

The open loop of the inner current loop, T𝑖 is calculated from the block diagram in 
figure 4.10 as: 

 Ti,OL = Gi,i(s) · Hv̂AC,îLi
(s) · Fm (4.41) 

Where the F𝑚 has the following expression: 

 
Fm =

1

VPP,tri
 (4.42) 

We suppose a VPP,tri of 1V. 

Finally, the closed loop of the current loop is described as: 

 
Ti,CL(s) =

Ti,OL

1 + Ti,OL
 (4.43) 

Simplifying and rearranging to zero-pole form the current closed loop has the following 
transfer functions and bode diagram: 

 
Ti,CL(s) =

0.671 (s + 437.4)

(s + 293.5)
=

(2.286 · 10−3 · s + 1)

(3.407 · 10−3 · s + 1)
 (4.44) 
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Figure 4. 14. Frequency response of the inner closed loop. 

The closed loop transfer function (equation 4.44) becomes a lead-lag function with a 
slight dominating lag, τp > τz. 

If the Kp of the PI controller increase the transfer function becomes theoretically 1 
when Kp → ∞ because of τp = τz. See the following table and figure. 

𝐊𝐩 𝐓𝒊,𝑪𝑳(𝐬) 

𝟐 · 𝐊𝐩 (2.286 · 10−3 · 𝑠 + 1)

(2.846 · 10−3 · 𝑠 + 1)
 

𝟓 · 𝐊𝐩 (2.286 · 10−3 · 𝑠 + 1)

(2.5 · 10−3 · 𝑠 + 1)
 

𝟏𝟎𝟎 · 𝐊𝐩 0.99512 
Table 4. 2. Closed Loop transfer functions for increments of 𝐊𝐩 

 
Figure 4. 15. Closed Loop frequency response for increments of 𝐊𝐩. 
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4.2.5. Outer voltage loop. 
Once the inner current closed loop is known the voltage controller can be designed. 
The outer controller must compensate the closed inner loop together with the AC 
voltage - Inductor current transfer function. 

So, this transfer function is: 

 
HP(s) = Ti,CL(s) · Hv̂AC,îLi

(s) =
1.498 · 108 · (𝑠 + 874.7)

(𝑠 + 293.5) · (𝑠 + 8.928 · 106)
= 

=
50 · (1.143 · 10−3 · 𝑠 + 1)

(3.407 · 10−3 · 𝑠 + 1) · (1.12 · 10−7 · 𝑠 + 1)
 

(4.45) 

Again, we use the IMC method and compare the equation 4.45 with the corresponding 
process in table 11.1 of reference [35]: 

 
G̃(s) =

K ·  (τ3 · s + 1) · e−θ·s

(τ1 · s + 1) · (τ2 · s + 1)
 (4.46) 

The constants are collected in table 4.3, neglecting the term 𝑒−𝜃·𝑠 : 

𝐊𝑽 𝟓𝟎 

𝛕𝟏,𝐕 3.41 · 10−3 

𝛕𝟐,𝐕 1.12 · 10−7 

𝛕𝟑,𝐕 1.14 · 10−3 
Table 4. 3. 𝐇𝐏(𝐬) transfer function gain, poles and zero constants. 

The largest time constant is τ1,V, as this is larger than the zero time constant, the IMC 
method can now probably be used directly. Using the same rule as in 4.29, τC is first 
chosen as: 

 τC =
τdom

4
=

τ1

4
= 0.29 · 10−3 (4.47) 

Introducing the value in table 4.3 in equation 4.26-4.28. The time constant of the PID 
outer controller are: 

𝐊𝐏,𝐕 𝟏. 𝟔𝟏𝟕 · 𝟏𝟎−𝟑 
𝛕𝐈,𝐕 2.264 · 10−7 

𝛕𝐃,𝐕 −1.143 · 10−3 
Table 4. 4. Constants PID voltage regulator. 

Because of the negative value in the τD,V, the derivative time constant is neglected and 
PI (proportional integrator) is used: 

 
PI(s) = Kp · (1 +

1

τI · s
) (4.48) 

Simplifying and rearranging to zero-pole form the final closed loop of the system in 
figure 4.10 has the following transfer functions and bode diagram: 

 
Tv,CL(s) =

 2.42 · 1011

(s + 2.42 · 1011)
=

0.99

(4.13 · 10−12 · s + 1)
 (4.49) 
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Figure 4. 16. Outer closed loop bode diagram. 

4.2.6. Inverter input voltage control. 
We have now developed a controlled for the output voltage of the inverter. However, 
control the input voltage of an inverter is usually the control strategy adopted when the 
inverter is connected to the grid or when it works as a rectified since the gird voltage 
will set the output voltage. The current should be in phase with the AC voltage, working 
as a power factor correction (PFC) because of that a phase locked loop (PLL) is used. 
This control strategy is shown in figure 4.17: 

 
Figure 4. 17. Input voltage inverter control. 
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This control strategy is shown in block diagram form as figure 4.18. Where the two 
transfer functions are the inductor current- duty cycle for the inner loop and the DC 
voltage- Inductor current for the outer loop. 

 
Figure 4. 18. Block diagram form input voltage control strategy. 

However, note that during grid-tied mode, the dynamics of the ac capacitor can be 
ignored, just as the dynamics of the dc capacitor can be ignored during stand-alone 
mode. That mean that to control the input voltage v̂AC = 0 instead of v̂DC. 

The same as the single-phase boost power factor correction (PFC) circuit presented in 
[36], for grid connected mode, there is no small-signal model. Any small signal circuit 
can cover its operation from dc up to half of the switching frequency due to the time-
variant nature of the converter which is never in steady state per se. 

Anyway, the inner loop can be controlled with the same regulator as reference [37] and 
[5] demonstrate. The frequency response of the transfer function HîLi,d̂

(s) also, does 
not differed so much as the calculated in section 4.2.3. The equation and bode plots of 
the different transfer functions can be found also in [37]. Although other authors study 
the inverter in other way and other transfer function is developing as reference [2],[39] 
show.  

