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Resumo 

 

Este relatório é sobre o desenvolvimento de soluções de conversão de energia eléctrica 

eficientes para painéis fotovoltaicos. Diferentes soluções são apresentadas e uma perspectiva 

global é mostrada. Desde as características dos painéis fotovoltaicos até à rede de energia, 

todos os aspetos são mencionados brevemente. Uma topologia de célula de comutação de três 

estados é escolhida, é feita simulação e um protótipo construído. Diversos testes revelam as 

características da topologia escolhida. O propósito deste relatório é dispor o conhecimento 

necessário para uma investigação mais aprofundada sobre a célula de comutação de três 

estados bem como o seu controlo por algoritmo MPPT.  
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Abstract 

 

This report is about the development of efficient electric power conversion solutions for 

photovoltaic panels. Different solutions are presented and an overall perspective is shown. 

From the characteristics of the photovoltaic panels to the power grid all aspects are 

mentioned briefly. A three state commutation cell topology is chosen for a more detailed 

analysis, simulation is made and a prototype is built. Several tests reveal the characteristics 

of the chosen topology. Propose of this report is to introduce the necessary knowledge for 

further investigation of the three state commutation cell as well as its control by MPPT. 
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Chapter 1 

 

Introduction

The energy provided by the Sun has been ignored for decades as a source for 

electricity production until the 2000s 

conversion have been accomplished and although photovoltaic 

high efficiency power conversion is already an issue

Figure 1.1 - Annual world PV production (1988

In conventional solar installations, PV modules are wired in series and then connected to 

a string inverter producing alternating

systems use a maximum power point tracking (

point of the string but a string of panels include several slightly

not individually maximized. 

connected in parallel. Micro

because they do not have

elements are mainly the high value capacitors which are electrolytic in most cases because of 

the DC bus. Electrolytic capacitors contain an electrolyte inside that is affected be heat as 

time passes. Another main concern of the string inverters that require high power switches 

and other semiconductors is their copper losses on those semiconductors. 

inverter per PV panel, approximately 250W, 

reducing losses and smaller capacitors also have less impact on the system as they degrade. 

Power production is then  
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oduction 

The energy provided by the Sun has been ignored for decades as a source for 

until the 2000s [Figure 1.1]. Major developments on the energy 

been accomplished and although photovoltaic panels (PV)

high efficiency power conversion is already an issue [1]. 

Annual world PV production (1988-2005) [2] 

In conventional solar installations, PV modules are wired in series and then connected to 

producing alternating current (AC) power from 2kW to 5kW average. 

maximum power point tracking (MPPT) algorithm to track the maximum power 

but a string of panels include several slightly different panels which are 

not individually maximized. A new perspective is gaining popularity by using small inverters 

connected in parallel. Micro-inverters maximise energy harvest and increase system reliabi

because they do not have the time degrading components that string inverters do. 

elements are mainly the high value capacitors which are electrolytic in most cases because of 

. Electrolytic capacitors contain an electrolyte inside that is affected be heat as 

time passes. Another main concern of the string inverters that require high power switches 

and other semiconductors is their copper losses on those semiconductors. 

inverter per PV panel, approximately 250W, smaller semiconductors can be applied thus 

reducing losses and smaller capacitors also have less impact on the system as they degrade. 

is then  split and (MPPT) better used for a specific panel 

The energy provided by the Sun has been ignored for decades as a source for direct 

. Major developments on the energy 

(PV) are still far from 

 

In conventional solar installations, PV modules are wired in series and then connected to 

power from 2kW to 5kW average. These 

algorithm to track the maximum power 

different panels which are 

A new perspective is gaining popularity by using small inverters 

nverters maximise energy harvest and increase system reliability 

the time degrading components that string inverters do. These 

elements are mainly the high value capacitors which are electrolytic in most cases because of 

. Electrolytic capacitors contain an electrolyte inside that is affected be heat as 

time passes. Another main concern of the string inverters that require high power switches 

and other semiconductors is their copper losses on those semiconductors. By using one 

smaller semiconductors can be applied thus 

reducing losses and smaller capacitors also have less impact on the system as they degrade. 

el [1]. 
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On this report it is presented an approach to the PV systems direct current (DC) 

conversion. A three-state commutation cell boost converter will be studied. It provides high 

DC gain, few electronic switches and transformer based gain ratio. 

1.1 Objectives 

The objectives are mainly divided into project and implementation of the system: 

a) Create a thermal and electric model of the PV module; 

a. Using a real PV module and measuring equipment 

b) Project and simulation of a low power (~250W) DC/DC converter system; 

a. Using PowerSim and/or Matlab 

c) Create a prototype of the DC/DC converter; 

a. Using electrical computer assisted design (CAD) software such as MultiSim and 

Ultiboard from National Instruments 

d) Implementation and testing of the developed system. 

a. Implementation using designed PCBs and testing using measuring equipment 

1.2 Planning 

Planning is globally divided into the points in Table 1.1 

Table 1.1 – Planning 
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Chapter 2  

Background and Literature Review 

This chapter will introduce the technologies and developments on the photovoltaic 

systems, from the panel to the inverter including control methods and algorithms. 

2.1 Photovoltaic Panels 

Photovoltaic panels are the interface with the primary energy. Although they are a 

master key on the energy conversion they will just be look at as a source of electrical energy. 

Improvements to the panels will not be discussed since it is not the scope of this project. 

Being an electrical source they have a peculiar behaviour related to the solar radiation 

and temperature as suggested in Figure 2.1. That relation is intrinsic to the construction of 

the PV module and can be modelled as an equivalent electrical circuit. Several models can be 

found on the literature, ones more computationally complex others less. Simple models are 

the preferred choice in engineering due to the ease of use. Although they have errors those 

can be estimated and their impact weighted [3]. 

The experimental measure of the characteristic curve can be carried out by connecting a 

variable load to the module output and increase the load from open-circuit to short-circuit. 

This load is implemented by an electronic converter [4]. 
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Figure 2.1 - Characteristic curves of a PV module (a) I

2.1.1 Single diode PV cell model

One of the most popular models is the equivalent circuit with a

Figure 2.2. It is shown as a current source I

resistor RS. It is simpler than double

operation introducing the diode modified factor 

  

IO

Figure 2.2 - Equivalent circuit of the PV cell

Current-voltage relation is according to

��� � �� � ��� 	exp

Background and Literature Review 

 

Characteristic curves of a PV module (a) I-V curve and (b) P-V curve [4] 

Single diode PV cell model 

One of the most popular models is the equivalent circuit with a single diode

It is shown as a current source IO, shunt diode D, parallel resistor R

It is simpler than double-diode models discarding low voltage and low irradiance 

ntroducing the diode modified factor n. 

RP

RS

D VPV

IPV

 

Equivalent circuit of the PV cell with one diode 

according to equation Eq 2.1 

exp ��� � ��� � ��
� � ��

� � 1� � ��� � ��� � ��
��

  

 

single diode as shown in 

, shunt diode D, parallel resistor RP and a series 

diode models discarding low voltage and low irradiance 

Eq 2.1 
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Eq 2.1 is evaluated at the short circuit, open circuit and maximum power points in order 

to trace the I-V curve of the evaluated PV module. VT refers to the thermal voltage of the 

module and will define how the module reacts to temperature changes. 

2.1.2 Double diode PV cell model 

A double diode model of a PV cell is shown in Figure 2.3. It is known for its accuracy at 

lower irradiation levels. Since the single diode model produces erratic series resistance, RS, 

at lower irradiation, the double diode model introduces a specific dependency with the 

second diode D2 [5]. Its current-voltage relation is given by equation Eq 2.2. 

