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Abstract 

Among the many renewable energy sources, solar power is becoming one of the 

quickest to be adopted due to continuous technological progress and reductions in cost. 

Today’s typical photovoltaic system includes many photovoltaic modules that are connected 

together in series and parallel to form strings and sub-arrays. Various distributed 

photovoltaic architectures are introduced in this thesis and DC-DC converters with maximum 

power point tracking are also introduced. 

Partial power processing is a technique to allow only a fraction of the power to be 

processed by the DC-DC converter, thereby reducing losses and improving efficiency. A new 

partial power isolated DC-DC converter is proposed in this thesis. The converter features 

maximum power point tracking and its controller selectively engages the buck portion or the 

boost portion or both in response to the maximum power point tracking input signal to 

achieve the desired output voltage and maximum power. With series connected DC-DC 

converters, each DC-DC converter carries an equal string current and adjusts its output 

voltage proportional to the available power of the connected photovoltaic module. The 

proposed topology allows each photovoltaic module to operate at its own maximum power 

point under varying or mismatched solar irradiance conditions, yet keep the total DC string 

voltage constant.  

The proposed circuit is verified using PLECS simulation software. In comparison to 

the existing circuit with partial power processing method, the proposed circuit overcomes the 

disadvantage that the output voltage can only be greater than the input voltage. With the two 
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metal oxide semi-conductor field effect transistors added in series with the diodes in the 

secondary side of the transformer, the new circuit operates at a 100kHZ switching frequency 

and is able to perform both step up and step down modes with a properly designed control 

block. As a result, the circuit can convert a voltage from a PV panel that is higher or lower 

than the output to a regulated DC output voltage.  
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Chapter 1: Introduction 

1.1 Introduction of DC-DC Converter for Distributed Solar Power Application 

Solar (Photovoltaic) power is a very effective, clean and renewable energy sources. A 

maximum power point tracking (MPPT) algorithm [1, 2] is usually required in PV systems 

due to the non-linear characteristics of the Photovoltaic (PV) panel. Distributed maximum 

power point tracking (DMPPT), which is based on the use of module dedicated DC-DC 

converters realizing MPPT for each module and central inverters, provide several benefits 

compared with standard central inverter MPPT systems, including higher energy yield, 

design flexibility, and improved monitoring and diagnostic capabilities [3, 4].  

A grid-connected inverters’ input voltage typically ranges from 180 to 500 V. 

Therefore, a number of PV modules are usually connected in series to supply the inverter 

with an input voltage within its operating range, and identical strings are then connected in 

parallel to achieve the desired output power. For these reasons, a system composed of 

parallel strings of a number of PV modules with its own distributed DC-DC converter 

connected in series will be considered in this thesis (Figure 1.1).  



2 

PV 

module

PV 

module

PV 

module

MPPT

DC/DC

converter

PV 

module

MPPT

DC/DC

converter

MPPT

DC/DC

converter

PV 

module

MPPT

DC/DC

converter

PV 

module

MPPT

DC/DC

converter

PV 

module

MPPT

DC/DC

converter

inverter GRID

120V AC30V DC

25V-40V

DC

25V-40V

DC

 

Figure 1.1 Grid connected PV system with distributed DC-DC converter with maximum power point 

tracking (MPPT) 

In order to get the maximum utilization efficiency of a PV module, it is necessary to 

match the PV module to the load. This matching includes searching for an equilibrium 

operating point that coincides with the maximum power point (MPP) of the PV module. 

Therefore, a DC-DC converter, which acts as the matching load to the PV source, 

continuously tracks the maximum power point of solar module(s) connected to it and either 

increases (boost) or decreases (buck) the output voltage to match the optimum voltage 

requested by the central inverter [5]. These distributed DC-DC converters also work in 

conjunction with a central inverter, which is still required to convert DC power to AC grid 

power. 

In recent years, DC-DC converters have become smaller in size, lighter in weight, 

and higher in efficiency, and are therefore more suitable for use in photovoltaic systems [6]. 

The design of DC-DC converters is one of the key factors that affects the system designs on 
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large scale distributed solar power systems. The use of smaller power rating converters, 

compared to large centralized converters, will lead to a cost increase in per unit power and a 

decrease in conversion efficiency. Thus, in a PV plant, this issue has to be taken into account 

to ensure that the benefits of distributing DC-DC converters are not offset by the drop in 

conversion efficiency.  

1.2 Research Motivation and Objectives 

Two main obstacles for using solar energy are the high initial capital costs and the 

low conversion efficiency. Thus, a variety of research work intensely focused on how to 

reduce the cost and increase the conversion efficiency of the converter is ongoing. The 

partial power processing method is a very simple method that can improve the efficiency for 

DC-DC converters without added components and increasing the complexity of the circuit. 

Their ability to achieve very high efficiency (e.g. typically > 98%) is one of the reasons that 

this method is so widely used in PV power applications. Furthermore, the use of high-

frequency DC-DC converters greatly reduces the size and control simplicity of the PV 

systems while still achieving high power density and a fast response rate [7].  

One problem with using the partial power processing method in the series connected 

distributed PV panel system is that the DC-DC converters are all boost converters, thus less 

flexible in voltage ranges. When shade or mismatch occurs only on a few PV panels in the 

series connection, the buck mode DC-DC converter should be installed only on those PV 

panels experiencing shade [8]. However, the adoption of buck converters on all the PV 

modules of the string is impractical, because of the associated step-down voltage conversion 

ratio, which leads, of course, to a more or less consistent increase in the number of self-
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controlled PV modules for each string to obtain a string voltage compatible with the input 

voltage range of the inverter.  

The objective of this thesis is to summarize and propose a high efficiency DC-DC 

converter to apply in distributed solar power systems. Thus, a partial power buck-boost DC-

DC converter unit with MPPT optimization algorithm is first proposed. The revised full-

bridge converter can perform both step-up and step-down modes according the operation 

state of the PV panel, which can be used to connect in series with each other to reach the 

desired dc-link input voltage to the inverter. Unlike the traditional boosting full-bridge partial 

power converter, the newly proposed converter is quite useful with an increased operating 

range and the ability to correct for a greater amount of system mismatch. Since the device 

includes two conversion stages rather than one, the increased flexibility may come at the cost 

of a slight efficiency reduction as well as possible size and cost increases relative to single-

stage devices. 
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Chapter 2: Literature Review 

2.1 Overview 

This review chapter includes the basic information on PV-cell behavior, and the 

concepts of classical central and newly distributed architecture of solar power systems are 

introduced. An overview of various distributed architecture options and a comparison of their 

performance is presented. After that, the existing topologies that have been proposed to 

increase the efficiency of a DC-DC converter for PV application are presented, followed by a 

comparison of candidate DC-DC converter topologies to be used in distributed PV 

applications. The chapter concludes by establishing the technical knowledge for the work 

presented in the remainder of the thesis. 

2.2 Solar Power Development and Generation Model Introduction 

Currently, the energy crunch is becoming worse due to continuously decaying fossil 

fuels, such as oil, coal, and gas, and continuous growth in energy consumption [9], [10]. As a 

consequence, exploration and research for renewable power supplies is increasing around the 

world in order to avoid the situation of energy depletion. 

The Solar Photovoltaic system with the following advantages [11, 12, 13, 14, 15, and 

16] is attracting international attention and interest [17]: 

1. It is a real, non-polluting (both air and noise), renewable green energy and is of 

great significance to the ecological environment and to the coordinated development 

of economic and social stability; 
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2. Due to the broad and flexible application venues, it is not restricted to geographical 

locations, and also it does not need a large number of electricity networks; 

3. It can greatly improve the reliability of power quality;  

4. Because it can be located closer to load centers, it can reduce power losses during 

transmission, and reduce construction and updates of transmission and distribution 

lines. 

Solar power transfers the irradiation produced by the sun directly into electrical 

power via the PV effect [12], [13], shown in Figure 2.1. This simple principle involves 

sophisticated technology that is used to build efficient devices, namely solar cells, which are 

the key components of a PV system. Solar cells are made out of a semiconductor material 

where the following main phenomena occur when exposed to light: photon reflection, photon 

absorption, generation of free carrier charge in the semiconductor bulk, migration of the 

charge, and finally charge separation by means of an electric field [18], [19].  

Electrical 
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Figure 2.1 The basic principle of the photovoltaic system 
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The most frequently used equivalent circuit of a simplified PV model is a single 

diode model [20], shown in Figure 2.2. More complex models, such as the two diode model, 

also exist. However, the single diode model serves well in understanding the basic properties 

of a PV cell.  

IL Rs

ID

Iph

D
Rsh Voc

 

Figure 2.2 Equivalent circuit of a single photovoltaic cell 

According to the physical structure and output characteristics of a solar cell, we have 

easy access to the mathematical model. The PV cell itself behaves as a highly nonlinear 

current source with limited output voltage. The current source generates the photocurrent Iph, 

which is proportional to the solar irradiation, and this model shows good agreement with 

theoretical characteristics of PV modules [20]. 

In Figure 2.2, the equivalent circuit models the general form of the equation (2.1) that 

relates current in a photovoltaic cell [21]: 

IL = Iph − Id − Ish (2.1) 

Currents through these components are generated by the voltage across them: 
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V = Voc + ILRs (2.2) 

Based on the equation of a Schottky diode, the current through the diode can be 

written as [21]: 

ID = Io[exp (
qV + ILRs

nKT
) − 1] (2.3) 

According to Ohm's law, current through the shunt resistor is [4]: 

Ish =
V

Rsh
 (2.4) 

Combining the equation (2.2), (2.3), (2.4) into equation (2.1), generates the IV 

characteristic equation of photovoltaic cell: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 [exp (
𝑞𝑉 − 𝐼𝐿𝑅𝑠
𝑛𝑘𝑇

) − 1] −
𝑉 + 𝐼𝐿𝑅𝑠
𝑅𝑠ℎ

 (2.5) 

The output characteristics of photovoltaic cells are susceptible to external factors. In 

order to make the output power of photovoltaic cells maximum, a maximum power tracking 

device is needed [18]. The maximum power point of a photovoltaic array is a variation over 

time, so search algorithms are given according to the current-voltage (I-V) and power-

voltage (P-V) characteristic of the solar cell. Currently, the proposed tracking methods at 

home and abroad are mainly the disturbance observer method, incremental conductance 

method, the adaptive algorithm based on disturbance observer improvement, fuzzy control 

techniques, the neural network control algorithm, and so on [19]. All of them have the 
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function of maximum power point tracking and can improve the use of solar energy to 

improve system efficiency.  