The voltage controller should compensate for the closed current loop and the transfer 
function, Hv̂DC,ÎLi

(s). This loop must be slower than the double-line frequency ripple in 
the DC voltage. Different ways to find the transfer function are also developed in [2 -5], 
[36-37]. For this loop a PI controller is also calculated by online tuning in simulation. 
The constants of the PI are collected in table 4.5. 

𝐊𝐏,𝐕 𝟑 

𝛕𝐈,𝐕 40 
Table 4. 5. PI controller for input voltage loop. 

The PLL is implemented as a unitary sine factor with the same fundamental frequency 
since this is no the goal of the project. This will be leaved as further work. 

Both control strategies are tested for several load conditions and work property. In 
chapter 5 the time response and stability of the two control strategies are shown. 

4.3. Bidirectional DC-DC converter. 
The bidirectional converter and storage capacitor will store energy which coming from 
the voltage ripple of the DC link in the battery or capacitor. The battery is mainly used 
to provide a steady power to the local load irrespective of source or load power 
variation. In this PV system the battery operates in two modes. When the DC voltage is 
above of its average value, the battery is charged storing the excess energy from 
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voltage ripple and when the DC voltage is below its average value the battery is 
discharged to supply the needed energy. The primary objective of the battery converter 
is to maintain a stable common DC bus voltage [38]. A bidirectional buck-boost DC-DC 
converter is used to maintain continuous power flow between the DC bus and battery 
or storage capacitor. A constant DC-link voltage is maintained by charging or 
discharging the battery depending on the sign in the voltage ripple. So, regardless of 
whether the battery is charging or discharging, the DC-link voltage should be stable 
and regulated throughout this operation. 

Although several control strategies exist, the control strategy developed is based on 
the control of the DC link voltage with a single loop where a PID controller controls the 
converter to follow the reference. The control strategy can be seen in figure 4.19. 

 
Figure 4. 19. Control strategies Bidirectional DC-DC converter 

Where the load or disturbance to this converter is the ripple from the inverter, which is 
modelled as a sinusoidal current source. Vb is the voltage of the battery or large 
storage capacitor. As it is not a main point of this project it is simply modelled as a 
voltage source plus a series resistor. 

Similarly, to the inverter procedure, before designing the converter the transfer 
functions of the plant should be known. For this converter we found the transfer 
functions by State Space Modelling instead of using average circuit model. Thus, firstly 
the steady state modelling is carried out, secondly the tree possible transfer functions 
are found and thirdly, the controller is designed [20], [21]. 

4.3.1. Bidirectional converter State Space Modelling. 
This technique is commonly applied to develop models for switched mode power 
supplies (SMPS).  

From reference [39], the energy storage elements are chosen as the state of the 
system, which is current for inductors and voltage for capacitors. The converter work as 
boost or buck according to the switches S1 and S2 respectively. The switches work in 
complimentary way, so only two sub-intervals are considered. Boost mode 1 (S1 on S2 
off) and Buck mode 2(S1 off, S2 on). Therefore, a common model can be developed 
for both the modes of power flow. 

Bidirectional Converter State Selection. 
Seeing the circuit in figure 4.19, state x(t), input u(t) and output y(t) vectors are 
chosen as follows: 
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x(t) = [

DC link Capacitor Voltage
Stoarge Capacitor Voltage
Storage Inductor Current

] = [

vCdc(t)
vCs(t)
iLs(t)

] (4.50) 

 
u(t) = [

Current Ripple 
Battery Voltage

] = [
iripple(t)

vb(t)
] 

(4.51) 

 
y(t) = [

Battery Current
Storage Inductor Current
DC link Capacitor Voltage

] = [

ib(t)
iLs(t)
vdc(t)

] 
(4.52) 

The derivative of the state vector is a vector whose elements are equal to the 
derivatives of the corresponding elements of the state vector. Regarding the output 
vector, we are free to place any dependent signal in the vector y(t), regardless of 
whether the signal is actually a physical output. 

From equation 4.50-4.52, the energy storage elements are chosen as states (voltage of 
the capacitor and current in the inductor). The current ripple coming from the inverter 
and battery voltage are considered as the inputs. The dc link voltage, battery current 
and the inductor current are chosen as the controlled variables. 

Boost mode 1 (S1 ON S2 OFF). 

In this mode the battery is discharged and the current flow through its internal 
resistance Rb to the Cs capacitor and Ls inductor. Using KCL and KVL equations in the 
resulting circuit shown in figure 4.20. The follow equations can be written: 

 
Figure 4. 20. Mode 1, S1 on S2 off. 

 
Cdc ·

dvCdc

dt
= −iripple (4.53) 

 ib = iLs + iCs (4.54) 

 vb − ib · Rb − iCs · RCs − vCs = 0 (4.55) 

 
vCs + iCs · RCs − iLs · RLs − Ls ·

diLs

dt
= 0 

(4.56) 

 
Cs ·

dvCs

dt
= iCs 

(4.57) 

Where Rb, RCdc RCs, RLs, are the serie resistances of input voltage source(battery), DC 
link capacitor, storage capacitor and storage inductor, respectively. 

According the steady state modelling in reference [39], the above equations can be 
rearranged and written in the following vector form for equation 4.50-4.52 
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K ·

dx(t)

dt
= A1

∗ · x(t) + B1
∗ · u(t) (4.58) 

 y(t) = C1 · x(t) + E1 · u(t) (4.59) 

Where K is a matrix containing the values of capacitance and inductance, and the 
matrices AK, BK, CK, DK contain constants of proportionality. Thus, to have two similar 
equations, we can rewrite AK and BK as the same terms but divided by K. 

