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ABSTRACT

Solar energy is one of the most useful sources of sustainable energy. Intermittency

negatively affects the efficiency and reliability of solar power. To mitigate such a

problem, a power electronic converter is used to enhance the solar power generation

capability, such as detecting faulty solar photovoltaic (PV) cells to be eliminated

from the solar system or tracking the maximum power point (MPPT). Other advantages

of power converters are integrating energy storage systems (ESS) with the solar

energy system and managing power flow.

Solar cell power performance is greatly affected by two critical factors, aging and

cracks. In order to mitigate their negative effects on the solar system, these cells

are to be substituted by new cells; therefore, replacing the solar panels. In this

research, an active crack detection method is proposed that can detect the cracked

cells within a solar string by using AC parameter characterization without a need

to have a physical inspection.

In this research, an analog voltage-based MPPT algorithm for individual PV

module is proposed and experimentally verified. The maximum power points of

solar cell can be joined by an approximately linear line. The slope of this line varies

depending on the type and characteristic of the panels. Utilizing this characteristic,

a bipolar junction transistor (BJT) is used to implement a variable voltage reference

as the DC load line of the BJT can be designed to match the MPP line of the PV

panel. This improves the accuracy of the maximum power point reference voltage

without the need for a digital controller or PID controller.

This research also proposes two novel compact three-port converters. The proposed

converters are used to interface a PV module, battery and load. The proposed

converters are able to achieve MPPT, battery power management and output voltage

regulation simultaneously. The first converter can be used for a stand-alone system

or in a microgrid structure. The second converter is useful when bidirectional power

flow is needed at the output port for some applications, such as grid-connected



solar system and electric vehicle where regenerative braking is used. Each converter

combines three converters to form one integrated converter by sharing some components

such as switches, inductors and capacitors. Thus, the converters have a high power

density and fewer components compared to the traditional DC-DC converters. The

integrated PV-battery system is the promised solution for both intermittency and

the unpredictable load demand.
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TPHBC Three-port Half-bridge Converter

TPHBC-PR Three-port Half-bridge Converter with Post Regulation

TPHBC-SR Three-port Half-bridge Converter Synchronous Regulation

TPHBC-PF Three-port Half-bridge Converter with Primary Freewheeling

SSPS Secondary-side Phase-shift

FB-TPC Full-bridge Three-port Converter
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Pmpp Solar cell power at the maximum power point

Isc Solar cell short circuit current

Voc Solar cell open-circuit voltage

Iph Solar cell light-generated current

Df Forward-biased diode

Rsh Shunt resistance
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Cp Parallel capacitance
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Ki Temperature coefficient of the short circuit current

T Temperature
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G Irradiance
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Vt Diode thermal voltage
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Ns Number of series cells
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I0 Diode reverse saturation current
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Chapter 1

Introductions

1.1 Renewable Energy

The world’s population was 2.5 billion in 1950. It, however, reaches 7.6 billion

as of mid-2017, and it is predicted to become 9.8 billion by 2050 and 11.2 billion by

2100 [105]. Due to this growing number and the worldwide development, the demand

for energy has surged in the commercial, industrial, agricultural and domestic sector.

According to [79], total world energy consumptions will rise from 549 quadrillion

British thermal units (Btu) in 2012 to 815 quadrillion Btu in 2040, which is an

increase of 48%. This high demand for energy has led to an energy crisis in recent

years as electrical energy becomes an essential requirement for human lives [95].

In fact, most of the energy is generated by burning traditional sources of energy,

such as fossil fuels: coal, oil and natural gas. In fact, these traditional energy sources

cannot be replenished in a short time, so it is likely that these resources will run out

in the near future. Thus, the cost of generating energy from traditional sources will

continually increase [58]. In addition to the increasing concern of the traditional

sources of energy shortage, burning of fuel is considered a major cause of many

environmental problems, such as global warming and air pollution. It is expected

that the world carbon dioxide emissions (CO2), caused by generating energy, will

rise from 32.2 billion metric tons in 2012 to 43.2 metric tons by 2040 [79]. Carbon

dioxide is one of the greenhouse gas that has causes global warming.

An overwhelming need for renewable energy sources, including wind, solar, geothermal,

biomass and hydropower energy have arisen in the world to solve these energy



2

Fig. 1.1 : Solar energy capacity all over the world [85].

issues [17]. Generating electricity from renewable energy sources has increased

dramatically in recent years, and it has been the fastest growing source of energy

because it is abundant in nature, efficient and environmentally friendly [19]. The

total electricity generated from renewable energy increases by 2.9% every year.