2.3 Classical Central Maximum Power Point Tracking Architecture 

When a single DC-AC inverter is directly connected to strings of parallel-linked PV 

modules, and tracks the MPP for the whole PV field, this system is often referred to as 

Central Maximum Power Point Tracking (CMPPT) [22]. In another kind of architecture that 

also performs CMPPT, all PV modules first connect to a high power central DC-DC 

converter with MPPT operation and then to a DC-AC inverter to feed into the utility [23]. In 

this two-stage central inverter architecture, 98% or even higher efficiencies for DC-DC 

converters should be guaranteed to match the conversion efficiency.  

The system, shown in Figure 2.3, is simple and low-cost, but the main drawback is 

the fact that the complete array is operated at one overall MPP. Thus, neither of these 

CMPPT architectures can extract the maximum power produced by the solar array because 

one global MPP is usually not the maximum power point for each individual module [24]. In 

case of mismatch (due to clouds, shadows, dirt, manufacturing tolerances, aging, different 

orientation of parts of the PV field, etc.), the P–V characteristic of the PV field may exhibit 

more than one peak, because of the adoption of bypass diodes, and MPPT algorithms can fail. 

Even when CMPPT can perform the tracking of the maximum power from the mismatched 

PV modules (due to shadows, clouds, manufacturing tolerances, dirtiness, aging, different 

orientation of parts of the PV array, etc.), this power is still less than the total power of the 

mismatched PV fields with available maximum powers [23]. 
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Figure 2.3 PV systems with central maximum power point tracking (CMPPT)  

2.4 Distributed Converter Architecture for Solar Power Application 

To deal with the failure of tracking MPP for each PV module, two-stage distributed 

maximum power point tracking systems have been investigated to secure individual and 

more accurate panel maximum power point tracking [25]–[27]. 

2.4.1 Advantages and Problems of Distributed Maximum Power Point Tracking 

DMPPT, also referred to as self-controlled PV modules (SCPVM), is based on the 

use of a module dedicated DC-DC converters, each with its own MPPT, ensuring that each 

PV array operates at its MPP [28-36]. Thus, this kind of architecture can greatly alleviate the 

drawbacks associated with mismatching power losses and the failure to track MPP for each 

module [4, 26, 37, 38].  

In [25, 26, 27], although the acronym of DMPPT is not mentioned, these papers all 

address the problem of DMPPT for PV systems. For example, in [25], a DC-DC module 
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integrated converters (MIC) topology is proposed for application in PV systems, and a 

comparison of four basic, non-isolated DC-DC converters in terms of efficiency is presented. 

However, an AC or DC analysis for a string of SCPVMs or a single SCPVM is not presented 

in these papers. 

In this DMPPT architecture, PV panels can be installed in different orientations, as 

solar panels do not have to be matched and partial shading degrades the performance only on 

the shaded panel. In [39], a soft switching resonant buck converter with highly efficient 

MPPT topology of low-power, low-cost was investigated to be connected with each PV 

panel, and an efficiency higher than 98% was achieved for almost its entire operating time. 

In an otherwise ideal installation for small solar power applications, if each converter 

performs an independent MPPT for its PV panel, this will compensate for almost 2.5% of 

mismatches [40].  

The inverter, which is connected to the grid and takes care of the grid current control, 

ensures the string at a certain DC voltage and as MPPT is applied per module in DMPPT 

architecture, this DC voltage can be kept fixed. This optimizes the efficiency of DC-AC 

inversion regardless of the string length or the environmental conditions, since an input boost 

stage is no longer needed. Hence, high conversion efficiency of PV arrays and increased 

energy yield can be ensured [22, 40–43]. 

Furthermore, the distributed architecture of PV plants offers some other advantages 

over the centralized photovoltaic plants. This architecture makes the installation of 

distributed supplied PV systems easy since the only task for each DC-DC converter is MPPT 
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(and perhaps voltage amplification). Better control and protection of each PV string/module 

is achieved, while redundancy when the source or converter fails and insensitivity to shading 

can also be guaranteed [44]. Great flexibility and modularity in the panel design and layout, 

the ability to have a controlled high dc voltage with lower cable losses, higher energy yield, 

better data gathering, improved diagnostics, and monitoring capabilities can all be ensured by 

this DMPPT architecture [23, 24].   

However, compared to large centralized converters, using distributed converters with 

smaller power per converter will lead to an increase of cost per unit power and a decrease in 

conversion efficiency. This problem has to be taken into consideration to ensure that the 

advantages of distributed solar architectures will not be canceled out by the decrease in 

power conversion efficiency [44]. Therefore, for large scale systems, module level 

distributed systems are not suitable because the gains in energy are always offset by a 

significant increase in system cost [45]. In the case of large scale utilities, Petrone [46] 

introduced string level or multi-string level distribution of DC-DC converters with a small 

number of panels connected in series to each DC-DC converter, instead of having a separate 

MPPT circuit in each converter for each solar panel. This multi-string distribution, which has 

a different number of strings or modules per DC-DC converter, increases energy yield 

significantly for large power rating plants or utility scale plants (MW range and up).  

2.4.2 Series Configuration to Implement Distributed Architecture 

According to the connection of output terminals of converters, the following concepts 

are used to install DMMPT systems: series configurations and parallel configurations [47]. In 

the series configuration (see Figure 2.4), the output of each converter is connected in series 
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with the next to connect to a common inverter, and each solar panel is connected to its own 

DC-DC converter. Therefore, the current carried by each PV module is equal and it has been 

frequently shown that the operating points of several modules may be forced away from the  

MPP [48], [49], [50].  

GRID

DC-DC

Converter 

MPPTSolar panel

DC-AC 

inverter

Solar panel

Solar panel

Solar panel

DC-DC

Converter 

MPPT

DC-DC

Converter 

MPPT

DC-DC

Converter 

MPPT
 

Figure 2.4 Grid-connected DMPPT PV systems with the output ports of MPPT DC-DC converters 

connected in series 

Due to the relatively low output voltage of PV arrays, the PV series-connected 

configuration is proven to be a good solution to satisfy the requirements of high voltage 

transfer ratios for half-bridge, full-bridge, or multilevel grid inverters [49]. Usually, in order 

to achieve the desired constant string DC input voltage to the inverter, 10–20 PV modules are 

connected in series with each, equipped with their own boost converters [32]. In this way, a 

much lower voltage conversion ratio can be achieved and the increase of voltage for each 
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converter is greatly reduced [25]. Converter components will operate under much less stress, 

possibly resulting in improved efficiency and durability [32]. Also, the distribution of the 

total dc-link voltage needed to generate the grid AC voltage between the converter output 

terminals is based on the power levels [51]. As a result, the voltage command for each 

module only depends on generated power within the circuit as opposed to being performed 

on a centralized collection of the power from the entire circuit.  

2.4.3 Parallel Configuration to Implement Distributed Architecture 

Operating converters in parallel is another option for PV power conditioning systems. 

In the parallel configuration (see Figure 2.5), the converter output terminals are connected to 

the dc-link - the input of an inverter. In this configuration, each converter has to withstand 

the entire dc-link voltage at the output terminal. Thus, the need for high conversion ratio has 

to be satisfied by specific solutions.  

The advantages of converter paralleling are as follows [52, 53]:  

1. It is reliable, due to the independence between the DC-DC converter modules 

and DC-AC inverter modules. They are connected independently of one another 

without communication; 

2. Flexible design (for example: Plug-in and hot swap) and further extension can be 

achieved, since it is easy to plug a new PV panel with its own DC-DC converter 

into the existing system.  
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However, there exist many drawbacks for this parallel configuration. The first is that 

the system itself and the control system are both very complex [54]. The second one is a 

performance versus cost disadvantage because converters connected in parallel require fast 

recovery diodes and MOSFETs to withstand high voltage stress. Another obvious drawback 

is that parallel-connected DC-DC converters in this kind of distributed architecture are 

required to characterize two contrasting requirements: a high voltage transfer ratio [from 40 

to 300V, a great difference between the input (low) and output (high) voltage of a converter], 

and a high conversion efficiency. This required high voltage conversion ratio will greatly 

decrease the efficiency of the whole PV system.  

Another disadvantage of this configuration, shown in Figure 2.5, is the differences 

among the parallel modules resulting from finite tolerances in control parameters and the 

power stage. Therefore, special previsions should be taken to distribute the load current 

equally and stably to avoid an excessive load current. Excessive load current decreases the 

system reliability and increases thermal stress on power electronic devices [53]. In order to 

deal with this problem, some load-sharing topologies have already been proposed [55]–[58]. 

In PV systems, the control problem of load-sharing is included within the problem of MPPT 

for the solar array. In the literature [59]–[61], several solutions can be found. 
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Figure 2.5 Grid-connected DMPPT PV systems with the output ports of MPPT DC-DC converters 

connected in parallel 

2.4.4 Comparison between Series and Parallel Configurations to Implement DMPPT 

Solar System 

It is now evident that series-connected converters have multiple advantages over 

parallel-connected ones [51]: 

1) Flexible design — A number of modules are series connected to achieve the 

required voltage level. The output voltage of one PV module is independent of the others in 

the series connection, therefore ensuring a wide, flexible range of voltage. And it is more 

suitable for use in mismatch conditions.  

2) High reliability and efficiency — Serial topology leads to efficiency 

improvement in the power electronics stage. A series-connected converter allows the 
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conversion ratio of input-output voltage to be close to unity, and therefore, higher switch 

utilization can be achieved. It also allows each converter to use a comparatively small step-

up ratio (usually 3 to 4), which increases efficiency and allows converters to be light, small, 

and low cost. Near 100% efficiencies are possible with this serial connection. 

3) Reduced installation cost — A decreased size of PV-system elements due to 

energy savings can result in a cost reduction. With strings being longer for the serial 

configuration, the cost of Balance of System (BOS) element count, installation, and labor 

will be much lower. In addition, the series configuration costs less than the parallel one by 

using fewer power electronics devices and a cheaper digital structure to support the 

supervisor implementation. 

On the basis of the aforementioned considerations, in the following thesis, PV 

systems adopting the distributed architecture with the output ports of DC-DC converters 

connected in series, as shown in Figure 2.4, will be discussed and analyzed in detail.  