 A1
∗

K
= A1 (4.60) 

 B1
∗

K
= B1 

(4.61) 

So, the next vectors can be expressed: 

 dx(t)

dt
= A1 · x(t) + B1 · u(t) = A1 · [

vCdc

vCs

iLs

] + B1 · [
iripple

Vb
] (4.62) 

 

A1 =

[
 
 
 
 
0 0 0

0
−1

Cs · (Rb + RCs)

−Rb

Cs · (Rb + RCs)

0
Rb

Ls · (Rb + RCs)
−

(RLs · Rb + RLs · RCs + Rb · RCs)

Ls · (Rb + RCs) ]
 
 
 
 

 

(4.63) 

 

B1 =

[
 
 
 
 
 
 
−1

Cdc
0

0
1

Cs · (Rb + RCs)

0
RCs

Ls · (Rb + RCs)]
 
 
 
 
 
 

 

(4.64) 

 
y(t) = C1 · x(t) + E1 · u(t) = C1 · [

vCdc

vCs

iLs

] + E1 · [
iripple

Vb
] 

(4.65) 

 

C1 = [
0

−1

(Rb + RCs)

RCs

(Rb + RCs)
0 0 1
1 0 0

] 

(4.66) 

 

E1 =

[
 
 
 0

1

(Rb + RCs)
0 0

−RCdc 0 ]
 
 
 
 

(4.67) 
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Buck mode 2 (S1 OFF, S2 ON). 

Analogous mode 1, the equations of the circuit shown in figure 4.21 are written. 

 
Figure 4. 21. Buck mode 2 (S1 off, S2 on). 

 
iripple = iLs − Cdc ·

dvCdc

dt
 (4.68) 

 ib = iLs + iCs (4.69) 

 vb − ib · Rb − iCs · RCs − vCs = 0 (4.70) 

 
iCs = Cs ·

dvCs

dt
 

(4.71) 

 
vb − ib · Rb − iLs · RLs−Ls ·

diLs

dt
− iCdc · RCdc − vCdc = 0 

(4.72) 

The states of the system and the output state equations can be expressed in the same 
way as for the previous mode, as shown: 

 dx(t)

dt
= A2 · x(t) + B2 · u(t) = A2 · [

vCdc

vCs

iLs

] + B2 · [
iripple

Vb
] (4.73) 

 

A2 =

[
 
 
 
 
 
 0 0

1

Cdc

0
−1

Cs · (Rb + RCs)

−Rb

Cs · (Rb + RCs)
−1

𝐿𝑠

Rb

Ls · (Rb + RCs)
−

(RLs · Rb + RLs · RCs + Rb · RCs + Rb · RCdc + R𝐶𝑑𝑐 · RCs)

Ls · (Rb + RCs) ]
 
 
 
 
 
 

 

(4.74) 

 

B2 =

[
 
 
 
 
 
 −

1

Cdc
0

0
1

Cs · (Rb + RCs)
R𝐶𝑑𝑐

𝐿𝑠

RCs

Ls · (Rb + RCs)]
 
 
 
 
 
 

 

(4.75) 

 
y(t) = C2 · x(t) + E2 · u(t) = C2 · [

vCdc

vCs

iLs

] + E2 · [
iripple

Vb
] 

(4.76) 

 

C2 =

[
 
 
 0

−1

(Rb + RCs)

RCs

(Rb + RCs)
0 0 1
1 0 RCdc ]

 
 
 
 

(4.77) 
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E2 =

[
 
 
 0

1

(Rb + RCs)
0 0

−RCdc 0 ]
 
 
 
 

(4.78) 

Bidirectional Converter State-Space Averaged Model. 

In order to get an average model, we consider now that the converter operates 
in continuous conduction mode.  The converter has 2 subintervals where in 
each of the circuit elements are connected differently. Therefore, the respective 
state equation A1, B1, C1, D1 and A2, B2, C2, D2 matrices may also differ. 
Provided that the natural frequencies of the converter, as well as the frequencies of 
variations in the converter inputs, are much slower than the switching frequency, then 
according to [39], the state-space averaged model that describes the converter in 
equilibrium is 

 0 = A · X + B · U (4.79) 
 Y = C · X + E · U (4.80) 

where the averaged matrices are: 

 A = D · A1 + (1 − D) · A2 (4.81) 
 B = D · B1 + (1 − D) · B2 (4.82) 

 C = D · C1 + (1 − D) · C2 (4.83) 

 E = D · E1 + (1 − D) · E2 (4.84) 

The matrix form of the equation 4.72 and 4.73 are: 

 
0 = A · X + B · U = A · [

vCdc

vCs

iLs

] + B · [
iripple

Vb
] (4.85) 

 

A =

[
 
 
 
 
 
 0 0

(1 − D)

Cdc

0
−1

Cs(Rb + RCs)

−Rb

Cs · (Rb + RCs)
−(1 − D)

Ls

Rb

Ls(Rb + RCs)
−

(RLsRb + RLsRCs + RbRCs + ((1 − D)(RbRCdc + RCdcRCs))

Ls · (Rb + RCs) ]
 
 
 
 
 
 

 

(4.86) 

 

B =

[
 
 
 
 
 
 −

1

Cdc
0

0
1

Cs(Rb + RCs)

(1 − D)
RCdc

Ls

RCs

Ls(Rb + RCs)]
 
 
 
 
 
 

 

(4.87) 

 
y(t) = C · X + E · U = C · [

vCdc

vCs

iLs

] + E · [
iripple

Vb
] 

(4.88) 

 

C =

[
 
 
 0

−1

(Rb + RCs)

RCs

(Rb + RCs)

0 0 1

1 0 (1 − D)R
Cdc]

 
 
 
 

(4.89) 
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E =

[
 
 
 0

1

(Rb + RCs)
0 0

−RCdc 0 ]
 
 
 
 

(4.90) 

DC equations or operation point (OP). 

The quantities X, U, Y and D represent the equilibrium values of the averaged vectors 
in equations 4.79 and 4.80. These equations can be solved to find the equilibrium state 
and output vectors: 

 X = −A−1 · B · U (4.91) 
 Y = (−CA−1B + E)U (4.92) 

Small signal equations. 

Now by perturbation and linearization, the same as done in equation 4.13 the state 
equations of the small-signal ac model are: 

 dx̂(t)

dt
= A · x̂(t) + B · û(t) + [(A1 − A2) · X + (B1 − B2) · U] · d̂(t) (4.93) 

 ŷ(t) = C · x̂(t) + E · û(t) + [(C1 − C2) · X + (E1 − E2) · U] · d̂(t) (4.94) 

Finally, assuming the only applied disturbance is the duty cycle perturbation and taking 
Laplace Transform of 4.93 and 4.94: 

 x̂(s)

d̂(𝑠)
= (s − A)−1 · [(A1 − A2) · X + (B1 − B2) · U] (4.95) 

 ŷ = C · x̂(s) + [(C1 − C2) · X + (E1 − E2) · U] · d̂(𝑠) (4.96) 

Bidirectional converter transfer functions. 