��� � �� � ���� 	exp ��� + ��� × ��
��

� − 1� − ���� 	exp ��� + ��� × ��
2 × ��

� − 1�

− ��� + ��� × ��
��

 Eq 2.2 

Where ID1S is the saturation current at D1 and ID2S the saturation current at D2 and the last 

term is the current at the load resistance RP. Eq 2.2 is evaluated at both short and open 

circuit points and also at the maximum power point to trace the I-V curve. 

 

Figure 2.3 – Equivalent circuit for the double diode PV cell model 

   

2.2 Micro-Inverters 

Grid connected inverters for the PV systems can be categorized as: centralized inverter 

where all the PV panels connect individually, string inverter which uses PV panels connected 

in series and micro-inverter [6]. 

Micro-Inverters in conjunction with a single PV panel are compact low power inverters 

developed to provide low loss power conversion while boosting reliability, reducing costs, 

enabling plug-and-play installation and flexibility. Efficiency is a major concern since every 

watt matters in low power systems and these inverters aim for high efficiency [7]. 

Recent developments on micro-inverter topologies include power decoupling techniques 

on the inverter circuitry such as active power decoupling circuits dealing with the coupling 

issue of DC-AC inverters. Figure 2.4 shows an example of a micro-inverter topology with such 

technique. 

Both the DC and the AC side of the converter are controlled by switches. Energy is stored 

on capacitor Cs as well as on the transformer by the use of the middle point. 
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Figure 2.4 - Micro-inverter with power decoupling capability 

 Since DC is the output of the photovoltaic panels either a single stage inverter is used or 

a DC link will exist. 

2.3 DC-DC Converters 

Inverters for PV systems are usually composed of a DC-DC step-up converter and a DC-AC 

inverter. Therefore DC-DC converters are included on PV systems with multi-stage topologies 

and DC link. 

Conventional boost converters like the one on Figure 2.5 have some limitations that do 

not allow the global efficiency to be pushed higher. These limitations are: high current ripple 

on the switches, high voltage on the switches equal to the output voltage. These limitations 

result in losses due to high switching currents on the diodes and high voltage on the switches 

[8]. 

DCin

L2

L1

VoCoS2

S1

Do1

Do2

 

Figure 2.5 - Conventional interleaved boost converter 

The interleaved boost converter works as follows: S1 on energy is stored in L1, S1 off 

current flows from L1 to Co. S2 on energy is stored in L2 and with S2 off current flows from 

L2 to Co. In the meantime current is flowing from Co to the load. Voltage gain is according to 

Eq 2.3. 

�� !�""# � �$
%&!� � 1

1 − D Eq 2.3 
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Micro-inverters require high step-up voltage gain which is difficult to achieve with 

traditional topologies pushing the project to more complex DC-DC converters [2]. Step-up 

converters can be categorized into low and high gain converters, isolated or not isolated or 

even by its efficiency. Since the scope of this project is high voltage gain special focus is 

given to this type of step-ups. 

2.3.1 High voltage gain through isolated magnetic topologies 

Isolated magnetic solutions require transformers which must be high frequency since the 

current is DC. Such solutions demand the transformer to be driven by a full bridge inverter 

and the secondary rectified back to DC. These solutions are very complex since they use a 

high number of switches which also implicate more losses. These solutions are still used for 

very high gain needs where efficiency is not a major concern. The flyback circuit shown in 

Figure 2.6 is an example of a high voltage gain isolated converter. Switch S alternates current 

at the transformer and Vo is according to the transformer turns ratio. 

 

Figure 2.6 - Flyback topology converter 

These magnetic properties can have contributions on other topologies such as non-

isolated where the transformer is mainly used as an energy storage device [9]. 

2.3.2 High voltage gain through non-isolated magnetic topologies 

Transformer based solutions provide high voltage gain and efficiency while sometimes 

they introduce losses on the transformer and difficulties to wind. 

Coupled-inductor based converters like the one in Figure 2.7 also have high voltage gain 

due to the magnetic properties of the inductors. Drawback is the difficulty to build such 

inductors because of saturation and cost. 

Operation of the converter is divided in two sub circuits. When the switch is on: the diode 

is not conducing due to the voltage polarity of the magnetic element. The magnetic element 

is being charged through L1 (Figure 2.7). When the switch is off: the diode is conducting and 

the magnetic element is being discharged through the equivalent inductance of L1 and L2. 

 

Figure 2.7 - Tapped-inductor boost converter 
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Voltage gain for the tapped-inductor boost converter is according to Eq 2.4 where D is the 

duty-cycle and a the number of turns ratio between L1 and L2 [10]. 

�� !�""# � �$
%& � 1

1 − D + D
1 − D a Eq 2.4 

 

A Hybrid step-up Cuk converter is shown in Figure 2.8 where inductors are charged in 

parallel with the input voltage and discharged in series resulting in a high step-up gain. The 

voltage gain is according to Eq 2.5 [11]. 

 

Figure 2.8 - Non coupled-inductor based topology example, Hybrid step-up Cuk 

�� !�""# = �$
�! = D(1 + D)

1 − D  Eq 2.5 

Figure 2.9 shows a hybrid buck-boost converter with very high voltage gain a single switch 

but a pair of inductors and four diodes. Both inductors are charged and discharged in parallel 

and the output polarity is reversed [11]. 

S

Co Vo

DC

Do

L1

L2D1

D2

D12

 

Figure 2.9 - Hybrid step-up buck-boost converter 

Voltage gain is twice the conventional buck-boost converter as in Eq 2.6. 

�� !�""# = �$
�! = 2D

1 − D Eq 2.6 

2.3.3 High voltage gain through capacitive topologies 

Switched capacitor circuits have high voltage gain and efficiency but cannot regulate the 

output, they should be combined with dc-dc converters to get higher global efficiency [12]. 

Figure 2.10 shows a converter with switched-capacitors technology and their high number of 

necessary switches which reveal their complexity. 
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Figure 2.10 - High step-up converter with switched-capacitors 

Figure 2.11 is an example of high step-up converter with the general multi-level cell. 

Each basic cell is composed of a clamp capacitor and two switches. This circuit is a high 

efficiency converter [8]. 

 

 

Figure 2.11 - High step-up converter with general multi-level cell 

 

2.3.4 Other DC-DC converter topologies 

There are several interleaved topologies proposed in the literature. Interleaved 

topologies implement most of the previously described technologies to produce a more 

advanced converter. Figure 2.12 is an example of such integration. S1 on charges L1 and S2 
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on charges L2. S1 on and S2 off charges Cc1 and current flows to the output. S2 on and S1 off 

charges Cc2 and current flows to the output. 

 

 

Figure 2.12 - High step-up interleaved boost converter with coupled inductor and switched 
capacitor 

Many other DC-DC converter topologies can be found in literature. Several of them can be 

found in [8] and in its references. 

2.4 DC-AC Inverters 

Inverters must be used to interface the PV system with the power grid. Although their 

study is not a direct objective of this project it is important to state that their construction 

can be conducted respecting the decoupling and voltage elevation issues. Inverter topology 

can handle the power decoupling and elevate voltage. A PV system that is projected as a 

single system and not as a joint of parts is likely to have a better performance, efficiency and 

reliability. Inverter topologies can be classified into single-stage and multi-stage inverters. 

Single-stage inverters implement the step-up voltage conversion and sine waveform 

modulation in one single power stage. Figure 2.13 shows a Full-bridge inverter. This inverter 

requires a single DC source with enough voltage value to generate the grid voltage. 

 

Figure 2.13 - Full bridge inverter 

Multi-stage inverters usually adopt DC or AC buses which allow several different system 

configurations and better power handling. Figure 2.14 shows a three levels voltage inverter 

with two DC sources. These sources can be PV panels and as many panels the better the 
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resulting AC voltage. With several DC sources their value does not need to be as high as the 

peak value of the AC grid. 