2.5 Partial Power Processing Circuit 

In the previous subsection, it was noted that the distributed solar panel architecture 

with the output DC-DC converters connected in series provides better maximum power point 

tracking and more control flexibility. However, it can be quite challenging to maintain very 

high efficiency for such small distributed power converters. Generally, converter losses can 

be broken down into load dependent losses and constant losses [62]. A drop in the system 

efficiency and a decrease in energy yield are expected when using low power converters. In 

order to increase the PV energy yield by distributing the DC-DC converters with individual 
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MPPT controllers, the DC-DC converter composite efficiency has to be very high (> 98%) to 

avoid a tremendous negative impact on the annual energy yield.  

Therefore, in such distributed PV application, the DC-DC converter topology should 

have design simplicity, high efficiency, and high reliability. The partial power processing 

method is one of the simplest methods to improve the efficiency of the converter.  

The introduced concept of partial power processing converter is shown in Figure 2.6. 

These converters process only a part of the input PV power to generate the voltage 

differential between the PV string and the output dc-link, while the rest of the power is 

directly fed forward to the output at almost 100% efficiency. Usually, only 20% or less 

power of the total PV system power is processed by DC-DC converters in this method. The 

percentage of power processed by the converter depends on the voltage difference between 

the PV side and the dc-link voltage; Figure 2.7 shows what percentage of power is being 

processed by the DC-DC converter for a given input/output voltage gain.  

+

-

Vin

+

-

Vout

+

-

Vin

+

-

Vc

+

-

Vout

DC/DC

DC/DC

 

Figure 2.6 Full power structure VS partial power processing structure 
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Figure 2.7 Fraction of total power processed versus voltage gain (Vs / Vin) for a partial power converter 

(cited from [68]) 

Therefore, with a proper design, the pressure on the converter block can be greatly 

reduced without compromising the overall conversion efficiency, which helps to reduce the 

system cost [63-66]. Figure 2.8 shows an example of this application. One DC-DC converter 

with an assumed efficiency of 95% is used in a partial power conversion connection; the 

overall efficiency is expected to be above 98% when the input voltages are equal to 60% or 

even higher of the output dc-link voltage. And when the ratio is 1, it means that zero partial 

power is processed, thus zero converter losses.  
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Figure 2.8 An example of overall efficiency increased by partial power conversion topology assuming an 

original DC-DC converter efficiency of 95% (cited from [68]) 

The DC-DC converter usually acts as an interface between the load and the PV 

module. The suitability of different basic converter topologies for application in distributed 

solar panel architecture is assessed in the following sub-sections.  

2.5.1 Transformer-less Design Topologies 

For this kind of application, the boost converter with a low device number and a 

simple design is the simplest solution. However, the boost converter in this operational range 

has the following disadvantages: a switching voltage in the (800V-1200V) range is required, 

which leads to using a relatively low switching frequency and consequently a large input 

inductor. On the other hand, the efficiency requirement for the boost converter cannot be met 

without adding auxiliary circuits for soft switching. 
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A buck-boost converter with partial power processing is one solution proposed in 

paper [66], as shown in Figure 2.9 (a). Since a large portion of the input voltage is directly 

feeding forward, the converter just needs to process a very small part of the input power, and 

the overall conversion efficiency of the system is quite high, as shown in Figure 2.9 (b). The 

topology is very simple; however, the use of high voltage rating devices still cannot be 

avoided. And the output voltage is always the input PV string voltage plus the voltage across 

the output capacitor in this topology. 
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Figure 2.9 Buck-boost topology with partial power processing: (a) Circuit topology, (b) Efficiency for 

different input power and input voltages (cited from [68]) 

2.5.2 High Frequency Transformer Design Topologies 

One of the most frequently used isolated converter topologies in this operational 

power range is the full-bridge (FB) converter, whether it is a voltage-fed converter or a 
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current–fed converter, as shown in Figure 2.10 (a) and (b). The isolation of the input and 

output side is not necessary; however, it will be easy to parallel multiple DC-AC inverter 

stages to the same transformer, since for non-isolated topology designs, the inverters are 

required to be isolated in order for them to operate in parallel, resulting in use of large power 

line, medium voltage transformers. DC-DC converter topologies with an isolation feature, on 

the other hand, provide the advantage of size reduction and cost savings by allowing the 

inverters to be tied to a multi-winding power transformer. However, this type of converter 

has more components than an isolation transformer, four switches, and an output rectifier, 

which lead to lower power density, reduced reliability, and higher cost. Furthermore, it may 

be much more challenging for full-bridge converters to achieve efficiencies higher than 98% 

at low cost.  
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Figure 2.10 Topologies based on full bridge converter (a) current-fed, (b) voltage-fed, (c) combine with 

partial power processing 

To solve the problem of low efficiency, a full-bridge converter combined with the 

partial power processing method can be used [67], as shown in Figure 2.10 (c). Lee et al. [68] 

introduced a full bridge photovoltaic DC-DC converter with partial power processing. 

Dramatically improved and flat energy efficiency was achieved by reducing the generated 

power flowing through the converter at all load ranges [68]. Subsequently, Agamy [69] 

achieved a higher composite weighted efficiency of 98.22% by directly feeding forward a 
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fraction of the generated PV power to the output DC bus. However, this mode of operation 

results in losing the benefit of the converter being an isolated topology.  

Resonant converters can also be one way to improve the efficiency for high power 

density converters [70], similar to the full-bridge with input feed forward as shown in Figure 

2.11. These types of converters, utilizing a resonant L-C circuit to achieve zero voltage 

switching (ZVS) and/or zero current switching (ZCS), are defined as the combination of 

converter topologies and switching strategies [71]. They can be operated at very high 

switching frequencies with nearly zero switching losses; however the resulting converter 

becomes very complex in control implementation and topology design, and also very 

expensive.  
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Figure 2.11 Half-bridge resonant converters with partial power processing 

The key factors influencing DC-DC converter selection when designing a solar power 

converter are efficiency, design complexity, reliability, power density, and cost. Based on the 

two basic topologies mentioned above, it follows that half-bridge topologies with partial 

power processing are the strongest candidates for this type of application. This transformer 

topology has the characteristic of easy step-up and step-down, which is needed to regulate 



26 

the output voltage. Moreover, storing the input solar energy temporarily in the transformer 

inductance and then releasing that energy to the output side at a different voltage can greatly 

help to regulate the output voltage from the PV panel. Furthermore, the transformer can 

improve overall safety of the system when the converter's output is cascade connected to a 

grid-tie inverter [72, 73]. Thanks to this topology, the size of the transformer can be reduced 

because it concerns with high switching frequency. 

2.6 Summary 

The architecture of PV systems and the partial power processing method used to 

improve the efficiency have been reviewed in this chapter. The work is summarized as 

follows: Solar power has become a promising renewable energy source for various reasons, 

such as its zero pollution in both noise and air, easy maintenance, and the flexibility to 

operate with much less restriction on location [16]. Photovoltaic power plants with 

distributed power electronic converters provide several advantages over the standard central 

inverter systems, including higher energy yield, more flexibility in plant design, and 

improved monitoring and diagnostics capabilities [3, 4]. Then, a comparison study was done 

on different distributed architectures of the PV system. The grid-connected distributed PV 

systems with the output ports of DC-DC converters connected in series is better suited than 

the parallel one due to the reduced installation cost, high reliability and efficiency, and 

flexible design. Efficiency over a wide input power and input voltage range is a key factor in 

DC-DC converter topology selection and thus circuits operating with partial power 

processing provide a very good solution for this distributed application. 
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The concept of partial power processing was introduced to increase the efficiency by 

directly feeding forward a fraction of the generated power, thus achieving close to 100% 

efficiency. A comparative evaluation of some basic DC-DC converter topologies to be 

applied in distributed PV plant architectures was performed. The high frequency transformer 

topology was investigated in detail and chosen for the distributed PV system application. 

Resonant converters can also increase the efficiency by reducing the switching losses in the 

conversion process. However, this method results in cost increase and more design 

complexity for the whole circuit.  

The remaining of the thesis is organized as follows: The design and theoretical 

operation of the proposed step-up/step-down full-bridge partial power converter are given in 

Chapter 3. Further, the closed loop control circuit is also presented to regulate the output DC 

voltage. In Chapter 4, the PLECS simulation results of the proposed circuit are presented to 

verify the theoretical analysis and to benchmark the contributions. Finally Chapter 5 contains 

concluding remarks. 
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Chapter 3: Proposed FB Partial Power Step-up / Step-down DC-DC 

Converter 

3.1 Overview 

In a distributed solar power system, DC-DC converters function as downstream load 

connections and energy storage. Individual controllers are implemented to control the DC-

DC converters in the most optimum way. As such, the total PV system becomes 

interconnected and a wide variety of dynamic interactions are possible.  

The voltage and current output of a PV module is affected by various factors, such as 

dissimilarities of panel production, different temperatures and irradiations due to the 

orientation of the panels, and different aging and shading of each panel. In Chapter 2, the 

distributed solar panel architecture with the output ports of DC-DC converters connected in 

series with each other was chosen. Because of the series connection, the output voltage of a 

given PV module is related to the ratio between its output power and the total output power: 

𝑉𝑜𝑢𝑡𝑘 =
𝑃𝑝𝑎𝑛𝑘
𝐼𝑜𝑢𝑡𝑙

=
𝑉𝑏

∑𝑘=1
𝑁 𝑃𝑝𝑎𝑛𝑘

𝑃𝑝𝑎𝑛𝑘 (3.1) 

where Ppank is the power extracted from the k
th

 PV module, Voutk and Ioutk, 

respectively, are the output voltage and current of the k
th
 module, and Vb is the inverter DC 

input voltage. According to (3-1), the output voltage of a PV module can vary widely 

because of possible imbalances among powers delivered by modules. When shade or limited 

mismatches occur on only a few PV modules, the DC-DC converter connected to such 

modules should be able to operate in buck mode to reduce the current mismatch between 
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shaded and unshaded modules. Also, if the PV system includes modules of different size, 

power rating, or orientation, a buck-boost DC-DC converter can be placed on every module 

in the series string, allowing for differences in the various module power outputs. In this case, 

the DC-DC converter should be able to convert voltage from PV cells to a regulated DC 

output voltage that is not only higher but also lower than the input PV voltage. Therefore, a 

DC-DC converter with both step-up/step-down function is preferred in the series connected 

distributed PV application [74].  