Although the only transfer functions needed is the DC voltage - duty cycle, all 
the transfer functions for each output variable control are derived. The block 
diagram of the control strategy is shown in figure 4.22 where the transfer 
function H�̂�𝐷𝐶,�̂�𝑑𝑐

(s) is compensated by a PID regulator. The sensor βv,dc and 
PWM modulator F𝑚,𝑑𝑐 gains are assumed to be 1. 

 
Figure 4. 22. Block diagram DC-DC converter loop. 

Inductor Current - Duty Transfer Function. 

To find the transfer functions based in the inductor current. We set C1 = C2 = [0 0 1] 
and E1 = E2 = [0 0]. 

 îLs(s)

d̂(s)
= C

x̂(s)

d̂(s)
= C · ((s − A)−1 · [(A1 − A2) · X + (B1 − B2) · U]) (4.97) 
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 îLs(s)

d̂(s)
=

1

Ls
[

Vb

1 − D
−

iripple(Rb + RLs)

(1 − D)2
] · 

·

[
 
 
 
 
 
 
 

(s +
1

CsR2
)(s +

iripple

Cdc (
Vb

(1 − D)
−

iripple(Rb + RLs)

(1 − D)2 )
)

s3 + s2 (
R1
Ls

+
1

CsR2
) + s (

R1
LsCsR2

+
Rb

2

LsCsR2
2 +

(1 − D)2

LsCdc)
) +

(1 − D)2

LsCdcCsR2

]
 
 
 
 
 
 
 

 

(4.98) 

 
R1 = RLs + (1 − D)RCdc +

RbRCs

Rb + RCs
 

(4.99) 

 R2 = Rb + RCs (4.100) 

Remember that in this small signal model iripple is assumed to be a steady state 
constant average value. 

Battery current - Duty Transfer Function. 

For the current ripple the matrixes are setting as equations 4.101 and 4.102 the 
transfer function is expressed in 4.104.  

 
C1 = C2 = [0 −

1

Rb + RCs

RCs

Rb + RCs
] (4.101) 

 
𝐸1 = 𝐸2 = [0

RCs

Rb + RCs
] 

(4.102) 

 î𝑏(s)
d̂(s)

= C
x̂(s)

d̂(s)
= C · ((s−A)

−1

· [(A1 −A2) · X+ (B1 −B2) · U]) 
(4.103) 

 îb(s)

d̂(s)
=

RCs

R2
·
îLs(s)

d̂(s)
+ 

+

[
 
 
 
 
 
 
 Rb

LsCsR2
2 · (

Vb

(1 − D)
−

iripple(Rb + RLs)

(1 − D)2 ) (s +
iripple

Cdc (
Vb

(1 − D)
−

iripple(Rb + RLs)

(1 − D)2 )

)

s3 + s2 (
R1

Ls
+

1
CsR2

) + s (
R1

LsCsR2
+

Rb
2

LsCsR2
2 +

(1 − D)2

LsCdc)
) +

(1 − D)2

LsCdcCsR2

]
 
 
 
 
 
 
 

 

(4.104) 
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Output Voltage - Duty Transfer Function. 

Finally, the transfer functions that we need to control is found when C1 = [1 0 0], C2 =

[1 0 RCdc] and E1 = E2 = [RCdc 0 0]. These equations are shown in equation 4.106. 

 v̂dc(s)

d̂(s)
= C

x̂(s)

d̂(s)
= C · ((s − A)−1 · [(A1 − A2) · X + (B1 − B2) · U]) + (C1 − C2) · X (4.105) 

 v̂dc(s)

d̂(s)
= 

=

((−
iripple

(1 − D)Cdc
) [(s +

1
CsR2

) (s +
R1

Ls
) +

Rb
2

LsCsR2
2] +

(1 − D)
Cdc

(
Vb

(1 − D)
−

iripple(Rb + RLs)

(1 − D)2 ) (s +
1

CsR2
))

(s3 + s2 (
R1

Ls
+

1
CsR2

) + s (
R1

LsCsR2
+

Rb
2

LsCsR2
2 +

(1 − D)2

LsCdc
) +

(1 − D)2

LsCdcCsR2
)

+ 

+(1 − D)RCdc

îLs(s)

d̂(s)
+ Vdc − RCdcILs 

(4.106) 

Note that iripple only appear in the gain and the zero for the three transfer functions. 

Before to design the control loops, the bode diagrams are checked by simulations. The 
values in chapter 3 are used for RCs, RLs, RCdc, Cdc, Cs, Ls and Rb. As initial condition Vb =

200V and iripple = 19A. The input current iripple is set 19A since it will be the average 
value when the inverter is connected, but when the controller is designed, it is checked 
with a sinusoidal current which average value 0. Regarding the duty cycle value, D, 
although it is settled at 0.5, we will discuss about their critical values in the 4.3.2.  

The equations before developed describe approximately the dynamic of the circuit as 
the following figures shown. 

 
Figure 4. 23. Bode plots of transfer functions from equations. 
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Figure 4. 24. Bode plots of transfer functions from LTspice. 

4.3.2. Single Voltage Control Loop. 
The control loop is designed with a PID controller were the PID parameters are chosen 
by online tuning. This method is based on the trial and error procedure. But to reduce 
the number of tries, we follow the technique of Ziegler and Nichols [35] for a first value 
of the constants. 

First of all, the bode diagram of the transfer function, H�̂�𝐷𝐶 ,�̂�𝑑𝑐
(s) is analysed in order to 

know the gain margin. The bode diagram of this transfer function is shown in figure 
4.23 for yellow curve. The gain margin is: 

 |Hv̂DC,d̂dc
(f180°)| = 10.2dB = 3.24 (4.107) 

Where the frequency at this point is: 

 f180° = 677Hz (4.108) 
Now we can define the ultimate gain, Kcu, as the gain what will give a sustained 
oscillation with constant amplitude in the output. The period of this oscillation is called 
ultimate period, Pcu. 