AC Grid

DC2

S1

S3

S2

S4

L
DC1

 

Figure 2.14 - Multilevel inverter 

2.5 Power Decoupling 

Low power systems usually run under the single phase interface to the grid like the one 

on Figure 2.15. Single phase power transfer is time varying thus blocking power generated by 

the PV panels. This results into an instantaneous power transfer problem which requires 

energy to be stored between the PV panels and the grid [13]. 

 

 

Figure 2.15 - Single-phase inverter architecture 

The instantaneous power consists of two terms: the average output power, which is 

constant and a second term which is time varying as can be seen on Figure 2.16. Since the 

output from PV panels is desired to be constant, average output power from the inverter 

must be equal to the power coming from the PV panel thus leaving the time varying power to 

be handled. If the pulsating power is not handled properly, the efficiency of the MPPT 

algorithm will be greatly reduced thus reducing the global efficiency. 
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Figure 2.16 - Input and output power waveforms 

The most basic form of decoupling is the use of a capaci

available on the market are cheap and s

Main drawback of capacitors is their degradation by influence of temperature. This leads to a 

major reliability issue of the power converters

(PV) side or on the AC side of the inverter

parallel connection [6-7]. 

PV Panel

Figure 2.17 - Power flow on the PV system

2.6 Maximum Power Point 

Maximum power point (MPP) 

maximum efficiency and thus power output

algorithms that push the system to the MPP so that it can work at its best efficiency. Such 

algorithms bring some intelligence to the systems and intelligence brings eff

reduced costs. MPPT algorithms

and indirect methods. The most widely used are the dire

perturb-and-observe or incremental conductance.

There are models that use pilot PV cell to test the actual

pre recorded information on a model of the PV panel in use. 

constant voltage and current or 
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Input and output power waveforms [7] 

The most basic form of decoupling is the use of a capacitor. Capacitors are widely 

cheap and simple to use and can handle the pulsating power. 

Main drawback of capacitors is their degradation by influence of temperature. This leads to a 

major reliability issue of the power converters. Decoupling can be implemented on the DC 

(PV) side or on the AC side of the inverter [Figure 2.17] or both. It can also be in series or 

ACDC Grid
Power

Decoupling
Circuit

Power flow on the PV system 

Maximum Power Point Tracking Methods 

(MPP) refers to the point at which a system works with its 

maximum efficiency and thus power output [Figure 2.18]. Tracking method

algorithms that push the system to the MPP so that it can work at its best efficiency. Such 

algorithms bring some intelligence to the systems and intelligence brings eff

reduced costs. MPPT algorithms are widely used on PV systems being separated into direct 

and indirect methods. The most widely used are the direct ones such as the 

rve or incremental conductance. 

There are models that use pilot PV cell to test the actual power point and other

a model of the PV panel in use. Other algorithms include 

 parasitic capacitance [14-15]. 

tor. Capacitors are widely 

imple to use and can handle the pulsating power. 

Main drawback of capacitors is their degradation by influence of temperature. This leads to a 

. Decoupling can be implemented on the DC 

or both. It can also be in series or 

 

refers to the point at which a system works with its 

. Tracking methods consist of 

algorithms that push the system to the MPP so that it can work at its best efficiency. Such 

algorithms bring some intelligence to the systems and intelligence brings efficiency and 

eing separated into direct 

ct ones such as the 

power point and others that use 

Other algorithms include 
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Figure 2.18 - Current-voltage curve for a single PV panel 

2.6.1 The perturb-and-observe algorithm 

This algorithm works as the name suggests: voltage is perturbed and the resulting power 

output is measured. If the change in power has the same sign as the voltage then the 

operating point has moved closer to the MPP, if the sign is different it means it has moved 

further away and opposite change in voltage should be applied. It is a very simple method 

and easy to implement as seen on Figure 2.19. 

Some drawbacks are the difficulty to read small changes and erratic behaviour under 

rapid changes in irradiation such as on cloudy days. In case of a rapid change in irradiance the 

power curve moves to a different value and the algorithm might understand that as a result 

of the perturbation and move to the opposite direction of the MPP. It also has some problems 

on constant irradiance since it is always perturbing the voltage no matter the case [14-16]. 

 

 

Figure 2.19 - Flowchart of the Perturb and Observe algorithm 
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2.6.2 Incremental conductance algorithm 

In the incremental conductance algorithm the derivative of the MPP on the power versus 

voltage slope is tracked to be equal to zero (Eq 2.7). The left-hand side of Eq 2.7 represents 

the opposite of the instantaneous conductance, G= IPV/VPV, whereas the right hand side of the 

Eq 2.7 represents its incremental conductance. On the other hand, the incremental 

variations, dVPV and dIPV, can be approximated by the increments of both the parameters, 

dVPV and dIPV, with the aim of measuring the actual value VPV and IPV with the values 

measured in the previous instant. By using this method the direction of change can be 

determined and the actual MPP can be calculated. One advantage over P&O algorithm is that 

is can work under rapid irradiation changes [14-16]. 

 

/012
/�12

� �12	
/�12

/�12
+ �12

/�12
/�12

= �12 + �12

/�12
/�12

= 0	 Eq	2.7	

The incremental conductance algorithm, in its basic form, works as suggested by the 

flowchart in Figure 2.20. Therefore, analyzing the derivative one can test whether the PV 

generator is operating at its MPP or far from it. 

 

Figure 2.20 - Flowchart of the incremental conductance method 
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2.6.3 Pilot cell algorithm 

Pilot cell algorithm uses a theoretically fine method to track the MPP which consists of 

measuring the open circuit voltage and the short circuit current of a single PV cell and 

assume that the open circuit voltage is directly proportional to the MPP voltage. With these 

measures and that assumed the pilot cell could be matched to the actual I-V curve and thus 

tracking the MPP. This could be done on the actual PV array or module but the energy losses 

would be greater. Measuring those values enables the MPPT algorithm to find the theoretical 

MPP and apply the changes on the PV module to be controlled. Measuring one cell and acting 

on a group of cells makes calibration necessary to assure that the pilot cell is matching the 

actual PV module or array [16].  

2.6.4 Model based algorithms 

Information about a particular series of PV panel can be found on its datasheet from the 

manufacturer. This information can be used to trace a theoretical I-V curve that can be 

calibrated to the most realistic values and then used to set the MPP voltage for a given 

current. This requires large memory or computational processing capabilities and its main 

drawback is that the information on the datasheets is for the average PV panel and can easily 

not match the actual produced panel [16]. 

2.6.5 Comparison of algorithms 

Table 2.1 presents a comparison of the algorithms stating their particular advantages and 

disadvantages. 

 
Table 2.1 - Comparison of algorithms 

Algorithm Advantages Disadvantages 

Perturb&Observe Fast and low computational 

needs 

Does not react to rapid 

changes in irradiation 

Incremental conductance Reacts to rapid changes in 

irradiaton 

Slower than P&O 

Pilot cell Accurate Requires an extra PV cell and 

more sensors 

Model based Fast and low computational 

needs 

Requires calibration, might 

get off track 

  

2.7 Conclusions  

There are several different topologies of converter circuits and MPPT algorithms. 

Algorithms can always be improved by the cost of complexity, computer power and cost. 

Topologies can be combined to extract the best from each other carrying their particular 

drawbacks and advantages. MPPT algorithms can work on several different information 

sources such as light and temperature, voltage and current and also from pilot cells. There is 

always the cost factor and reliability when trying to produce the most efficient system. 
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Balance is required and that is what makes a challenge for engineering. The main challenge 

of this project will be project of the DC/DC converter using the mentioned balance between 

efficiency, reliability and cost. 

The choice was the three state switching cell converter, which derived from the boost 

topology but with a transformer. This topology has high voltage gain, only two switches and 

one inductor and a few diodes and capacitors. None of the components is subject to all of the 

input current or output voltage enabling the use of cheaper and more efficient components. 

Further details are given in the next chapter. 
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Chapter 3  

Prototype Development 

 

This chapter will present the characteristics and procedures on developing a three state 

switching cell (3SSC) step-up converter with MPPT closed loop operation driven by a PV Panel. 