The output voltage of the standard boosting partial-power, full-bridge circuit is 

always equal to the input voltage plus the voltage across the capacitor, which is always 

higher than the input PV voltage. However, in practical conditions, the buck mode operation 

is needed for some panels experiencing shade in the series connection. Thus, this existing 

converter design is not suitable anymore. In this chapter, a novel buck-boost full-bridge DC-

DC converter circuit with partial power processing is proposed, which has both step-up and 

step-down characteristics.  

This chapter is organized in the following manner: The model of a PV panel with 

MPPT control for system use in the thesis is simulated in PLECS in Section 3.2. The design 

of the novel full-bridge step-up/step-down DC-DC converter with partial power processing 

circuit and its two operation mode is first presented in Section 3.3, followed by the designed 

control circuit for the proposed topology presented in Section 3.4. A design procedure with 

circuit parameters used and a design example is then presented in Section 3.5. Conclusions 

are presented in Section 3.6. 
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3.2 Solar Panel Modeling with Maximum Power Point Tracking 

It is known on the basis of the PV-cell voltage-current characteristics that the 

generated power reaches its maximum only under specific loading. This maximum power 

point separates the constant current region (CC), where the PV-cell current stays relatively 

constant, from the constant voltage region (CV), where the PV-cell voltage remains 

relatively constant. Because the PV-cell terminal voltage and current are both proportional to 

ambient operating conditions, the loading must be adjusted to provide maximum power 

under all operating conditions [75]. This is known as MPP tracking. The DC-DC MPPT 

modules track the MPPs of photovoltaic modules and deliver power to the DC bus [76]. The 

control variable that represents the MPP can be either the photovoltaic voltage or the 

photovoltaic current [76]. An analysis shows that regulating the photovoltaic voltage has 

advantages to improve the performance of MPPT [27, 39, and 77].  

Due to the nonlinearity of the solar cells with temperature and radiation, MPPT [27], 

[78]-[80] in the design of the PV system aims to maximize the extracted energy irrespective 

of the irradiance conditions. The MPPT of an SCPVM can be achieved by means of several 

standard MPPT techniques. An important research effort has been devoted to finding simple, 

efficient, and minimal-knowledge-demanding methods of MPPT and a wide variety of them 

have been proposed in the literature, some of the most recent being described in [40, 81-86].  

Generally, MPPT algorithms can be classified into two categories: Perturb and 

Observe (PO), which are based on injecting high frequency, small-amplitude (usually 

harmonic) perturbations in the system in order to detect the sign of the power gradient [87], 

[88]; and Incremental Conductance (IncCond), which perturbs the voltage in one direction 



31 

and evaluates the sign of the derivative of the power dP/dV [89]. By comparison of the two 

algorithms, for digital implementation, the PO algorithm is less complicated and more 

feasible than IncCond. But the dynamic and tracking characteristics of IncCond are better 

than PO during rapid changes of solar radiation, and it is also simple and can be implemented 

using lower cost microcontrollers [90, 91]. In this thesis, the Incremental Conductance 

technique is adopted due to its good performance under quick changing circumstances [92]. 

3.2.1 The Topology of Incremental Conductance 

IncCond [93], [94], [95] is one of the commonly used methods to achieve MPPT for 

solar panels. It is based on the following criterion: the slope of the PV array power curve is 

zero at the MPP, positive to the left of the MPP, and negative to the right (see in Figure 3.1), 

as given by: 

{
dP dV = 0         at MPP              ⁄

dP dV⁄ > 0   left of MPP                     
  dP dV < 0   right of MPP                       ⁄

 (3.2) 

If the sign is negative, the algorithm will decrease the voltage, otherwise it will 

increase the voltage. Since the algorithm attempts to maximize the power by driving the 

derivative to zero, 
𝑑𝑃

𝑑𝑉
=

𝑑(𝐼𝑉)

𝑑𝑉
= 𝐼 + 𝑉

𝑑𝐼

𝑑𝑉
≈ 𝐼 + 𝑉

∆𝐼

∆𝑉
, (3.2) can be simplified and rewritten as:  

{
∆I ∆V = −I V⁄          at MPP              ⁄

∆I ∆V⁄ > −I V⁄    at left of MPP                     
 ∆I ∆V < − I V⁄    at right of MPP                       ⁄

 (3.3) 

Therefore, the MPP can be tracked by comparing the incremental conductance 

(ΔI/ΔV) to the instantaneous conductance (I/V), shown in the flowchart in Figure 3.2. The 
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PV array is forced to operate at a reference voltage, identified in the figure as Vref. At MPP, 

Vref is equal to VMPP. Once the MPP is reached, the operation of the PV array will be 

maintained at this point unless a change occurs in ΔI, which indicates changes in MPP and 

the atmospheric conditions. This algorithm works by decrementing or incrementing the value 

of Vref to track the new MPP. The increment step size determines steady tracking accuracy 

and dynamic response. Fast tracking can be achieved with bigger incremental step size but 

the system might not operate exactly at the MPP and oscillate about it instead, so this is a 

trade-off. 

 

 

Figure 3.1 Characteristic PV array power curve 
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Measurements of the instantaneous PV array voltage and current require two sensors. 

The IncCond method lends itself well to DSP and microcontroller control, which can easily 

keep track of previous values of voltage and current and make all the decisions as per Figure 

3.2. 
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Figure 3.2 IncCond algorithms as shown in [89], [93], [94], and [95]  

3.2.2 The Simulation Results of IncCond Method  

The diagram of the PV system and the code-based MPPT designed in PLECS is 

presented in Figure 3.3. The PV module is modeled using electrical characteristics to provide 
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output current and voltage of the PV module. The provided current and voltage are fed to the 

converter and the controller simultaneously. The PI control loop is eliminated.  

 

Figure 3.3 Simulation model of incremental conductance MPPT 

The proposed work is validated with the help of Table.3.1, where system responses 

for different solar insolation levels are given. The simulation is run for 0.8 sec and insolation 

is varied at each 0.2 sec between four levels, such that insolation is set at 600w/m
2
 initially 

from 0-0.2s and after that insolation is set at 800w/m
2
 from 0.2-0.4s, and then insolation 

remains at 1000w/m
2
 for the remaining interval.  

Table3.1 Maximum power points at various irradiation levels 

Simulation 

Time(sec) 
MPP’s according to Irradiation levels 

Irradiation level(W/m2) PV Current at 

max. power(Imp) 

PV Voltage at 

max. power(Vmp) 
0.0-0.2 600 3.21 26.42 

0.2-0.4 800 4.28 27.02 
0.4-0.8 1000 5.46 27.48 
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The original voltage (Vo) is chosen to be 26V so that the controller can quickly track 

the MPP. Figure 3.4 shows the change in PV output voltage adjusted by MPPT control in 

order to extract maximum power from the module. The variation of irradiation or insolation 

level with simulation time is also shown in Figure 3.4. The change in PV output power and 

current by variation in irradiation are shown in Figures 3.5, and 3.6. 

t [s]

 

Figure 3.4 PV module output voltages and irradiation level changing with time (sec) 
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t [s]

 

Figure 3.5 PV output power changing with irradiation 

t [s]

 

Figure 3.6 PV module output current changing with irradiation 

MPPT algorithms used in PV systems are one of the most important factors for 

maximizing the electrical efficiency of a solar photovoltaic system. As a result of cost 
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optimization, after the decision to use an MPPT system is made by the designer, it is 

important to decide which algorithm has to be used in the application. This section has 

presented a maximum power point tracking technique and its performance at different 

weather conditions. The proposed PV system and MPPT was simulated. From Figure 3.4, it 

can be easily understood that in order to track the MPP, the output voltages keep changing 

according to its corresponding MPP point. Figure 3.5 shows tracking performance of the 

PV's output power when the irradiance level G is varied and the ambient temperature T is 

fixed. Based on this condition, the simulation results using the INC algorithm verify the 

correctness of the proposed model. By the proposed system simulation, the MPP tracker 

takes less than 0.15 sec to track the MPPT. Through simulation, we can see that the system 

completes the maximum power point tracking successfully and accurately despite 

fluctuations. When the external environment changes suddenly, the system can track the 

maximum power point quickly (less than 0.15 sec). Although there is little deviation in the 

results, the overall trends and forms have good stability. The Incremental Conductance 

method, therefore, is a very efficient MPPT method because panel terminal voltage is 

changed according to its value relative to the MPP voltage. This method offers good 

performance under rapidly changing atmospheric conditions. 

3.3 Proposed Full-bridge Step-up / Step-down DC-DC Converter with Partial Power 

Processing 

The basic structure of the proposed FB step-up/step-down partial power processing 

converter is the standard full-bridge partial power processing circuit. This proposed converter 

consists of an input capacitor (Cin) to reduce ripple output voltage at the terminal of the PV 
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array, six controllable switches (S1 - S6), two rectifier diodes (D1 and D2), and an isolated 

high frequency (HF) transformer. The two added MOSFET switches are each connected in 

series with a diode in each branch of the transformer center-tapped rectifier. The operation of 

the proposed circuit can be divided two ways with a proper control block: one for the step up 

function and the other for the step down function.  

With a properly designed selection block, the circuit will be operated in the step up 

function when the input PV voltage is smaller than the desired output voltage and operated in 

the step down function when the input voltage is larger than the desired output voltage. The 

selection signal comes from the comparison of the input PV voltage and the referenced 

output voltage. In the mode of step up operation, the four MOSFETs on the primary side of 

the transformer will operate in sequence as the pulse width modulated (PWM) signals, and 

the two MOSFETs on the secondary side of the transformer will stay closed for the whole 

time the input is smaller than the set Vref output. On the other hand, in the mode of step down 

operation, the four MOSFETs on the primary side will stay open for the whole time the input 

PV voltage is larger than the set Vref output, and the two MOSFETs on the secondary side 

will conduct with a phase shift of 180 degrees with respect to the PWM signals.  

The modes of converter operation that the proposed converter goes through when it is 

operating as a boost or as a buck converter are introduced in detail in subsections 3.3.1 and 

3.3.2, respectively. A block diagram of the proposed full-bridge step-up/step-down circuit is 

shown in Figure 3.7.  
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Figure 3.7 Block diagram of the proposed high efficiency step-up/step-down full-bridge circuit 

3.3.1 The Operation of the Step-up Mode for the Circuit 

The purpose of the step up function for the circuit is to convert the lower PV input 

voltage into the desired higher output voltage. When operating in this function, it will be 

exactly the same circuit as a standard boost partial power full-bridge converter.  