 
Kcu =

1

3.24
= 0.31 (4.109) 

 
Pcu =

1

677
= 1.5 ∙ 10−3 

(4.110) 

Lastly, according to Ziegle Nichols tuning (table 11.4 on reference [35]) the time 
constants and gain of the PID can be chosen initially as summarized in equation 4.111-
4.113 collect: 

 Kp,dc = 0.6 ∙ Kcu = 0.6 ∙ 0.31 = 0.18 (4.111) 
 

τi,dc =
Pcu

2
=

1.5 ∙ 10−3

2
= 0.75 ∙ 10−3 

(4.112) 

 
τd,dc =

Pcu

8
=

1.5 ∙ 10−3

8
= 185 ∙ 10−6 

(4.113) 

îLs(s)

d̂(s)
 − 

îb(s)

d̂(s)
 − 

v̂dc(s)

d̂(s)
   − 
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Before we simulate and fine tune the PID controller we have to take into account that 
only a limited set of duty values may be allowed as the output of the controller. This is 
because the duty cycle function of the converter is not an monotonic waveform. The 
duty cycle function was obtained by simulation and it is shown in figure 4.25. 

 
Figure 4. 25. Duty cycle-output voltage function. 

It can be seen how before and after the value 0.3 the function decrease. This 
behaviour will cause the controller to become unstable. In addition, the maximum duty 
should be limited since this is compared with the triangular wave, so both must have 
the same amplitude range.  The limited range is chosen from 0.3 to 0.8. 

Finally, the PID constant are fine-tuned with trial and error procedure by simulations 
and the final controller is expressed in table 4.6. 

𝐊𝐏,𝐕 −𝟎.𝟐 · 𝟎. 𝟏𝟖 

𝛕𝐈,𝐕 5 · 0.75 ∙ 10−3 

𝛕𝐃,𝐕 185 ∙ 10−6 
Table 4. 6. PID parameters for DC voltage control of the bidirectional converter. 

It is possible compare the step response of the closed loop transfer functions and the 
simulated controller circuit in LTspice. Figure 4.26 show the step response of the 
circuit. This has a time response of 20ms and an overshot of 1.73 (17.3%) when the 
reference is changed in a step from 400V to 410V approximately. 

Work 
zone 
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Figure 4. 26. Step response of the circuit closed loop. 

Whereas the step response of the transfer function has a time response of 24ms and 
an overshot of 0.032 (32%) over 1.1 approximately.  

 
Figure 4. 27. Step response of the transfer function closed loop. 

4.4. Other control strategies. 
To lead with the ripple in the DC link capacitor other control strategies were studied in 
which the parameters of the regulators were tuned by trial and error method. These 
control strategies are introduced and only the control loops are explained. 

Power flux control. 
Another control strategy is to use a single current control loop to set the reference 
average current in the inductor. The fact is that the reference current can be expressed 
by equation 4.114 where the power storage in the auxiliary capacitor Vs and battery unit 
is the difference between the input power and the output power, this is the ripple 

Step  - 

VDC - 

Step  - 

VDC - 
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power, as developed in equations 2.5-2.7. The control loop of this strategy is shown in 
figure 4.29. A PI controller is added in order to force the inductor current to follow the 
reference. 

 
I𝐿𝑠,𝑟𝑒𝑓 =

𝑃𝐷𝐶 − 𝑃𝐴𝐶

𝑉𝐶𝑠,𝐴𝑉𝐺
 (4.114) 

 
Figure 4. 28. Power flux. Control strategy. 

More control strategies can be found in the literature, [27] and [28]. Where even a 
steady state strategy is developed to store energy coming from the ripple [28]. 

The above control strategies are tested and simulated in the time domain. The results 
of these simulations are shown in chapter 5 together with the control strategies 
developed.  

 



 
 
 

Chapter 5. 
 

Simulations and Results   
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Chapter 5. Simulations and Results. 
5.1. Introduction. 
Chapter 5 contains the simulation results of the system and discussion about it. The 
system is simulated with the different control strategies which were introduced in 
chapter 4. Also, each power stage is simulated under several conditions. In addiction a 
spectrum analysis is executed in order to study the harmonics. 

The PV system is first simulated with inverter in standalone mode, and with grid 
connected mode when no DC-DC converter is added. In a similar way the DC-DC 
converter is simulated without the inverter, here the input current is fixed at the same 
value as delivered by the inverter. 

Then the system is simulated with all part includes, i.e. the full system. We study all the 
different control strategies for the bidirectional converter introduced in section 4.3. 
Where the input or output voltage of the inverter were controlled depending of the 
control strategy of the bidirectional converter. 

The simulations were done in LTspice, a free software of SPICE simulations, 
schematic capture and waveform viewer from Linear Technology. The total time of 
simulations was 2s with a timestep of 10ms. 

Finally, the spectrum of the output voltage and current in the inverter was analyzed for 
both operation modes. With a simple resistive load, and when the inverter is connected 
to the grid. For this last one a LISN (Line Impedance Stabilization Network) was used 
to decouple the grid signal. 

The parameters used for the simulations are collected in table 5.1. Where the switches, 
as well as the diodes were fixed as ideals. 

DC-Link Capacitor 𝐂𝐃𝐂 𝟑 𝐦𝐅  

LCL Filter inductor 
(inverter side) 

𝐋𝐢 1.1 mH 

LCL Filter inductor 𝐋𝐟 11.2 μH  

LCL Filter capacitor 𝐂𝐟 22.86 μF 

LCL Filter damping resistor 𝐑𝐝 50 Ω 

Bidirectional DC-DC  
inductor 

𝐋𝐒 130 μH 

Bidirectional DC-DC 
 capacitor 

𝐂𝐒 1 mF 

Bidirectional DC-DC  
battery voltage 

𝐕𝐛 200V 

DC-Link voltage 𝐕𝐃𝐂 400V 

Resistive load 𝐑𝐋𝐨𝐚𝐝 50 Ω 1KW @230v 

Table 5. 1. Component values used for simulations. 
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5.2. Single phase inverter. 
First let us assume that the inverter is working without the dc-dc converter. The inverter 
is simulated for both control strategies. These depend of the outer voltage loop, if it 
controls the output (AC) or for the input voltage (DC).  