3.1 Topology analysis 

The 3SSC is similar to a boost converter with the switching capacitors idea and also the 

magnetic contribution. Boost converters are supposed to work with duty cycles superior to 

0.5. This 3SSC is no different and all the upcoming developments are based on duty cycles 

superior to 0.5. Failure to reach such duty cycles results in transformer poor magnetization 

and consequent low voltage ratio to the secondary. 

The chosen topology has three operating states as the name suggests. Circuit analysis can 

be carried on both continuous and discontinuous conduction modes. 

PV Panel

LIN

C1

S1

D1

S2

D2

D3

D4

C2

C3

NP2

NS

NP1

VDC
Load

 

Figure 3.1 - Adopted topology 3SSC Step-Up 
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Current flows from the PV Panel through the input storage inductor LIN. It is then divided 

by the two equal primary windings of the 3SSC transformer and directed to the MOS1 and 

MOS2 switches nodes. 

Basic operating states are S1 is conducting, S2 is conducting and both MOS are 

conducting. This establishes a starting point for the analysis. As referred in the literature 

both MOS not conducting is not a valid state for this topology as this would require duty 

cycles lower than 0.5 [9]. 

Input inductor will be subject to the double of the switches working frequency. This will 

provide low input current ripple and high energy storage.  

3.1.1 Continuous conduction mode (CCM) 

When both switches are conducting output capacitors are discharging through the output 

load. When one of the switches is conducting, capacitors are being charged by the 

transformer secondary and current is also flowing to the output by one of the primaries. This 

can be counted as four intervals. 

Voltage gain for CCM can be calculated using Eq 3.1 where a is the number of turns ratio 

of the transformer and D is the duty cycle. 

�� !�""# =
�$
�!

=
a + 1
1 − D

 Eq 3.1 

Transformer leakage inductance influence on the voltage gain is according to Eq 3.2 

where Llk is the transformer leakage inductance, fs the switching frequency and Po the active 

power output. 

�� !�""#
�567895:;5 <;6=6>; � � aL@AfCPE[1 − 2+1 − D,]

+2D − 1,+1 − D,VI
�  Eq 3.2 

3.1.2 Discontinuous conduction mode (DCM) 

Discontinuous conduction occurs when current is not flowing at the input but there is 

current on the output. This case takes place when the current at the input inductor is zero 

although there is current through the load. 

3.2 Design 

Dimensioning was carried respecting the desired specifications such as voltage gain, 

power and response fastness. The desired power is near the maximum commercially available 

for a single panel which made the Sharp NU235 PV panel the starting point. Voltage input was 

then decided as the maximum of the panel and voltage gain found. The number of turns ratio 

of the transformer was to be decided with the duty cycle needs. Since transformer 

inductance leakage is not very influent on the voltage gain it will not be considered for 

further dimensioning. 
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3.2.1 Assumptions and choices 

This converter is intended to be used with a single phase inverter for grid connection. 

That requires the DC voltage to be higher than 325V which is the peak voltage for the grid 

230V AC. Taking into consideration the losses in the inverter and the need to assure the 230V 

AC it is commonly used for single or three phase inverters the 400V DC bus.   

Input to output gain is 13.33 (400V/30V) which leaves the transformer turns ratio to be 

chosen. Since duty cycle must be greater than 0.5 that makes its mean value to be 0.75 

which brings a transformer turns ratio of 2.33. The mean value of the PWM is used to assure 

that it is possible to elevate or lower the voltage. 

Working frequency was assumed to be 25kHz since it is a value widely used in power 

electronics and it fits ok on this particular converter equations resulting in acceptable values 

for other components.  

The allowable input current ripple was decided to be 15% of the maximum input current 

keeping the inductor in small size. 

The allowable output voltage ripple was decided to be 1% of the maximum output voltage 

to facilitate the integration with the voltage inverter. 

Table 3.1 presents an overall view of the values involved in the initial assumptions: 

Table 3.1 - Resume of initial assumptions 

Input voltage (VPV) 
30V 

Output voltage (VO) 400V 

Maximum input current (IPV) 8A 

Maximum power 235W 

Admissible input current ripple (∆KLM) 1.2A 

Admissible output voltage ripple (∆NO) 4V 

3.2.2 Components dimensioning 

Inductor value is calculated according to the desired current ripple ∆�PQ and given by Eq 

3.3 where �$ is the output voltage, fC the working frequency and   the number of turns ratio 

of the transformer. 

RQ =
�$

16fC+ + 1,∆�PQ
 Eq 3.3 

The two primary and the secondary root mean square (RMS) currents at the transformer 

can be calculated using Eq 3.4 and Eq 3.5 respectively where �S is the average input current. 

�� � �S
2( � 1,

T3a� + 2a + 1 − 2a�D Eq 3.4 
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�� =
�S

+ + 1,
T2+1 − D, Eq 3.5 

Considering the output voltage ripple to be small, the average voltage across the output 

capacitors is according to Eq 3.6 and Eq 3.7. 

�"� � ��
( � 1,

 Eq 3.6 

 

�"� � VUV � a
2

��
( � 1,

 Eq 3.7 

Output voltage ripple will define the capacitors capacitance using Eq 3.8 and Eq 3.9. 

&� ≥ (2D � 1,��
2fC∆�"�

 Eq 3.8 

 

&� � &V ≥ D��
fC∆�"�

 Eq 3.9 

IO for maximum power of 230W is 575mA. Ripple in C1 is set to be about 1.21V which 

makes C1=4.75uF. Ripple in C2=C3=1.39V which makes C2=C3=6.2uF. 

 

Voltage and RMS current on the switches can be calculated using Eq 3.10 and Eq 3.11 

respectively. 

��� � ��� � ��
( � 1,

 Eq 3.10 

 

��� � ��� � �S
2( � 1,

T3a� + 2a − 2a�D + D Eq 3.11 

Peak reverse voltage across the diodes is according to Eq 3.12 and Eq 3.13. 

�Z� � �Z� � ��
( � 1,

 Eq 3.12 

 

�ZV � �Z[ � a��
( � 1,

 Eq 3.13 

Effective current on the diodes is according to Eq 3.14 and Eq 3.15. 

�Z� � �Z� � �S
2( � 1,

T+1 − D, Eq 3.14 



 

 

After all the calculations, the resulting dimensioning is as shown in 

Table 3.2 – Resume of components

3.2.3 MPPT algorithm

MPPT algorithm is based on the widely used Perturb & Observe flow chart. It consists of a 

reference duty cycle, power derivative, duty cycle 

The MPPT algorithm on 

VPV*IPV derivative and acting on the reference duty cycle.

Figure 3.2 - MPPT algorithm

Block PandO can be analysed

 

�ZV = �Z[ =
�S

+ + 1, T(1 � D, 

After all the calculations, the resulting dimensioning is as shown in Table 

omponents value 

Component Value 

Transformer 2.3 turns ratio 

IPRI=4.45A 

ISEC=1.71A 

Input inductor 280uH 

Capacitors C1=4.7uF; 
C2=C3=6.2uF 

VC1=121V 

VC2=VC3=139V 

Switches VS1=VS2=121V 

IS1=IS2=4.41A 

Diodes VD1=VD2=121V 

VD3=VD4=278V 

ID1=ID2=606mA 

ID3=ID4=1.21A 

MPPT algorithm 

MPPT algorithm is based on the widely used Perturb & Observe flow chart. It consists of a 

reference duty cycle, power derivative, duty cycle perturbation and output limiter.

on Figure 3.2 was implemented in a single C code block 

derivative and acting on the reference duty cycle.  

algorithm function 

can be analysed on Figure 3.3 as a flowchart with the C code.
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Eq 3.15 

Table 3.2 

MPPT algorithm is based on the widely used Perturb & Observe flow chart. It consists of a 

perturbation and output limiter. 

n a single C code block reading the 

 

code. 
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//MPPT
if (deriv

}
if (deriv

}

//Init
double MAX=0.9;
double MIN=0.5;

double inc=0.0005;
double duty=0.778;
double deriv_p=x1;

Figure 3.3 – PandO C code for MPPT algorithm

Speed affects the input current ripple, electric stress on the switches and also the 

transformer inductance leakage.

operating frequency results on a lower current 

kHz and is fast enough for the application since highe

readings and also erratic behaviour because of perturbations being faster than the actual 

change in power. 