In this topology, the output voltage equals the sum of the input PV module voltage 

and the voltage across the output capacitor. Since this partial power converter does not need 

to process all the input PV power, the total system conversion efficiency is very high. The 

converter is designed to be composed of two switching MOSFETs and one diode per channel, 

as illustrated in Figure 3.8, thus the MOSFETs and diodes do not need to withstand the total 

output voltage. These classical partial power processing converters include a high frequency 

transformer in their design, which helps to reduce the size of the system in PV power 

conditioning systems. 
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Figure 3.8 The circuit operation in the step up function 

In this step-up mode of operation, switches in each leg of the FB inverter are driven 

by non-overlapping voltages that are out of phase by 180 degrees. The leg that conducts first 

is called the leading leg while the other leg is called the lagging leg. The two switches in the 

leading inverter leg conduct after the freewheeling interval in order to initiate the power 

delivery interval. The operation of the converter is similar to that of a simple full-bridge 

circuit. The stages of operation over a switching period Ts are shown in Figure 3.9 and can 

be summarized as follows: 

Stage 1 (0< t < DT ): In this stage, the MOSFET S1 and S4 is turned ON as well as 

diode D1, and the inductor current builds up. The input PV voltage is transformed to the 

secondary side of the winding. Capacitor Co delivers energy to the output. 
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VLoutf = Vin (
Ns

Np
) − Vc  (3.4) 

∆iLout
∆t

=
∆iLout
DTs

=
Vs(Ns Np) − Vc⁄

Lout
 (3.5) 

Stage 2 (DT < t < T/2): All four MOSFETs are turned off; the current in the primary 

winding is zero. The current in the filter inductor Lout must maintain continuity, resulting in 

both diodes becoming forward-biased in this freewheeling stage. Assuming that the rectifier 

circuit is symmetrical and operated in continuous conduction mode, the inductor current is 

divided equally between the diodes.  

VLoutf = −Vc (3.6) 

∆iLout
∆t

=
∆iLout

Ts 2⁄ − DTs
=
−Vc

Lout
 (3.7) 

Stage 3 (T/2 < t < T/2+DT): This stage occurs when the switches S1 and S4 as well 

as diode D1 are off, and the switches S2 and S3 as well as well as diode D2 are on. 

Stage 4 (T/2+DTs < t < T): All switches are OFF and both diodes are ON during this 

time interval. The equivalent circuit of this stage is the same as that of stage 2.  

Figure 3.10 shows the timing diagram and key idealized converter waveforms for the 

step up mode of operation. Since the net change in inductor current over one period must be 

zero for steady-state operation, solving for Vc,  
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Vc = 2Vin (
Ns

Np
)D (3.8) 

Thus, Vout=Vin+Vc=Vin+2Vin(
Ns

Np
)D (3.9) 

where D is the duty ratio of the four switches in the primary side, which is always 

less than 0.5 in this mode, as shown in Figure 3.10.  



43 

Cin

S1 S2

S3 S4

N1 N2

Co

Vo=Vin+Vc

+

-

Lleak Lmag

+

-
Vc

i

iLoi Lout

Stage 1

Cin

S1 S2

S3 S4

N1 N2

Co

Vo=Vin+0

+

-

Lleak

Lmag

+

-
Vc

i Lout

Stage 2

Cin

S1 S2

S3 S4

N1 N2

Co

Vo=Vin+Vc

+

-

Lleak

Lmag

+

-
Vc

i

iLo

i Lout

Stage 3

Cin

S1 S2

S3 S4

N1 N2

Co

Vo=Vin+0

+

-

Lleak

Lmag

+

-
Vc

i Lout

Stage 4

 

Figure 3.9 Stages of operation of partial power processing full-bridge DC-DC converter 
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Figure 3.10 Timing diagram and idealized theoretical converter waveforms for the stages of operation 

shown in Figure 3.9 
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The source of energy that displaces the charge is different for the two legs. The 

transformer's leakage inductance is the source of energy for displacing the charge in the 

capacitance of the leading leg. The converter's output inductor is the energy source for the 

lagging leg. As the switching frequency increases for PWM power converters, switching 

losses dominate the total power dissipation. Due to the partial power processing method, the 

power flow through the converter section is quite small; the compared switching losses will 

not be a problem that needs to be taken care of. Therefore, high efficiency for the whole 

system can still be achieved without the need for the soft switching technique used for 

switching loss reduction.  

3.3.2 The Operation of the Step-down Mode for the Circuit 

The step down function is required when a shaded or limited mismatch condition 

happens. In this case, the PV input voltage is higher than the desired output voltage. The 

operating circuit is illustrated in Figure 3.11. The selection control block should generate a 

selection signal, which represents the choice of a PWM control block and the operation of 

the 6 MOSFETs.  
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Figure 3.11 The circuit operation in the step-down function 
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The operation of this mode is similar to a reversed half-bridge circuit with full-bridge 

rectifier. The circuit operation is explained below.  

Stage 1 (0< t < DTs-2/Ts): In this stage, both MOSFETs in the secondary side are 

turned on, and the inductor current builds up. Capacitor Cs delivers energy to the output. And 

there is no current flow through the primary side of the transformer.  

VLout = −Vin (
Ns

Np
) − Vc (3.10) 

∆iLout
∆t

=
∆iLout

Ts − DTs
=
−Vin(Ns Np) − Vc⁄

Lout
 (3.11) 

Stage 2 (DTs-2/Ts < t < T2): Only MOSEFT S5 in turned on in this stage, and the 

inductor current is continuously decreased. The diodes D2, D3 on the primary side are also 

turned on by the reflecting current from the secondary side of the transformer. Thus, a 

negative value of the input PV voltage is connected to the primary side of the transformer.  

The inductor energy is consequently discharged into the capacitor Cs. For continuous 

conduction mode, T2 = 2/Ts.  

VLout = Vc (3.12) 

∆iLout
∆t

=
∆iLout

DTs − 1/2Ts
=

Vc

Lout
 (3.13) 

Stage 3 (T2 < t < 2/Ts): This stage occurs when the circuit operates in discontinuous 

conduction mode (DCM). In this mode, the PV power is transferred from both the input and 

output capacitors to the output side. There is no current flowing through the inductor. 



47 

Furthermore, it is also worth noting that resonances can occur between the device 

capacitance and the input inductor in this mode of operation. The operation of DCM makes 

the MOSFET turn on under zero current situation, thus the turn-on losses are greatly reduced 

at light loads. However, in this thesis, we adjust the output resistance low enough and the 

output inductor high enough to avoid the stage of DCM.  

Stage 4 (Ts-DTs < t < Ts): Only the MOSFET S6 is turned on in this stage, and the 

inductor current starts to decrease again and the inductor energy discharged. The diode D1, 

D4 in the primary side is turned on by the reflecting current from the secondary side of the 

transformer. Thus, in this case, the input PV voltage is connected to the primary side of the 

transformer. 

The stages of operation over a switching period Ts are provided in Figure 3.12. 
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Figure 3.12 Stages of operation of the step down mode of the proposed converter 
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The output of the converter can be regulated by modulating the operating duty ratios 

of the two switches in the bridge, which are conducting with a 180 degree delay. In this 

operation mode, the voltage across the capacitor will always be a negative value due to the 

reversed operation similar to a buck converter and the partial power processing branch. 

Figure 3.13 shows the timing diagram and key idealized converter waveforms for the step 

down mode of operation. Since the net change in the inductor current over one period must 

be zero for steady-state operation, solving for Vc,  

Vc = −2Vin (
Ns

Np
)(1 − D) (3.14) 

Thus, Vout = Vin + Vc = Vin − 2Vin (
Ns

Np
)(1 − D) (3.15) 

where D is the duty ratio of the two switches in the secondary side of the transformer, 

which is always larger than 0.5 in this mode (0.5 < 𝐷 ≤ 1), is shown in Figure 3.13.  
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Figure 3.13 Timing diagram and idealized theoretical converter waveforms for the stages of operation 

shown in Figure 3.12 
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3.4 The Control Circuit for the Proposed Step-up / Step-down Circuit Operation 

The proposed full-bridge step-up/step-down converter control is based on 

maintaining a defined value for the voltage across the dc-link. This voltage needs to be 

maintained at the referenced voltage value Vref. In this thesis, a dual-loop control has been 

implemented. This control loop consists of an inner And&Or logical selection control loop, 

and an outer PWM voltage control loop, which is fulfilled by a proportional-integral (PI) 

controller. The duty cycle (D) is calculated to adjust the PV string voltage Vin such that the 

maximum power of the PV string/array can be tracked. In this case, Vc is determined in order 

to compensate for the difference between the PV input voltage Vin and the output dc-link 

voltage. The maximum input PV voltage is calculated by the MPPT controller. An IncCond 

MPPT algorithm is used for locating local maximum power points. The design of each 

controller will be described in detail in this section. The general scheme of the full-bridge 

DC-DC controller is shown in Figure 3.14. In this figure, D represents the duty cycle of the 

converter; Vref is the reference output dc-link voltage.  



52 

DC

DC

CONTROL

PWM

+

-
Vin

+

-
Vout

Vref

Vout

+-
Vref

Vin
PI

 

+

-

PWM1

PWM2

AND

OR

S1-S4

S5/S6

Outer Voltage Control Loop Inner Selection Control Loop

D

 

Figure 3.14 The control strategy diagram block 

For the outer PI voltage control loop, the constant voltage control method is used in 

this thesis to guarantee voltage reference tracking. The MPPT controller for the PV panel 

section measures open circuit voltage and sets the maximum power point voltage (Vmax) 

accordingly. The task of the MPPT algorithm introduced in section 3.2 is to set Vmax only, 

and it is repeated periodically. Then, the voltage PI control loop is implemented to regulate 

the input voltage of the converter. Its task is to minimize the error between the measured 

output voltage Voutm and the referenced output voltage Vref by adjusting the duty cycle 

continuously. The PI control loop operates at quite a fast rate to provide overall stability and 

fast response of the system. 

The purpose of the inner selection block is to select the proper PWM block according 

to different operating modes. By comparing the input voltage from the PV panel with the 

referenced output voltage, the system will choose its corresponding PWM block.  



53 

The signal from the comparator and the PWM block will feed both the two logical 

blocks (+ 𝑎𝑛𝑑 ×), 𝑎nd the PWM block. On the one hand, the signal from the And block 

(×) will feed the four switches on the primary side of the transformer with a 180 degree 

phase delay. And on the other hand, the signal from the Or block (+) will go to the two 

switches on the secondary side of the transformer, also with a 180 degree phase delay.  