For the input voltage control the inverter is supposed connected to the grid whereas for 
the output voltage control a resistor of 50 Ω is chosen as a load and a 400V voltage 
source is add to the input to have constant voltage. 

For the output voltage control the source described on chapter 2 is used as dependent 
current source (PV cell) and a sinusoidal voltage source of 230v and 50Hz is selected 
as the grid. 

At this condition the PV system is simulated for steady state, load steps, input power 
variations and different references. 

5.2.1. Controlling the AC voltage. 
The inverter was simulated first, for an outer voltage loop which control the load 
voltage. The reference was a sine wave with amplitude 230V RMS and frequency 
50Hz. The circuit which was simulated is shown in figure 5.1. Where the inductor Li 
current is measured with a voltage probe (B2) as well as its reference is a voltage 
value, that is why every current reference is a voltage value in every simulation. In 
addiction low pass filters were added to the measured current and voltage, and to the 
derivative PID current regulator. The filters remove the switching components of the 
waveforms.  
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Figure 5. 1. Simulated inverter circuit for output voltage control. 
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The result of the tracking of the reference can be seen in figure 5.2. Where the “A” plot 
panel shows the inductor current value (ILi) and the reference coming from the voltage 
loop, and the “B” plot panel shows the AC voltage and the sine reference detailed 
before. 

 
Figure 5. 2. AC voltage and Inductor 𝐋𝐢 current control of the inverter. 

From figure 5.3 one can see the response of the inverter when steps of load were 
added to check the robustness and stability under disturbances. Although the step has 
a variation from 0 to 1 in figure, this change from 50Ω to 100Ω respectably in the 
simulation circuit. The “A” panel show the steps which have a rise/fall time of 20ms, “B” 

panel shows the inductor current and its reference and the “C” panel shows the stable 
output voltage (tracking its reference) against the load variations. 

 
Figure 5. 3. Inverter loop response to steps of load. 

In third part, the system was tested under different voltage reference amplitude. As 
figure 5.4 show the control loop correctly follow the reference. The “A” panel show the 

steps of voltage references which change from 230V RMS (1) to 110V RMS (0.5) with 
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rise and fall time of 25ms. The “B” panel shows the inductor current loop follow the 

current reference from the voltage loop. The “C” panel show the voltage response 

following the different voltage references. The time of response is 40ms. 

 
Figure 5. 4. Amplitude variations in the voltage reference. Inverter DC voltage control. 

5.2.2. Controlling the DC voltage. 
Now the input voltage of the inverter is controlled. The circuit simulated is shown in 
figure 5.5. Where the voltage controller is tuned by online method. In addiction low 
pass filters are used to remove the switching components. 
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Figure 5. 5. Simulated inverter circuit for input voltage control. 
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Figure 5.6 the steady state of the DC link voltage (input voltage of the inverter) and the 
current by the inductor Li are shown in panel B and A respectively. The response time 
is 250ms and the voltage has an overshot of 60%. The overshot can be decrease 
precharging the DC capacitor which is fixed at 100V in the simulation. 

 
Figure 5. 6. Inductor current, inductor 𝐋𝐢 (blue waveform) and 𝐕𝐝𝐜 voltage (pink 

waveform). 

The controlling action of the inverter can be checked too. Where the DC-link voltage 
follows its reference value, 400V. The current through the inverter side inductor also 
follow the reference which comes from the voltage controller plus the PLL. 

Form figure 5.7 the ripple in the DC link capacitor can be seen, it is the same as the 
specification requirement that was used for the DC link capacitor design. The ripple in 
the DC link is 0.05% since the variation of the average value (400V) is ∆VDC = 20V. 

 
Figure 5. 7. Ripple in the DC link voltage. 

The solar power is intermittent in nature, and can not thus provide a steady power to 
the load connected. Due to the variation in solar power generation a MPPT algorithm is 
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needed which gives the voltage reference of the maximum power point to the voltage 
loops. This reference will change with the solar irradiance and temperature.  

So, the circuit was simulated for two reference values on the DC link voltage as 800ms 
steps. The steps of amplitude 600V and 300V have a rise and fall time of 100ms. 
These changes in the reference will be the voltage values of the MPP if a MPPT 
algorithm is implemented further. We can see the DC voltage tracking of different 
references in the panel B of figure 5.8. Where the rise time is 350ms as well as the fall 
time is 260ms. The increase and decrease of the inductor current ILi is also shown in 
panel B of figure 5.8. 

 
Figure 5. 8. Reference changes in the DC link voltage for inverter input voltage control. 

In figure 5.9 the system was simulated under input power step. When small changes in 
the temperature or irradiance occur in the PV cell due to any unexpected factor, the 
MPP voltage reference is usually the same. The steps in the input current replicate 
these small changes in the photovoltaic panel. The 400ms steps have an amplitude of 
6KW and 9KW. Its rise and fall time is 50ms. The steps have a voltage value because 
a voltage probe was used to measure these. The control loop correctly keeps a stable 
input voltage at 400V with a rise time of 80ms and a fall time of 100ms. This voltage 
(panel C), the power step (panel A) and the inductor current (panel B) can be seen in 
figure 5.9. 
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Figure 5. 9. Input power steps. 

5.3. Bidirectional DC-DC converter. 
The bidirectional converter was also simulated without the inverter. The input current 
was instead modelled as a sinusoidal current source with the same amplitude and 
frequency as the current which would have come from the inverter. We can see the 
waveform of the input current in figure 5.10. 

 
Figure 5. 10. Input current in bidirectional DC-DC converter. 

The converter was tested under two control strategies, controlling the voltage VDC and 
controlling the inductor current ILs. We simulated the bidirectional converter (in 
standalone mode) only under these two control loops because the control strategies 
introduced in chapter 4 are based on this two. 