3.3 Simulation 

Simulation was used to validate the 

system respecting the Sharp NU235

dynamic tests on the MPPT control circuit. 

tests. 

The Solar Module utility from 

most realistic PV panel characteristics. 

parameters and the resulting I-V curve.

I-V curve related to the irradiation and temperature. This is very important for the MPPT 

testing since a PV panel does not have a linear

Figure 3.4 - PowerSim solar module utility
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MPPT
deriv_p<0) {

duty=duty+inc;

deriv_p>0) {
duty=duty-inc;

//Limiter
if (duty > MAX) {

duty=MAX;
}
if (duty < MIN) {

duty=MIN;
}

//
y

 

MPPT algorithm 

peed affects the input current ripple, electric stress on the switches and also the 

transformer inductance leakage. Main reason for choice is the current ripple. Higher 

operating frequency results on a lower current ripple. The chosen speed is a fraction 

is fast enough for the application since higher speed can cause too much noise

readings and also erratic behaviour because of perturbations being faster than the actual 

Simulation was used to validate the dimensioning and to study the response of the de

Sharp NU235 PV panel characteristics. It was also used to 

dynamic tests on the MPPT control circuit. Powersim software was used to perfor

utility from Powersim enables the simulation to be performed with the 

most realistic PV panel characteristics. Figure 3.4 shows the utility with all the input 

V curve. This utility simulates a real PV panel reproducing its 

V curve related to the irradiation and temperature. This is very important for the MPPT 

testing since a PV panel does not have a linear power curve at the MPP. 

olar module utility 

//Output
y1=duty;

peed affects the input current ripple, electric stress on the switches and also the 

Main reason for choice is the current ripple. Higher 

is a fraction of 25 

r speed can cause too much noise on the 

readings and also erratic behaviour because of perturbations being faster than the actual 

to study the response of the desired 

It was also used to carry 

software was used to perform such 

enables the simulation to be performed with the 

lity with all the input 

This utility simulates a real PV panel reproducing its 

V curve related to the irradiation and temperature. This is very important for the MPPT 
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Solar module utility models the relation between irradiation, temperature voltage and 

current of the PV panel. Linearity of the I-V curve can be adjusted using the utility to mach 

specific panel behaviour if the panel was tested to find specific values. 

In Figure 3.5 can be seen two different circuit types, the power circuit and the control 

circuit.  

Power circuit is the same previously presented for the adopted topology. Control circuitry 

was implemented using a C code block to generate the duty cycle respecting the MPPT 

algorithm and that duty cycle is intersected with the two 180º out of phase triangular wave 

forms to generate the appropriate PWMs for the switches. Output power is observed for 

converter efficiency calculation. 

 

Figure 3.5 - Complete simulation power and control circuit 

3.3.1 Components model parameters 

Simulation was pushed to the more realistic conditions by using equivalent series resistor 

(ESR) on inductors and capacitors. Diodes forward voltage and MOSFETs direct resistance was 

introduced. 

Every component has losses and most of them are copper losses which can be modelled by 

ESR on the components. 

Transformer model consists of series resistors and leakage inductances and magnetization 

inductance. 
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Figure 3.6 - Transformer simple model (2 primaries and 1 secondary) 

3.3.2 Input inductor 

Input inductor current value and ripple can be observed in Figure 3.7. Maximum value for 

maximum irradiance is around 9A and minimum value is around 8.14A which reveals a ripple 

of around 11%. This value is bellow the maximum established of 15%.  

 

Figure 3.7 - Input inductor current, I(Lin), according to PWM, Vg1, and irradiation 

Input inductor current is almost the double of the effective value of the current at the 

switch. This makes sense since current is equally distributed through both switches. It can 

also be seen on Figure 3.8 that the current ripple on the switch is much higher than on the 

inductor which also makes sense due to the double ratio frequency between them. 
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Figure 3.8 - Input inductor current, I(Lin), and S1 current, I(S1), at the correspondent PWM, Vg1 

3.3.3 Capacitors voltage and ripple 

Voltage at the capacitors is distributed as in Figure 3.9. It can be seen that it is more or 

less an even distribution where VC1 is slightly higher than VC2 and VC3 which are almost the 

same. Voltage ripple is noticeable but very little due to the 1% restriction. It can also be seen 

that voltage ripple is higher in C2 and C3 which are the capacitors subject to the 

transformer’s secondary voltage. 

 

Figure 3.9 - Capacitors voltage, VC1, VC2, VC3, according to irradiation 
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3.3.4 Diodes voltage and current 

Figure 3.10 represents the voltage across the diodes D1 and D2 and Figure 3.11 the voltage 

at D3 and D4. Diodes D1 and D2 are just next to the switches and they conduct when the 

switches stop conducting. As it can be seen on the next picture diodes voltage drops very 

close to zero, diodes forward voltage is about 0.5V, when MOSFETs gate signal is zero. 

 

Figure 3.10 - Diodes D1 and D2 voltage, VD1 and VD2 respectively, according to PWM, Vg1 and Vg2, 
and irradiation 

 

Figure 3.11 - Diodes D3 and D4 voltage, VD3 and VD4 respectively, according to PWM, Vg1 and Vg2, 
and irradiation 
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Diodes currents exist when switches are not conducting. D1 and D2, Figure 3.10, conduct 

when switches block current. From Figure 3.12 it can be observed D1 and D2 peak currents 

reaching 2A. The maximum effective value is about 600mA. 

 

Figure 3.12 - Diodes D1 and D2 current according to PWM and irradiation 

Diodes D3 and D4 currents reach the 2.5A peak and its maximum effective value is around 

1.1A. Diodes D3 and D4 currents are displayed in Figure 3.13 where it can also be seen its 

reaction to irradiance increase. 

 

Figure 3.13 - Diodes D3 and D4 current according to PWM and irradiation 
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3.3.5 Transformer 

Transformer turns ratio was checked as primary voltage reaches a peak value of 59V and 

secondary voltage reaches 141V which results in a turns ratio of 2.38. 

 

Figure 3.14 - Transformer primary to secondary relation 

Transformer voltage and current are as expected by the calculations. No high peak values 

are present and commutation does not seem to be causing switching losses. 

 

Figure 3.15 - Voltage and current at the transformer secondary according to PWM and irradiance 
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3.3.6 MOSFETs voltage and current 

Maximum MOSFET voltage occurs when it is switched off by low gate voltage. When it is 

switched on, current reaches its maximum and voltage represents the losses which are about 

1.4V for peak current. These values were extracted from Figure 3.16 analysis. 

 

Figure 3.16 - MOSFET 1 PWM, voltage and current according to irradiation 

Both switches have the same behaviour as it can be observed in Figure 3.17 comparing 

with Figure 3.16. 

 

Figure 3.17 - MOSFET 2 PWM, voltage and current according to irradiation 
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3.3.7 Constant irradiance simulation 

Test was carried with an initial value of 250 W/m2 standard light intensity (SLI) and then a 

step for 1000 W/m2.  

From top to bottom on Figure 3.18 it can be seen the irradiance value, the actual power 

from the panel, the current across the input inductor and the voltage at the panel terminals. 