It is known that any digital signal A anded (×) with 1 will give the signal itself, and 

ored (+) with 1 will always give 1, such that  𝐴 × 1 = 𝐴, and  𝐴 + 1 = 1. Furthermore, a 

digital signal A anded (×) with 0 will always give 0, and ored (+) with 0 will give the signal 

itself, such that 𝐴 × 0 = 0, 𝐴 + 0 = 𝐴.  Due to the logical operation of the (×)&(+) block, 

when the circuit is operating in the boost mode, the comparator gives a signal 1 and the four 

switches on the primary side of the transformer will receive the PWM signal itself, while the 

two switches on the secondary side will always get 1 after it goes through the logical block. 

Thus, in this mode, the four switches on the primary side will operate in sequence according 

to the PWM signal while the other two switches on the secondary side will always stay 

closed in this whole operating mode.  

Although it is the same as in the buck mode, the comparator this time will give out a 

signal 0. The four switches on the primary side of the transformer will always receive the 

signal 0 to stay turned off while the two switches in the secondary side will get the PWM 

signal itself from its corresponding PWM block after it goes through the logical block. Thus, 

in this mode, the four switches in the primary side will always stay off while the other two 

switches will operate in sequence in this whole operating mode.  
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With a proper coordination of the two control block, the proposed circuit can operate 

as the expected step up and step down full-bridge converter, depending on the input PV 

voltage.  

3.5 Design Procedure and Example for the Proposed Circuit 

3.5.1 Design Procedure 

Given the input voltage range, Vin, output desired voltage, Vout, switching frequency, 

fs, load current, Iload, assuming 100% efficiency and continuous current in the inductor, the 

duty cycle, D, of the power MOSFET is given by (3.16), and the switching period T, is given 

by the inverse of frequency fs, as in (3.17). 

{
 
 

 
 For step − up mode:D =

Vc

2Vin
Ns
Np

For step − down mode:D = 1 −
|𝑉𝑐 |

2Vin
Ns
Np

 (3.16) 

T =
1

fs
 (3.17) 

In a design, the specifications for the six MOSFETs in the buck-boost full-bridge 

converter need to be decided using the above parameters. The switching speed for the six 

MOSFETs should be sufficient such that the turn-on and turn-off transient times are much 

smaller than T. In addition, the drain-source voltage rating of the power MOSFETs must be 

larger than Vin, and the drain current rating must be larger than Iload. The larger the ratings 

chosen, the more robust the design will be. However, high ratings require MOSFETs that are 

large and therefore more expensive. Typically, the Vds voltage rating is chosen to be about 
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twice as large as Vin, leaving some safety margin in the design. Another factor that may need 

to be considered when choosing the six power MOSFETs is the switching loss, which can be 

larger than the conduction loss. Thus MOSFETs with faster switching speeds, and therefore 

smaller die size, are preferred. However, due to the partial power processing method, the 

switching losses may not be a problem that affects overall efficiency of the proposed 

converter.  

For the high frequency transformer design, assume the turns ratio of the transformer 

is Ns/Np=1/3.  

After selecting the MOSFET switches and the transformer, the filter inductor value 

must be determined. The average current in Lout is the same as average current in the load 

since the average current in the capacitor is zero. Thus, the critical inductance value for 

continuous current mode is given by (3.18), where Rl in the equation represents the 

resistance of a resistive equivalent load, given by (3.19). In order to produce a smooth output 

current, the filter inductor is usually chosen to be twice as large as Lcri, or even larger if the 

volume and the cost of the inductor are tolerable. 

Lcri =
1 − 2D

4
TsRl (3.18) 

Rl =
Vout
Iload

 (3.19) 

The last component to be chosen for the power stage circuit is the capacitor. The 

minimal capacitance value, Cmin, is given by (3.20), where L is the chosen inductance value 
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and Krip% is the allowed maximum output voltage ripple. A capacitance of 1.5 to 2 times 

Cmin is typically selected.  

Cmin =
1 − 2D

32Lxfs
2(Krip%)

 (3.20) 

3.5.2 Design Example 

Using the design procedure provided above, the power stage design for the full-

bridge converter was completed. The proposed step-up/step-down full-bride converter is 

designed for solar power application, which converts a 25V-40V PV input voltage to a 33V 

constant output at a switching frequency of 100kHz and a load current of 10A. A list of 

circuit parameters are summarized in Table 3.2. Values of the inductor and capacitor are 

chosen according to the CCM operation and standard E24 values for circuit elements, as 

given in Appendix A. The PV panel model built in section 3.2 is chosen for the simulation of 

the proposed circuit. In this case, the input voltage of the PV panel changes from 25V to 40V 

according to different levels of irradiance. Therefore, the designed DC-DC converter need to 

continuously adjust the voltage levels and moves the operating point to match the load to PV 

source to get the desired constant output voltage.  
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Table 3.2 The parameters in the design of the full-bridge step-up/step-down circuit 

 

 

 

 

 

 

 

 

 

 

 

 

The design parameters used in the PI control loop are given in Table 3.3. Once the 

control signal is obtained from the dual-control loop, two conventional PWM controls are 

implemented according to different operating ranges of the duty ratio for each operating 

mode (step-down mode: 0 ≤ 𝐷 < 0.5, step-up mode: 0.5 ≤ 𝐷 ≤ 1). Thus, the operating duty 

cycle is determined by the operation mode of the converter and the proposed converter with 

PWM control can achieve a very high efficiency at high operating frequencies.  

Table 3.3 The design parameters in the PI control loop 

Parameter Value 

KP 0.012 

KI 800 

Parameter Value 

Switching Frequency, fs 100kHz 

PV input Voltage, Vin 25V-40V 

Desired output Voltage, Vout 33V 

Output Load Current, Iload 10A 

Input capacitor, Cin 1mF 

Turns ratio, Ns:Np 3:1:1 

Leakage inductance, Lleak 5uH 

Magnetizing inductance, LMag  500uH 

Output filter capacitor, Coutf  100uF 

Output filter inductor, Loutf  2uH 

Maximum output voltage ripple 54.3mV 
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3.6 Summary 

In this chapter a high efficiency FB step-up/step-down PWM DC-DC converter 

operated with a code-based MPPT algorithm has been proposed for the PV array system. In 

addition to the circuit, the steady-state operation of the converter has been analyzed to fully 

characterize its operation and the design equations. The design procedure and design 

example have also been presented. 

This proposed converter topology is suitable for PV cells application, which is 

subject to its operating temperature and irradiation. This topology can convert voltage from 

PV cells to a regulated DC output voltage that is higher or lower than the input. The 

converter's operation modes in one switching period are described step by step. Furthermore, 

a dual-loop control scheme has been proposed to regulate the dc-link voltage at its reference 

output by means of tracking the selection signal. The conventional PWM control algorithm is 

fulfilled by a PI controller. Moreover, switching losses can be greatly reduced using the 

partial power processing method and high efficiency can be achieved. The proposed circuit 

and its control scheme have been implemented in software PLECS and several simulations 

have been performed under different input operating conditions in Chapter 4.  
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Chapter 4: Simulation Results of the FB Step-up / Step-down Converter 

Circuit 

4.1 Overview 

The proposed converter has the advantages of simplicity, high efficiency, accurate 

maximum power point tracking (MPPT), and low cost. High efficiency is achieved by having 

a portion of the input PV power directly fed forward to the output without being processed 

by the converter. The operation of this converter allows for a simplified maximum power 

point tracker design using fewer measurements. The 100kHz proposed circuit was built in 

PLECS to confirm the theoretical performance analyzed in detail in Chapter 3.  

In this chapter, performance of the proposed closed-loop controller for the converter 

circuit is presented in Section 4.2. It is used to regulate the input PV voltage to get a constant 

output dc-link voltage when external factors are changing. Next, the performance for the two 

different modes of operation for the proposed circuit with its partial power processing 

method are analyzed in detail in Section 4.3 and Section 4.4, respectively. These sections 

include simulation waveforms using PLECS (Piece Wise Linear Electronic Circuit System) 

and power analysis of the distributed PV system comprised of the proposed DC-DC 

converters. The performance of three proposed distributed modules connected in series to 

achieve the desired input dc voltage to the inverter are investigated in Section 4.5. 

4.2 Closed-loop Control 

The proposed full-bridge step-up/step-down with partial power processing circuit for 

solar power application was simulated using PLECS. As shown in Figure 4.1, the simulated 
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system consists of the PV array built in Chapter 3 and the converter operated with a MPPT 

algorithm at switching frequency of 100 kHz. The output of the PV panel module is partly 

fed to the isolated full-bridge partial power DC-DC converter while the rest is directly 

feeding to the output side. The current load used in the model is for simulation purposes. The 

MPPT controller is designed to track the maximum power output, while the closed-loop 

controller is used for output voltage regulation with variation of input PV power.
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Figure 4.1 The full-bridge step-up/step-down with the partial power processing simulation circuit  
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A voltage mode PWM controller was designed to regulate the output voltage of 

the step-up/step-down full-bridge converter. The dual-loop controller and full-bridge 

converter are illustrated in Figure 4.1. Figure 4.2 shows the output voltage maintaining 

performance with the variation in ambient temperature T and the irradiance G is fixed at 

1,600 W/m2. The MPPT control ensures that the PV panel always operates at its MPP 

with the external condition changes. With the designed control block, it is clear that the 

output voltage is maintained constant at 33V with the change in input PV panel voltage 

when the temperature varies, and also the relationship 𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 + 𝑉𝑐  for partial 

power processing method can be easily verified from the simulation results. The average, 

value of the output at steady state is 33.000V.  



63 

t [s]

 

Figure 4.2 The simulation waveform of the output voltage, the voltage across the output capacitor 

with the change of input PV voltage 

Figure 4.3 shows the control signal received from the selection control block, and 

the gating signal of the 6 MOSFET switches (S1-S6), which switch at a fixed frequency, 

e.g. 100kHz. Above 0.3 seconds, temperature varies from 10 F to 65 F. Immediately, the 

system gives control according to the signal from the selection block to reach the 

reference output voltage. Four switching cycles of the PWM signal for the 6 MOSFETs 
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of the converter in two different operating modes are illustrated in Figure 4.4. It can be 

seen in Figure 4.4(a) that when the selection block gives a signal of 1, the four switches 

on the primary side will operate according to the PWM control signal, while the two 

switches in the secondary side will keep closed at the same time. In this case, the circuit 

operates in standard boost mode. Figure 4.4 (b) presents the buck mode operation with 

four switches in the primary side staying open and the two MOSFETs in the secondary 

side switching at 100kHZ frequency. 