5.3.1. DC voltage control. Bidirectional converter. 
The simulated circuit of the bidirectional DC-DC converter is shown in figure 5.11. The 
capacitor is precharged at 400v as well as the integrator time is initialised at 500ms. In 
addiction a low pass filter removes the switching components of the measured voltage. 
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Figure 5. 11. Simulated Bidirectional converter circuit to control the DC voltage. 
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The result of the simulation is shown in figure 5.12 where one can see the steady state 
voltage in VDC and the correct tracing of the reference at 400V (panel C). Also, the 
Vs voltage and  ILs inductor current are shown (panels A and B) which charge and 
discharge the storage capacitor Cs and inductor Ls according to the voltage oscillation 
in VDC. 

 
Figure 5. 12. Controlling the DC voltage in bidirectional DC-DC converter. 

Moreover, changes in the input current (the current coming from the inverter) were add 
since the DC capacitor is shared with the inverter and any change in the inverter input 
current will affect to the bidirectional converter current. 

The system was simulated under input current steps (panel A) of 200ms with rise and 
fall time of 20ms. The results are shown in figure 5.13 where the voltage in DC 
capacitor (panel D) is the stable even with these input steps. 

 
Figure 5. 13. Input current changes. Bidirectional DC-DC converter. 
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In addition, to test a future MPPT algorithm, the converter was simulated under several 
voltage references. The CDC capacitor is shared with the inverter, so if the voltage 
reference change because the MPP change, then this new reference must to be also 
follow for the voltage loop of the bidirectional converter. A simulation for steps of 
references was done and it is shown in figure 5.14. 

On the other hand, the system was tested for different voltage references. Step of the 
references were added for the same input and output; The steps from 380 to 420 have 
a ON time of 100ms and rise/fall time of 20ms. The result of this simulation can be 
seen in figure 5.14 (panel D). Where the inductor current (panel D) and Vs voltage 
increase or decrease with the opposite direction of the steps. This is to say, when the 
reference is increase the energy come from the battery and inductor to keep stable the 
DC voltage and vice versa.  

 
Figure 5. 14. Reference changes. Bidirectional converter voltage control. 

5.3.2. Inductor current control. Bidirectional converter. 
The control strategies proposed at the end of the of the chapter 4 were based in a final 
loop where the current through the inductor was controlled. 

To test this loop before to add external controller or references which come from the 
inverter, the bidirectional converter was simulated when the inductor current control is 
controlled with a PID regulator. The simulated circuit is shown in figure 5.15 where it 
can be seen the inductor current is sensed with a voltage probe due to LTspice way. 
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Figure 5. 15. Simulated bidirectional converter circuit for inductor current control. 
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In figure 5.15 it can be seen the correct behaviour of the current loop where this follow 
the sinusoidal reference, this have voltage units because of the probe used. In 
addiction in this figure the both conduction direction of the inductor can be checked 
since this go from -10A to 10A. The current from the inverter, the voltage VS and the 
voltage VDC are also shown in the panels A, B and D respectively.  

 
Figure 5. 16. Inductor current control of the bidirectional converter. 

After that, steps of input current (panel A) were added like changed in the inverter 
current (solar voltage, load of the inverter, ect.). The robustness of the controller and 
the stability can be checked in figure 5.17 panel C. As the DC Capacitor is not 
controlled in this mode, its average voltage changes with the average current steps 
(panel D). The amplitude of the voltage VS increase or decrease according to the 
average input current in order to keep stable the inductor current (panel B). 

 
Figure 5. 17. Input current step in the bidirectional converter with inductor current 

control. 
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As well as step in the current reference to test the different references which will come 
from the equation 4.114. The result of the control loops for different references is 
shown in figure 5.18 were the loop follow correctly each current. 

 
Figure 5. 18. Current reference changes in the bidirectional converter with inductor 

current control. 

5.4. Single phase inverter with DC-DC bidirectional converter. 
The inverter was simulated together with the bidirectional DC-DC converter to check 
the mitigation of the ripple in the DC capacitor. This is the both previous power stages 
together, the whole system. 

Firstly, the system was tested when the inverter control loop keeps stable the AC 
voltage and the bidirectional converter control the DC voltage.  

Secondly a different control strategy was simulated. When the inverter controls the DC 
voltage and the bidirectional converter controls its inductor current. Thus, according to 
the current reference the system was simulated for the control loops introduced in 
sections 4.4 of chapter 4. 

5.4.1. DC voltage control. 
When the inverter controls the output AC voltage, the bidirectional converter controls 
the input DC voltage. The bidirectional convert can stabilize the DC voltage as figure 
5.20 shows. Where the VDC is the voltage in the DC link capacitor and the VS is the 
voltage in the storage capacitor and battery as the circuit on figure 5.19 shows. 
Because of the simulation time and switching components noise the full system was 
simulated in the equivalent average model. 
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Figure 5. 19. Inverter with bidirectional converter for DC voltage control. 
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Figure 5. 20. Vs voltage versus DC voltage. 

The DC link voltage is keep stable at 400V while the bidirectional converter reduces the 
ripple on this storing the energy in the CS capacitor. 

In figure 5.21 panel B, the CDC  capacitor has a ripple of ∆VDC = 350mV  whereas in the 
panel A, the CS has a ripple of ∆VS = 5V  when the average value is settled at 200V. 
This mean that adding the DC-DC converter the voltage ripple in the DC link is reduced 
from 20V to 350mV. That means that the ripple in the DC link decrease from 5% as it 
was initial designed to 0.08% when we add the bidirectional DC-DC converter. The 
following figure show the waveform of VDC and VS voltages. 

 
Figure 5. 21. Voltage ripple in DC link with bidirectional converter. 

The current through the inductor increase when the DC voltage is higher than the 
average value, 400V. In this semi-period the inductor is charged with the over voltage 
and the bidirectional converter is working as a buck mode. In the next semi-period the 
inductor discharges its power in the CS capacitor and this capacitor raises the voltage in 
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the DC side, thus the bidirectional converter work as a boost mode. The waveforms of 
the VAC, ILs, VS and VDC can be seen in figure 5.22. 

 
Figure 5. 22. 𝐕𝐃𝐂, 𝐕𝐒 and 𝐈𝐋𝐬 waveforms of the inverter with the bidirectional converter. 