 

Figure 3.18 - Simulation results for constant irradiance 

3.3.8 Sinusoidal variable irradiance simulation 

Test was made with a sinusoidal irradiance variation of 50Hz from 0 to 1000 W/m2. From 

top to bottom on Figure 3.19 can be seen the irradiance value, the actual power from the 

panel, the voltage at the panel terminals and the current across the panel. 

 

Figure 3.19 - Simulation results for sinusoidal irradiance 

200
400
600
800

1000

irradiance

0

100

200

Pin

2
4
6
8

I(DPV)

0.012 0.014 0.016 0.018 0.02 0.022
Time (s)

28

32

36

Vpv

0

400

800

irradiance

0

100

200

Pin

0
2
4
6
8

I(DPV)

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Time (s)

0

25

Vpv



Simulation     31 

 

 

The speed of 50Hz is far superior to the speed of solar irradiation changes even on cloudy 

days. Simulation has proven that the MPPT is capable of tracking the changes at this speed so 

this will perform very well in normal conditions. 

3.3.9 Step variable irradiance simulation 

Test was performed to validate the response of the system to rapid changes in irradiance. 

Frequency used was 50Hz with duty cycle 50% from 500 to 1000 W/m2 value. From top to 

bottom on Figure 3.20 can be seen the irradiance value, the actual power from the panel, the 

voltage at the panel terminals and the current across the panel.  

 

Figure 3.20 - Simulation results for step variation of the irradiance 

The test with the square variation in irradiance is equivalent to some object covering the 

panel. This is unlikely to occur in reality but the system is capable of recovering in a step 

variation. 

3.3.10 Output/input efficiency 

Converter output maximum power for maximum irradiance of 1000 W/m2 is 207W against 

the 234.9W from the input. This results on a maximum converter efficiency of 88%. 

 

With better switches and diodes and less losses on the inductor and transformer, better 

efficiency would be possible with this topology. 

 

MPPT efficiency is observed in Figure 3.22. Steady state values reveal an MPPT efficiency 

of 99.9%. A slight perturbation can be seen after the step in irradiation. 
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Figure 3.21 - Converter input and output power according to irradiance 

 

Figure 3.22 – Simulation power curves from the PV panel and input of the converter 

3.4 Power hardware 

Power hardware was developed in partnership with Filipe Pereira who was working on a 

similar project. 

Components used were chosen according to the dimensioning and the availability of the 

laboratory. 

Voltage transducers are the LEM LV 25-P and current transducers are LEM HY 5-P for the 

output and the LEM HY 15-P for the input. LEMs are powered by XP IZ2415S DC-DC converter 

which is electrically isolated. MOSFETs gates are isolated from the control circuit by HCPL-

3180 optocouplers which are powered by Traco Power non isolated TSR-1 DC-DC converter. 

Inductor, transformer and heat sinks were custom built. 

200

400

600

800

1000

irradiance

0

50

100

150

200

250

Pin

0.024 0.026 0.028 0.03 0.032 0.034
Time (s)

0

100

200

300

Pout

200

400

600

800

1000

irradiance

0

50

100

150

200

250

Pin

0.0248 0.025 0.0252 0.0254 0.0256 0.0258 0.026 0.0262 0.0264
Time (s)

50

100

150

200

250

Ppv



 

Table 3.3 shows the chosen components for the converter.

Table 3.3 - Prototype components

Switches

Diodes

Capacitors

3.4.1 Inductor design

Inductor was winded on a RM10 form with AWG16 

resulted in a 440uH inductor which was reduced to the approximate necessary 280uH by 

increasing the gap to 0.2mm. The introduction of the gap also prevents the inductor

saturation since the DC current component is high.

Figure 3.23 - Inductor used and mounted on PCB

3.4.2 Transformer design

Transformer was winded on a

wire on the secondary with a ferrite core

the outer side and secondary on the 

Figure 3.24 - Transformer used and

3.4.3 Optocouplers 

Interface between DSP and the MOSFET gates is through the use of the following circuit in 

Figure 3.25 where J1 is the connector from the 

DC-DC converter with 15V output.

Power hardware

 

shows the chosen components for the converter. 

components 

Switches IRF360: 400V; 25A; 0.20 Ohm

Diodes 1N5406: 420V; 3.0A

Capacitors 22uF / 400V

design 

Inductor was winded on a RM10 form with AWG16 wire and N47 ferrite. Twelve turns 

resulted in a 440uH inductor which was reduced to the approximate necessary 280uH by 

increasing the gap to 0.2mm. The introduction of the gap also prevents the inductor

saturation since the DC current component is high. 

 

used and mounted on PCB 

Transformer design 

was winded on a E-42 form with AWG16 wire on the primaries and AWG20 

with a ferrite core. Primaries winded with 20 turns 

ondary on the centre in a single layer with 48 turns.

 

used and mounted on PCB 

Interface between DSP and the MOSFET gates is through the use of the following circuit in 

where J1 is the connector from the DSP and 15V_A is the voltage from the TSR

DC converter with 15V output. 
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: 400V; 25A; 0.20 Ohm 

: 420V; 3.0A 

22uF / 400V 

and N47 ferrite. Twelve turns 

resulted in a 440uH inductor which was reduced to the approximate necessary 280uH by 

increasing the gap to 0.2mm. The introduction of the gap also prevents the inductor from 

on the primaries and AWG20 

turns in parallel wires  on 

turns. 

Interface between DSP and the MOSFET gates is through the use of the following circuit in 

DSP and 15V_A is the voltage from the TSR-1 
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Figure 3.25 - Optocouplers circuit 

Maximum current output from the DSP ports is 20mA at 3.3V. Minimum led current for the 

optocoupler is 10mA which set the resistors R3 and R4 to 330Ohm for minimum current 

consumption. 

Desired MOSFET turn on speed set the gate resistors R5 and R6 to 100Ohm. According to 

the gate capacitance this enables a turn on speed of 0.42us. 

3.4.4 Power supply 

As it can be observed in Figure 3.26 grounds from PV panel voltage and +-15V are 

different, this fact allied with the isolation from the DC converter and the optocouplers 

makes the power circuit completely isolated from the DSP. Since PV panels are exposed to 

atmospheric conditions this is an important safety design procedure.  

 

Figure 3.26 - DC-DC converters power supply 

A power supply for the DSP was in mind but since there is not enough technical 

information about the DSP hardware the idea was not developed. 
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3.4.5 Sensors 

Voltage transducers must be adapted for proper voltage reading by tuning its output gain. 

That is possible by the use of an input to output resistive divider which is fine tuned by linear 

potentiometers (J3 and J4). In Figure 3.27 can be checked the connections where all the 

transducer’s signals are joined in a single connector (J14). Current transducers are connected 

according to Figure 3.28 which is the converter output current.  

 

Figure 3.27 - Voltage transducers interface 

 

Figure 3.28 - Output current transducer connections 

3.4.6 Snubber 

Room for a possible snubber connection was made available on the PCB. The snubber is 

intended to suppress voltage transients in the switches at the commutation thus increasing 

the switches life expectancy by reducing its exposure to high voltage peaks. 
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Figure 3.29 - Snubber connection 

The snubber was not dimensioned before the actual testing of the converter. The values 

present on Figure 3.29 are illustrative but make sense. The diodes are for current blocking 

when the MOSFETs start conducting and prevent a current peak. 

3.4.7 Printed circuit board 

Circuitry was arranged on a printed circuit board (PCB) for testing of the MPPT. Current 

and voltage transducers are powered by the PV panel voltage which makes the hardware 

board autonomous. Input current needs and output voltage insulation needs were a major 

concern during the PCB design pushing the needs on net width and net clearance to specific 

values. Room for heat sinks was provided and simple input and output connectors used.  

 

 

Figure 3.30 - Final PCB without ground powerplane 

Several nets are found wider, these are the input nets that require more current 

handling. Net width was set to 3mm. Other nets with greater width are the output nets with 

a width of 1mm. Output nets have greater clearance to other nets on the PCB because of the 

400V that can be present. Clearance was set to 1mm which combined with the resin that is 

applied after production should be able to handle the voltage differential. Both input and 

output nets were covered with solder for a thicker track and less losses. 