To see this operation mode clearly in Figure 4.4(b)

To see this operation mode clearly in Figure 4.4(a)

 

Figure 4.3 The waveform from the control block: the selection control signal, and the two PWM 

signals for the four MOSFETs on the primary side of the transformer and the two MOSFETs on the 

secondary side of the transformer separately 
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(a) PWM signal for boost mode operation 

Figure 4.4 Four switching cycles of the PWM signal of the 6 MOSFETs in the converter 
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(b) PWM signal for buck mode operation 

Figure 4.4 Four switching cycles of the PWM signal of the 6 MOSFETs in the converter 

There are several advantages of voltage mode control. First, the circuit analysis is 

easier because the topology of regulator includes only a single-feedback loop, compared 

with current mode control, which includes two feedback loops in the regulator. Therefore, 

voltage mode control can make design and circuit analysis easier. Secondly, the use of a 

large-amplitude ramp waveform provides a good noise margin for a stable-modulation 

process, and a low-impedance power output provides better cross-regulation for multiple-

output supplies.  
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4.3 Partial Power Processing in Step-up Operation Mode 

When the circuit is in step-up operation mode, it is just a standard boost partial 

power full-bridge converter, simplified as shown in Figure 4.5. 
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Figure 4.5 Simulation circuit of the step-up mode as a standard partial power full-bridge converter with PI controller for PV system 
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Figure 4.6 clearly depicts the corresponding values for the transformer primary 

voltage Vpri and the current through the output inductor ioutL with the operation of the 6 

MOSFETs in the step up operation mode. From the inductor current waveform, it is 

easily noted that the circuit is operated in continuous conduction mode, and the average 

current in the output inductor is 10A, the same as the load current. Moreover, the output 

voltage equation from the theoretical analysis in Chapter 3, which predicts that Vout is 

always equal to the input PV voltage plus the voltage across the output capacitor, is 

verified by the simulation results. 

For the partial power processed method, the efficiency of the whole circuit can be 

quite high since only a small portion of the generated power will flow through the 

converter section, while most of the input power directly feeds forward to the output side. 

This reduces the pressure on the converter block design without compromising the 

overall conversion efficiency, which helps to reduce system cost.  

The average input power Pin over a switching cycle is given by (4.1). The input 

voltage over a small period of time can be considered as constant, regardless of the 

variations. Therefore it can be taken out of the integration operator, and the input power 

can be expressed as the product of the DC PV input voltage and the average input current. 

The same method to obtain the average power goes through the converter Pcon, is given 

by (4.2). 
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Pin =
∫ pindτ
t+T

t

T
=
∫ viniindτ
t+T

t

T
= Vin

∫ iindτ
t+T

t

T
= VinIin_avr 

(4.1) 

Pcon =
∫ pcondτ
t+T

t

T
=
∫ vinicondτ
t+T

t

T
= Vin

∫ icondτ
t+T

t

T
= VinIcon_avr 

(4.2) 

The power processed by the converter is given by (4.3). 

Fraction of Power Processed =
Pcon
Pin

100 (4.3) 
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Figure 4.6 Simulation results of the key waveform for the converter in step-up operation mode 
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All parameters remained unchanged for the two example simulation results except 

the input PV voltage value (28V and 31V respectively in Figure 4.7 and Figure 4.9). At a 

28V input voltage, the average input current of the proposed converter with closed-loop 

controller is 11.8025 A, and the average current going into the converter is 1.7898A. As a 

result, the average input power, the power processed by the converter, and the percentage 

of input power being processed by the converter at 28V input voltage are given by (4.4), 

(4.5) and (4.6) respectively. The voltage stress and current go through the switch as 

shown in Figure 4.8.  

Pin = VinIin_avr = 28V ∗ 11.8025A = 330.54W (4.4) 

Pcon = VinIcon_avr = 28V ∗ 1.7898A = 50.1144W (4.5) 

Fraction of Power Processed =
Pcon
Pin

∗ 100% =
50.1144

330.54
∗ 100% = 15.2% (4.6) 

Similarly, at a 31V input voltage, the average input current of the proposed 

converter with closed-loop controller is 10.6619A, and the average current going into the 

converter is 0.657578 A. As a result, the percentage of input power being processed by 

the converter at 31V input voltage is 6.2%. Therefore, with the input PV voltage 

becoming larger, the power processing by the converter is smaller, which means that 

more power is directly feeding forward at almost 100% efficiency. With this 

configuration, higher power handling capability and higher conversion efficiency can all 

be achieved. Therefore, the proposed circuit functions as expected. 
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Figure 4.7 Current performance of the proposed circuit at a input voltage of 28V 
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Figure 4.8 Device current and voltage stress (for 28V input voltage) 
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Figure 4.9 Current performance of the proposed circuit at an input voltage of 31V 

4.4 Partial Power Processing in Step-down Operation Mode  

When the circuit is in step-down operation mode, the four switches in the primary 

side are useless. In this case, the primary side is acting as a full-bridge rectifier, 

simplified as shown in Figure 4.10. 
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Figure 4.10 Simplified simulation circuit of the step-down mode with PI controller for PV system 
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In Figure 4.11, a detail of the output inductor current and the voltage on primary of 

the transformer in the step down mode is presented. The voltage gain of the regulated 

voltage Vc in this mode is always negative to give a step-down input PV voltage (in 

continuous inductor current conduction mode), given by equation (3.14), which is similar 

to the conversion ratio of an inverting full-bridge converter. The simulation results verify 

the theoretical analysis of the buck mode operation given in Chapter 3. For example, the 

output voltage is regulated at 33V as required. 
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Figure 4.11 Simulation results of the key waveform for the converter in step-down operation mode 
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In the last subsection, it was noted that the power processed by the converter is 

smaller with an increase in PV input voltage, meaning an increased efficiency for the 

whole circuit in the boost operation mode. The waveforms of the converter power 

performance with a 40V input voltage are shown in Figure 4.12. The voltage stress and 

current stress waveforms are shown in Figure 4.13.  

It is noted from the waveform that the output voltage of the converter can still be 

kept at 33V with the implemented control circuit. The average input current for the 

circuit is 8.2527A, and the average current going into the converter is -1.5818 A, which 

means a reversed direction of the current flow. As a result, the percentage of input power 

being processed by the converter at 40V input voltage is 19.16%. The converter can still 

achieve very high efficiency with only a small portion of power flow through the 

converter block.  

The target converter design for this application is an input PV voltage range of 

(28V-40V) with an output dc-link voltage of 33V. For this range of operation, additional 

simulations were run for the proposed circuit at input PV voltage in 1V increments from 

28V to 40V. The percentage of input power to be processed by the converter over the 

entire input voltage range, with a 33V output, can be calculated and these results are 

made into curves as a function of input PV voltage and provided in Figure 4.14.  



80 

t [s]

 

Figure 4.12 Current performance of the proposed circuit at a input voltage of 40V to keep a constant 

output voltage at 33V 



81 

t [s]

 

Figure 4.13 Device current and voltage stress (for 40V input voltage) 
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Figure 4.14 Percentage of input power processed by the converter vs. input voltage with a 33V output 

voltage 

4.5 Operation Performance for Proposed Modules in Series Connection 

The typical series-connected DMPPT for a PV power generation system used in 

this thesis is illustrated in Chapter 2, with a number of series-connected converters to 

obtain sufficient dc-link voltage. By using DMPPT converters, it is possible to regulate 

the PV string voltage to a fixed value, giving rise to the possibility of adding more strings 

or batteries to the system. A constant string voltage is also beneficial because it becomes 

possible to optimize the inverter design, size, and cost. 

The exact configuration of the system depends on the current and voltage 

requirements of the load. Matching of the interconnected panels with respect to their 

outputs can maximize the efficiency of the array. Due to the self-controlled PV modules, 
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there is no interconnection between PV modules, but there is interconnection between the 

associated DC-DC converters. Therefore, each PV module can operate at its own optimal 

power and current, and all the available energy in the PV array can be delivered.  

Generally, it is preferred that a solar array is built with all the same panels and is 

kept away from any shading. However, it is not easy to avoid shading in residential 

installations because of the change in sunlight direction throughout the day. Furthermore, 

obstacles such as trees, birds, and other constructions can cause partial shading. In this 

configuration, losses from shading of a single PV module are limited to that module; the 

performance of any other nearby unshaded modules is unaffected. Therefore, the overall 

system is only impacted to the extent that the single degraded module affects it.  

For this study, a 3-module PV series string was simulated under shaded 

conditions of the solar power. The same concept can be extended to a number of panels 

connected in series. Figure 4.15 shows the series connection of three self-controlled PV 

panels with the proposed DC-DC converter connected to each module. 
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Figure 4.15 The series-connected 3-module DMPPT PV system under mismatched conditions 

Because of the series connection, the output current of each module should be the 

same. Therefore, each converter output terminal voltage, Vdci, will share the string 

voltage according to the extracted maximum power from its individual PV module 

weighting by the global output power, given as:  

𝑉𝑑𝑐𝑖 = 𝑉𝑠𝑡𝑟𝑖𝑛𝑔
𝑃𝑝𝑣𝑖

∑ 𝑃𝑝𝑣𝑖
𝑛
𝑖=1

 (4.7) 

This means that the output voltage may have large variations when some panels 

are shaded. Therefore, the proposed DC-DC converter with the ability of both voltage 

step-up and step-down has the greatest flexibility for this application.  

Using the proposed DC-DC converter in the above subsections for the power 

stage, the theory was confirmed with PLECS of a DMPPT 3-module series PV-string for 
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mismatched solar insolation where the converter modules were integrated to individual 

solar panels, as in the setup shown in Figure 4.16. Each module block includes the buck-

boost power stage and a solar panel model with MPPT. Inputs to this block are solar 

irradiance and referenced string voltage. The block output is each DMPPT module 

voltage.  

The control algorithms include a main control loop for power point tracking that 

scans through all the allowed operating points of the PV panel and chooses the mode of 

operation that results in maximum output power. An inner loop within the control 

program adjusts the duty cycle of the switching converter in order to maintain the 

appropriate “string” PV conversion ratio. 