5.4.2. Power flow control. 
The inductor current was controlled in the bidirectional converter were the reference of 
the loop was the current which coming from the powers balance equation 4.103. Figure 
shows the DC link voltage in comparation with the Vs voltage. 

 
Figure 5. 23. System simulation for power flux control strategy. 

Although the system has a tiny oscillation it can be considered stable. The ripple in the 
DC link voltage can be checked in figure 5.24. 
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Figure 5. 24. DC link voltage ripple for power flux control strategy 

From figure 5.24 the ripple in the DC link is ∆VDC = 760mV this means that the ripple is 
now 0.19% instead 5% without bidirectional converter. 

5.5. Output spectrums analysis. 
An analysis of the spectrum was done in order to see the main harmonics. The 
performance of the LCL output filter is also checked and its performance. 

When the inverter is connected to the grid, a LISN is needed to decouple the grid 
signal. A LISN is a device placed between the element under test and a power source, 
this introduce a known impedance and to provide a radio frequency noise 
measurement port. The equivalent model of the LISN as found in reference [40] and is 
presented in figure 5.25 

 
Figure 5. 25. LISN equivalent model from [29]. 

The LISN circuit mode can be also used to measure the EMI (electromagnetic 
interference) however, EMI are not studied in this thesis. 
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5.5.1. Standalone inverter with resistive load. 
The spectrum of the output current when the inverter is working in standalone mode 
with a resistive load is shown in figure 5.27. The main harmonic is at the fundamental 
frequency, 50Hz and the first order harmonic due to the switching frequency, at 70KHz 
the magnitude of this harmonic is 19dB. 

 
Figure 5. 26. Output current spectrum for resistive load. 

5.5.2. Grid connected inverter. 
When the inverter is connected to the grid, this inject a current which has a spectrum 
as the one shown in figure 5.27. This has a magnitude of -6 dB in the first order 
harmonic and -28 dB in the second order harmonic. So, one can predict that the filter 
work correctly. 

 
Figure 5. 27.Output current spectrum when the inverter is connected to the grid. 

Note that any component before to the 70KHz, may be introduced by the LISN and 
they are not considered. 

5.6. Summarize. 
Although two control strategies are introduced to mitigate the voltage ripple in the DC 
link capacitor, the DC voltage control method offers more stability and robustness.  In 
addition, this method reduces the voltage ripple until 0.08% despite the control flow 
strategy which reduces until 0.19%. 

In future work the DC control strategy will be used to develop the circuit until the 
experimental phase. Where only three sensors are needed, this fact decrease the price 
and the complex of the circuit. 
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Chapter 6. Conclusion and Future Work  
6.1. Introduction. 
A work done need a conclusion which gives an overall picture of the work and results 
achieved. As well as, the future work points which allow to the future reader to improve 
the research in this area.  

This chapter is organised in two sections, section 6.2 gives a final conclusion of the 
results of this thesis and section 6.3 collects the future research lines. 

6.2. Conclusion. 
In this work, a single-phase inverter for photovoltaic application is studied, this inverter 
works together with a bidirectional buck and boost converter which is controlled to store 
the voltage ripple present in the DC link capacitor. The ripple storage system is used to 
make the DC bus power more stable and with less ripple.  

By designing this bidirectional converter as the third leg of an inverter it is possible 
reduce the DC link capacitor and extend the life of the device. The pulsating power is 
store in the inductor and capacitor of the DC-DC converter instead of in a large and 
undesirable electrolytic capacitor. Because of the control of both power stages affect 
the performance of the full system the thesis is focused in the control strategy. 

To feed the load and also to inject energy in the grid an inverter was design where a 
DC link capacitor was first dimensions by the traditional method. The inverter was 
modelled in its average model and small signal model in order to find the transfer 
functions. The transfer functions were validated by using the simulation software 
LTspice. After that two possible control strategies were studied, both of then based in 
an inner output current loop plus an outer voltage loop which was developed for the 
output voltage although the loop for input voltage was also introduced. A PI and PID 
controller were designed used the IMC method. 

In addition, since the output current and voltage of the inverter is not a pure sine, a LCL 
low pass filter was designed. The behaviour of the filter was tested with the analysis of 
the output spectrums. When the inverter is connected to the grid a LISN have to be 
used to decouple the grid signal, so a spice model of this device was found. 

The bidirectional converter was analysed in steady state and then its transfer functions 
were developed using the space state technique. The transfer functions were also 
validated with simulations. The control strategy proposed to store the ripple coming 
from the inverter was based on the goal to keep the DC link voltage stable and without 
ripple. Furthermore, an alternative control strategy based in the current through the 
inductor was also introduced and tested with simulations. 

Finally, the full system was simulated under different variations in order to validate all 
the operations point.  

The simulations of the full system shown that it is possible choose a smaller capacitor 
in the DC link by using the bidirectional converter as decoupling circuit, that increase 
the power density. The DC link capacitor was designed for a voltage ripple of 5% and 
by using the bidirectional converter controlling the DC link voltage, the voltage ripple in 
this capacitor is reduced until 0.08%. The control of the DC link voltage by a external 
circuit does not interfere in the behaviour of the inverter which correctly keep a 
desirable voltage an current in the AC side. 
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Adding this DC-DC converter gives the advantage to the inverter to work as a three-
phase inverter as well as single-phase inverter. 

These two reasons give two important advantages compared with to the conventional 
inverters. 

6.3. Future works. 
To extend the reach of this project some points should be covered, these are the 
follows: 

• Using commercial switches and improve their losses by adding snubber circuits. 
In this way an efficiency study can be done. 

• Design a new control strategy which can convert the inverter in a three-phase 
inverter using the bidirectional DC-DC converter as a third leg. 

• Study the harmonic normative regulations and improve the filter based on this. 
• Design an EMI filter to minimize the electromagnetic interference. 
• Test the system for rectifier mode when the photovoltaic is replace by a battery 

and the energy flow in the opposite direction.  
• Add some advanced control strategies like islanding mode which detect any 

failure in the grid and change to the standalone mode. 
• To build an experimental prototype to validate the effectiveness of the system. 
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