Components such as transducers, inductor and transformer were CAD reproduced for PCB 

design.  
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3.5 Control hardware

Control was performed by a digital signal processor (DSP) by 

to the power hardware reading the t

DSP was programmed using the simulation tool which

DSP. PWM signals are generated using the PWM modules of the DSP and transducers are read 

through the analogue to digital converters (ADC).

available by simply configuring the PWM generator so a simple logic circuit was used. This 

circuit was implemented by software 

connected to the digital input and the final PWM s

Program sent to the DSP was compiled using the Simcoder function of the P

software as shown in Figure 

input signals, then the C code block which contains the MPPT algorithm and uses an external 

derivative of the power. PWM generator block outputs the signals that are then re

into the DSP via digital inputs to be logically modified and made available at the digital 

output ports. 

Figure 3.31 - Control circuit

3.6 Conclusions 

This chapter is one of the most important

available time was dedicated to simulation tuning and prototype development. Dimensioning 

was made according to literature and adapted for the specific needs of the project. 

Simulation was important for observ

important to achieve one of the objectives that consisted in finding the model of the PV 

panel. The used control hardware might be over

help on the integration of

produced PCB enabled the system to be tested with lower losses and electrical noise and in a 

more realistic platform.  

Control hardware

 

Control hardware 

Control was performed by a digital signal processor (DSP) by Texas Instruments 

to the power hardware reading the transducers and driving the optocouplers.

was programmed using the simulation tool which has direct integration with this

PWM signals are generated using the PWM modules of the DSP and transducers are read 

through the analogue to digital converters (ADC). The required PWM signals were not 

available by simply configuring the PWM generator so a simple logic circuit was used. This 

by software on the DSP using an input-output loop

connected to the digital input and the final PWM signals extracted through the digital output.

the DSP was compiled using the Simcoder function of the P

Figure 3.31. From left to right it can be found the ADC converting the 

input signals, then the C code block which contains the MPPT algorithm and uses an external 

derivative of the power. PWM generator block outputs the signals that are then re

gital inputs to be logically modified and made available at the digital 

circuit using simcoder blocks 

This chapter is one of the most important if not the most important of all. Most of the 

available time was dedicated to simulation tuning and prototype development. Dimensioning 

was made according to literature and adapted for the specific needs of the project. 

Simulation was important for observing the characteristics of the 3SSC and also very 

important to achieve one of the objectives that consisted in finding the model of the PV 

hardware might be over-sized for the application but it was a good 

help on the integration of the complete system even with the simulation software. The 

produced PCB enabled the system to be tested with lower losses and electrical noise and in a 
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Texas Instruments connected 

ouplers. The TI F28335 

has direct integration with this specific 

PWM signals are generated using the PWM modules of the DSP and transducers are read 

red PWM signals were not 

available by simply configuring the PWM generator so a simple logic circuit was used. This 

output loop, PWM output was 

ignals extracted through the digital output. 

the DSP was compiled using the Simcoder function of the Powersim 

eft to right it can be found the ADC converting the 

input signals, then the C code block which contains the MPPT algorithm and uses an external 

derivative of the power. PWM generator block outputs the signals that are then re-introduced 

gital inputs to be logically modified and made available at the digital 

 

if not the most important of all. Most of the 

available time was dedicated to simulation tuning and prototype development. Dimensioning 

was made according to literature and adapted for the specific needs of the project. 

ing the characteristics of the 3SSC and also very 

important to achieve one of the objectives that consisted in finding the model of the PV 

for the application but it was a good 

the complete system even with the simulation software. The 

produced PCB enabled the system to be tested with lower losses and electrical noise and in a 
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Chapter 4  

Results 

Tests were carried using the available BP 170W 36V PV panel and a resistive load that was 

adapted to the power capability of the PV panel. Although the initial PV panel in mind was 

the Sharp with 235W this particular panel was not available in the Faculty. 

4.1 Prototype testing results 

Several tests were conducted to assure the correct working conditions of the system. Both 

electrical and MPPT conditions were demanded to prove their effectiveness. Testing was 

made with the BP PV panel and a pack of DC batteries combined to sum 400V as a constant 

voltage load. The converter and load were in the lab and the PV panel was in the building 

roof, there are 30m of 10mm2 cable between the panel and the converter. This creates a 

slight voltage drop on the cable proportional to the current and introduces some inductive 

load at the input. 

The BP panel has a different I-V curve from the Sharp panel and is according to Figure 

4.1. Maximum power point is at 36.6V with 4.6A. 

 

Figure 4.1 - BP 170W PV panel I-V curve and power curve 



 

4.1.1 Static behaviour

Static behaviour tests objective were made

converter. 

Transformer turns ratio was checked by measuring the primary and secondary voltages 

and comparing using Figure 

displayed value of 31.2 due to voltage transducer multiplier restrictions. 

waveforms it can be observed that the voltage is AC and that there is an interval where the 

voltage is zero which is correspondent to the simultaneous switches conduction.

Figure 4.2 - Transformer primary 

Both primary voltages are displayed on 

phase operation. 

Figure 4.3 - Transformer primary

 

Figure 4.4 shows both of the PWMs for a given duty cycle. It can be seen the correct 

simultaneous drive of the MOSFETs and that they are never both switched off.

Prototype testing res

 

Static behaviour 

tic behaviour tests objective were made to assure the electrical reliability of the 

Transformer turns ratio was checked by measuring the primary and secondary voltages 

Figure 4.2. Primary voltage is about 130V and secondary is 10x the 

displayed value of 31.2 due to voltage transducer multiplier restrictions. 

waveforms it can be observed that the voltage is AC and that there is an interval where the 

zero which is correspondent to the simultaneous switches conduction.

primary (purple) to secondary (green) relation 

primary voltages are displayed on Figure 4.3 and it can be observed their 180º out of 

primary voltages 

shows both of the PWMs for a given duty cycle. It can be seen the correct 

simultaneous drive of the MOSFETs and that they are never both switched off.
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to assure the electrical reliability of the 

Transformer turns ratio was checked by measuring the primary and secondary voltages 

Primary voltage is about 130V and secondary is 10x the 

displayed value of 31.2 due to voltage transducer multiplier restrictions. By analysing the 

waveforms it can be observed that the voltage is AC and that there is an interval where the 

zero which is correspondent to the simultaneous switches conduction. 

 

and it can be observed their 180º out of 

 

shows both of the PWMs for a given duty cycle. It can be seen the correct 

simultaneous drive of the MOSFETs and that they are never both switched off. 
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Figure 4.4 - PWMs at the MOSFETs

MOSFETs gate voltage is slightly different from PWM signal due to its capacitive 

characteristics. On Figure 4.5 it can be observed the slope of the turn

on the turn-off command. This slope is controlled by gate resistor which defines the current 

to charge the gate. On this parti

interval of 11.2us. 

Figure 4.5 - MOSFETs gate voltage

One of the requirements of the converter was its ability to push the output voltage to 

400V using the MPP voltage from the PV panel. 

output voltage for a given PWM in MPPT operation.

duty cycle and the transformer turns ratio. 

the output could be lower or higher than 400V.

 

 

PWMs at the MOSFETs 

MOSFETs gate voltage is slightly different from PWM signal due to its capacitive 

it can be observed the slope of the turn-on signal and the delay 

off command. This slope is controlled by gate resistor which defines the current 

to charge the gate. On this particular picture it was measured the simultaneous conduction 

 

MOSFETs gate voltage 

One of the requirements of the converter was its ability to push the output voltage to 

400V using the MPP voltage from the PV panel. Figure 4.6 shows the relation of t

output voltage for a given PWM in MPPT operation. The output voltage is a function of the 

duty cycle and the transformer turns ratio. By regulating the duty cycle, for the same input, 

the output could be lower or higher than 400V. 