86 

 

Figure 4.16 Simulation model with 3-module DMPPT PV system in PLECS 
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Table 4.1 shows the simulation results of the output voltage for each module 

when the three series connected panels have the same illumination. Notice that the 

DMPPT blocks are able to successfully track the maximum power point of three 

interconnected modules while effectively preserving stability. The maximum power 

produced by all the panels is equal as they are equally illuminated. When they are 

connected in series, all the panels contribute power to the load. Thus, the output voltage 

of the module is equal at 26.33V, which means they equally share the string voltage 

(26.33 × 3 ≈ 79𝑉). When these three panels are not equally illuminated, the power 

contributed by individual panel will be different, leading to different output voltage of 

each panel.  

Table 4.1 String voltage sharing performance of the three series-connected modules with the same 

insolation level 

The Panel Output Voltage [V] Voltage 

Vdc1 26.33V 

Vdc2 26.33V 

Vdc3 26.33V 

Vstring 79V 

Figure 4.17 shows the characteristics of the DMPPT PV system consisting of 

three series connected panels where each panel receives different illumination,  for 

example if unshaded Panel-1 receives 100% illumination (operating at a nominal 

irradiance of 1000 W/m2 and cell temperature = 45°C), shaded Panel-2 receives 70% 

illumination, and Panel-3 receives 50% illumination.  
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Figure 4.17 Characteristics of the 3-module series connected DMPPT PV system with different 

illumination 

Table 4.2 shows the share of output string voltage of the three modules for shaded 

conditions, and Table 4.3 shows the corresponding input PV voltage. Each converter in 

the series string operates with the same current Istring, and the converter output voltages 

automatically adjust according to converter powers. Therefore the output voltage Vstring 

can be held constant at the referenced voltage 79V, allowing the downstream inverter to 

be designed to operate with a regulated dc input voltage. 
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Table 4.2 String voltage sharing performance of the three series-connected modules with different 

insolation levels 

The Panel Output Voltage [V] Voltage 

Vdc1 36.65V 

Vdc2 25.09V 

Vdc3 17.27V 

Vstring 79V 

Table 4.3 Input PV voltages of the 3 modules at different insolation levels 

The Panel Output Voltage [V] Voltage 

Vdc1 36.65V 

Vdc2 25.09V 

Vdc3 17.27V 

Vstring 79V 

The dedicated DC-DC converter of each panel tries to regulate the output voltage 

according to the maximum input power. The output voltage of Panel1 will increase until 

it reaches its target voltage. At the same time, the output voltage of Panel2 and Panel3, 

Vdc2 and Vdc3, will drop because the three converters’ output terminals share the string 

voltage, which remains constant. Finally, the DC string voltage reaches the regulative 

reference string voltage (Vstring,ref=Vdc1+Vdc2+Vdc3=79V). At the steady-state condition, 

the three PV modules provide three different maximum output power, and the three 

distributed converter modules actually share the string voltage according to their power 

(Vdc1=36.65V, Vdc2=25.09V, Vdc3=17.27V). 

This section presented the simulation of string performance of the proposed DC-

DC converter. The simulation results further verified the suitability and flexibility of the 
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proposed converter be applied to the series connected DMPPT solar power system. First 

the converter can function reliably without communications between modules, especial in 

mismatched conditions. Second, the MPPT algorithms of adjoining modules are 

effectively decoupled, substantially reducing interactions and stability problems. Third, 

the autonomous control algorithm naturally allows a central inverter to operate at a fixed 

voltage, with potential savings in inverter cost and efficiency. 

4.6 Summary 

Simulation results for the proposed step-up/step-down full-bridge partial power 

circuit were presented in this chapter. The full-bridge converter with the designed closed-

loop controller is the application for PV panel under varying environmental and weather 

conditions. The PWM controller is used during the power handling stage. The PWM 

voltage regulation control algorithm is fulfilled by a PI controller. With the proposed 

control circuit, the circuit is able to perform both step-up and step-down modes. The 

simulation results clearly demonstrate the operation of the two different modes. The 

percentage of input power processed by the converter is also calculated and concludes 

with a curve as a function of input PV voltage. Due to this partial power configuration, 

the proposed circuit enables a high efficiency for the whole circuit with most of the input 

power (at least 81.84%) directly feeding forward. Thus, the simulation results which 

show the maintaining performance of the proposed converter operated at either step up or 

step down mode means that the proposed converter can fulfill the design objectives of 

this thesis. 
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The proposed DC-DC converter was then applied to a 3-module series string 

simulation for mismatched solar insolation. The performance of the DMPPT PV system, 

which can compensate for the shading effect and the PV module mismatching as well as 

to increase the overall output power, was also presented. 
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Chapter 5: Conclusions and Future Work 

5.1 Conclusions 

The traditional CMPPT system was introduced in this thesis. However, in case of 

solar irradiation mismatch, this configuration usually fails to track the absolute maximum 

power point. Moreover, even when the CMPPT system is able to track the global 

maximum power of the mismatched PV field, such a power is lower than the sum of the 

available maximum powers of the mismatched modules. To solve this problem, DMPPT 

overcomes the drawbacks associated with mismatched solar irradiation and achieves the 

absolute maximum power output. 

In this thesis, series and parallel configurations of distributed PV panel systems 

were introduced, with the advantages and drawbacks of each system examined in detail. 

The series connection was selected in this thesis for the DMPPT system, primarily due to 

the inherently low voltage stress on the converters. Moreover, the concept of partial 

power processing was presented, including a comparative evaluation of conventional DC-

DC converter topologies to be applied in distributed PV plant architectures. 

A novel full-bridge DC-DC converter with partial power processing for a PV 

input voltage range from 25V to 40V was presented that can enable both step-up and 

step-down functions. The proposed circuit was modified from the standard full-bridge 

partial power circuit with a newly designed dual-loop control scheme. Due to the partial 

power configuration, the proposed converter fed forward a minimum of 81.84% of the 

input power directly to the output side in the worst case when the input PV panel voltage 
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is at 40V.Therefore, only a maximum of 18.16% the input power is processed by the 

proposed converter. Using previously published work at 95% efficiency for a similar DC-

DC converter, with the proposed configuration, when only about 18.16% of the input 

power is processed by the converter, the overall efficiency can be expected to be above 

98%.  

A three module series connected DMPPT system with the proposed converter was 

simulated using PLECS. The simulation can be extended into longer strings of self-

controlled PV modules connect in series. They are all commonly connected to the grid-

connected inverter with a constant 79V dc-link voltage. Two different conditions were 

simulated: equal illumination and varied illumination between panels. In both cases, the 

three PV panel modules shared the 79V output dc-link voltage according to their 

independent maximum power produced. The newly proposed converter with the flexible 

voltage range can serve the needs in this series DMPPT PV system where both step-up 

and step-down modes are required. 

5.2 Summary of Contributions 

The objective of this thesis is to propose a novel full-bridge step-up/step-down 

DC-DC converter topology that can be applied to distributed photovoltaic (PV) plant 

architecture systems, and can minimize the conversion losses to greatly improve the 

efficiency of solar power systems. Simulation results were presented to prove that the 

proposed converter circuit meets the design specifications and manages to increase the 

efficiency of the full-bridge converter for solar power systems. The novel contributions 
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proposed in this thesis are primarily based on the proposed full-bridge buck-boost 

converter implemented with partial power processing.  

A high efficiency step up and step down full-bridge PWM DC-DC converter 

operated with a MPPT algorithm was first proposed. Based on the standard full-bridge 

partial power converter, the proposed converter uses two additional MOSFETs in series 

with a diode in the secondary side of the transformer. The circuit allows a wide input 

voltage range, while overcoming the disadvantage of the traditional full-bridge 

implemented in a partial power arrangement, where the output voltage can only be 

greater than the input. Due to varied solar irradiation, the output power of the PV array 

can vary and needs to be shared between the DC-DC converters in series. With the 

proposed control circuit, the converter is able to choose the proper operation mode 

according to the power portion needing to be shared. Thus, this proposed DC-DC 

converter can regulate a constant dc-link output voltage under the various operating 

conditions of a PV panel.  

Furthermore, a dual-loop controller using logic and PI control was implemented 

and applied to the proposed full-bridge step-up/step-down converter in the PV system 

with MPPT control. The Incremental Conductance method was applied to the converter 

in order to track the output power of the PV array. The conventional PWM control 

algorithm is was implemented with a PI controller to achieve a fixed DC bus voltage, 

therefore simplifying the MPPT implementation. Furthermore, the conversion losses are 

decreased by having a portion of the input PV power directly fed forward to the output 

without being processed by the converter. The operation of this converter allows for a 
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simplified maximum power point tracker design using fewer measurements. Thus, these 

advantages result in the potential improvement of efficiency, size and cost. Finally the 

proposed converter circuit can be used in cascaded connections in a distributed solar 

power system. In this case, the voltage change for each converter is narrowed down to 

near the panel voltage instead of from the panel voltage to directly dc-link voltage, such 

as 300V. 

5.3 Future Work 

The following future work is recommended: 

1. Hardware implementation 

In this thesis, the simulation software PLECS was used to verify the proposed 

circuit.  Although the simulation results prove the feasibility of the circuit and the 

potential for greatly improved efficiency of the full-bridge buck-boost converter, there 

may be unexpected problems occurring in the real circuit, requiring modifications to the 

proposed circuit.  

2. Control applications 

The proposed control circuit was designed for the two PWM control block at 100 

kHz, 28-35V input, 33V output system, which is hard to apply to real hardware 

applications. It is worth trying to make some adjustments so that the proposed control 

circuit can be extended to digital applications.  

3. Module communication  
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Usually, 10–20 of the distributed PV modules equipped with the proposed 

converters simulated in this thesis are connected in series to achieve the desired value of 

the inverter’s DC input voltage. The main causes that limit the efficiency of distributed 

system are the number of PV modules and dedicated DC-DC converters in a string, the 

atmospheric operating conditions characterizing each PV module (irradiance and 

temperature values), the voltage and current ratings of the physical devices the DC-DC 

converters are made of, and the adopted DC-DC converter topology [97]. The simulation 

results in the thesis confirm the validity of the proposed DC-DC converter topology. 

Further work is in progress to identify the remaining factors and also a special control 

schematic to help balance the DC voltage and the communication between each module.  
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Appendix A: E24 

E24 is one of the standard ranges set by Electronic Industries Association (EIA) with 

a tolerance of 5% for passive component values. The numbers in the table are the 

available values for each decade. 

Table A.1  Preferred values for passive circuit components 

E24     (5%) 

10 11 12 13 15 16 18 20 

22 24 27 30 33 36 39 43 

47 51 56 62 68 75 82 91 

 

 