MOSFETs gate voltage is slightly different from PWM signal due to its capacitive 

on signal and the delay 

off command. This slope is controlled by gate resistor which defines the current 

cular picture it was measured the simultaneous conduction 

One of the requirements of the converter was its ability to push the output voltage to 

shows the relation of the input and 

The output voltage is a function of the 

By regulating the duty cycle, for the same input, 



 

Figure 4.6 - Input voltage (bottom) and output voltage (top)

Further electrical tests were made to assure the response of the transformer to switch 

activation. From Figure 4

about 100V peak value 

Figure 4.7 - Input voltage (y

MOSFETs voltage was measured to compare with the theoretical values. 

analysed with the transformer secondary voltage and

between gate signal and its effect on the secondary voltage and MOSFETs voltage.

Figure 4.8 – Gate voltage (blue) transformer secondary voltage (green) and 
and purple) 

Prototype testing results

 

(bottom) and output voltage (top) 

Further electrical tests were made to assure the response of the transformer to switch 

4.7 input voltage is about 35V and transformer secondary voltage is 

Input voltage (yellow) gate voltage (blue) and transformer secondary

MOSFETs voltage was measured to compare with the theoretical values. 

analysed with the transformer secondary voltage and a gate signal. It is observed the relation 

between gate signal and its effect on the secondary voltage and MOSFETs voltage.

(blue) transformer secondary voltage (green) and MOSFETs voltage
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Further electrical tests were made to assure the response of the transformer to switch 

input voltage is about 35V and transformer secondary voltage is 

 

secondary voltage (green) 

MOSFETs voltage was measured to compare with the theoretical values. On Figure 4.8 it is 

a gate signal. It is observed the relation 

between gate signal and its effect on the secondary voltage and MOSFETs voltage. 

 

MOSFETs voltage (yellow 
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Figure 4.9 shows the input current at the cable and the input voltage at the input diode 

for a very low irradiation. It can be obs

Figure 4.9 – Input voltage (blue) and input current

Input to output power measure can be made by anal

Figure 4.10. Output voltage is 10x the displayed value due to voltage transducer multiplier 

limitation. Output power is about 

70%. 

Figure 4.10 - Input current (purple
(blue) of the converter 

Output current shows an erratic peak that is a defect of the available current transdu

This peak is displayed even when the transducer is measuring zero current.

4.1.2 Dynamic behaviour 

Dynamic tests were conducted using the same conditions as the static tests 

also acting on the irradiation by causing shadow to the PV panel

Figure 4.11 shows the input current and voltage for a given irradiation at around midday.

 

shows the input current at the cable and the input voltage at the input diode 

for a very low irradiation. It can be observed the current ripple of about 12%. 

 

(blue) and input current (green) 

Input to output power measure can be made by analysing the voltages and currents on 

Output voltage is 10x the displayed value due to voltage transducer multiplier 

Output power is about 39W and input is about 55W which makes efficiency around 

 

current (purple) and voltage (yellow) and output current (green

Output current shows an erratic peak that is a defect of the available current transdu

This peak is displayed even when the transducer is measuring zero current. 

 

tests were conducted using the same conditions as the static tests 

by causing shadow to the PV panel. 

shows the input current and voltage for a given irradiation at around midday.

shows the input current at the cable and the input voltage at the input diode 

ysing the voltages and currents on 

Output voltage is 10x the displayed value due to voltage transducer multiplier 

55W which makes efficiency around 

current (green) and voltage 

Output current shows an erratic peak that is a defect of the available current transducer. 

tests were conducted using the same conditions as the static tests but this time 

shows the input current and voltage for a given irradiation at around midday. 



 

Figure 4.11 - VPV and IPV for a given irradiation

After the previous measure, panel was slightly shadowed and another measure was taken 

which is shown on Figure 

irradiation. 

Figure 4.12 - VPV and IPV for 

More shadow was caused to decrease the current even more and a shot of the 

oscilloscope was taken and shown on 

Figure 4.13 - VPV and IPV for 
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for a given irradiation 

After the previous measure, panel was slightly shadowed and another measure was taken 

Figure 4.12. A decrease in the current can be seen as a result 

 panel slightly covered 

More shadow was caused to decrease the current even more and a shot of the 

oscilloscope was taken and shown on Figure 4.13. 

 panel with more shadow 
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After the previous measure, panel was slightly shadowed and another measure was taken 

as a result of the lower 

 

More shadow was caused to decrease the current even more and a shot of the 
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4.2 Conclusions 

Practical tests to the designed converter revealed its ability to operate in the defined 

conditions and meet the objectives proposed. Continuous operation has shown a relative 

reliability and also some heat. This heat is in fact losses on the switches diodes and ferrite 

mainly. Efficiency of the converter is not the expected by the simulation which shows that 

simulation does not include every type of losses although it has been tried to include as much 

losses as possible. Current and voltage ripple is within the requested values. Power supplies 

can work perfectly with the voltage from the PV panel and power the transducers. The is no 

relevant noise at the transducers output. 

Dynamic behaviour has shown system response to irradiation changes but the voltage 

behaviour was not as fully expected. System is capable of tracking the MPP in any conditions. 
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Chapter 5  

Conclusions 

This chapter presents an overall reflection reaching a conclusion mentioning objectives 

achievement and future work. 

5.1 Conclusion 

This project can be divided into two main parts, its hardware and its software. Both play 

an important and necessary role on the global system. Both were studied to assure that the 

final system would match the initial specifications and coupe with the dynamic features and 

meet the objectives. 

The system hardware was seen as a testing tool for the software development. Although 

it might sound that a testing tool is not as important as a main objective such as the MPPT, it 

is essential. The hardware must be good enough to be reliable and trusted so that the 

software can be tested with no doubts. This part of the project took some precious time but 

was worth the effort. Its development provided contact with several hardware areas from 

mechanical to electrical and different processes. 

The system software is a control system with two inputs and two outputs. The inputs are 

the voltage and the current at the PV panel terminals. The outputs are the signals to the two 

switches on the hardware board. This software is the MPPT algorithm which is the brain of 

the global system. 

In the end this project turned out to be challenging being a study on a renewable energy 

source. Inductor and transformer construction was a major challenge since they were 

produced without the knowledge about the ferrite characteristics. Both components were 

individually tested to meet specifications. 

Losses on the system revealed some design weak points which could elevate global 

efficiency if improved. 

5.2 Objectives achievement 

All of the objectives proposed on 1.1 were met. PV panel model was obtained through 

Powersim Solar Module tool. The actual PV panel model was not necessary and also 

impossible to achieve due to the non existence of proper irradiance measuring equipment. 
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Open circuit voltage and short circuit current could be measured but not matched with the 

actual irradiance for model creation. A prototype of a low power converter was projected 

and simulated using Powersim software. Prototype was developed using Multisim and 

Ultiboard by National Instruments software and with the help of the mechatronic shop of the 

department a PCB was produced. Testing was possible with the existing PV panels on the 

department which are limited to 36V at the 170W MPP. This required some changes on the 

initial project but made the MPPT algorithm testing possible. 

5.3 Future developments 

Like many other projects future developments can be pointed out. In this case there are 

some points that could be studied further more and or improved. They are the global 

efficiency, prototype compactness and control circuit integration. Efficiency could be 

improved by using more advanced semiconductors with lower losses. 

Tests with other load types could also be done. Since this converter is supposed to be 

connected to an inverter, tests with an inverter should be conducted in the future. 

The initial design was for the Sharp panel which was not available so tests with the 

simulated panel should be done in the future. 
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Appendices 

 

Appendice 5.1 – Photo shot of the used PCB 

 

 

Appendice 5.2 – Photo shot of the DSP 
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