Renewable energy generated about 22% of the world electricity in 2012. It is

expected that this will increase to approximately 29% by 2040 [79]. Among the

renewable energy sources, solar energy is one of the fastest growing forms of renewable

energy sources due to its low price, long life span, low maintenance and easy

installation. As shown in Fig. 1.1, during 2017, approximately 98 GW of solar

power capacity was added, an amount equivalent to installing 40,000 solar panels

every hour a year [85].
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1.2 Background of Solar Energy Generator

The photovoltaic (PV) power system is widely accepted nowadays due to its

clean, quiet and durable features. A solar cell or photovoltaic (PV) cell is a semiconductor

electrical device used to convert solar radiation energy to electrical energy by the

photovoltaic effect [108]. In the PV cell, the positive P-type layer and the negative

N-type layer are joined together to form a “PN-junction”, and once it is exposed to

the solar radiation, the electrons start moving and generating direct current (DC)

as shown in Fig. 1.2.

In order to harvest the maximum power from the solar system, there is a need

to study its main component’s behaviour and characteristic, which is the solar cell.

For each solar cell, the relation between the voltage and current can be presented

by the I-V and P-V curve. These two curves are nonlinear, as shown in Fig. 1.3.

The P-V curve represents the relation between the power and voltage for the I-V

curve by multiplying the voltage by the current for each point. The I-V curve looks

Fig. 1.2 : PV cell structure [48].
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PMPP

VMPPVoltage

IMPP

Fig. 1.3 : I-V and P-V curve for PV cell.

similar to the I-V diode curve, but it is inverted because the output current of the

solar cell is complimentary to the diode and the shunt resistor current, according to

the mathematical model of the solar cell, [27,74]. The x-axis represents the voltage

of the PV cell for both curves, and its value ranges between zero, if there is no

solar radiation, to the open circuit voltage Voc of the solar cell. For the I-V curve,

the y-axis represents the current of the solar cell, and its value ranges between zero

to the short-circuit current ISC for the given cell. The y-axis for the P-V curve

represents the generated power, and its value ranges between zero to the maximum

power PMPP .

The amount of energy that is harvested from one solar cell is too small. Therefore,

some of the cells with identical characteristics should be connected together as a

string to form a solar module or panel. The number of cells in each module varies,

and it depends on the desired output voltage and power. If more than one module are

connected in series, they will form a string. If the strings are connected in parallel,
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then they will be called a solar array [123]. Fig. 1.4 illustrates the difference between

the cell, module, string and array.

The solar system can be grid-connected or a stand-alone power system [46,

119]. In the grid-connected photovoltaic power system, the PV generator system is

connected with the utility grid through a power inverter and utility equipment. This

power system comes in a small range as a residential rooftop system, or it might

come in a large scale as a solar power plant. In the stand-alone power systems, the

power generated from the PV generator system is used to feed the load in the rural

areas where the utility grid is not available. The stand-alone power system is also

useful for different applications, such as a solar vehicle, space, road and emergency

signs, solar water pumps, meter reading, etc. Most of the time, the storage battery

is used with stand-alone power systems.

1.3 Background of Power Converters

The power generated from the renewable energy source rapidly changes. The

solar power can drop in seconds if the solar cell is exposed to shading, a phenomena

a) b) c) d)

Fig. 1.4 : Solar system structures: a) Cell. b) Module/Panel (cells in series). c) String (modules in series). d)

Array (Strings in parallel).
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known as intermittency. Also, the efficiency of the photovoltaic panel is still low. It

is reported in [98] that only 22.7% of the solar radiation can be converted to solar

energy. Therefore, the maximum power point tracking (MPPT) algorithm is needed

to get the most power possible from the PV sources. Power electronics converters

are used to interface the renewable energy sources, a storage element and load [111].

Typically, the DC-DC power converter is used to track the maximum power point

(MPPT), regulate the DC bus voltage and manage the power flow between the ports.

The size and design of the power converters are varied depending on the solar

system size and its architecture. The solar system can be formed in the following

main architectures [123]:

• Centralized DC/AC inverter structure.

• String DC/AC inverter structure.

• Multi-string inverter structures that can be arranged as:

∗ Centralized DC/AC inverter with centralized DC/DC converter structure.

∗ Centralized DC/AC inverter with string DC/DC converter structure.

∗ Centralized DC/AC inverter with string DC/DC optimizer structure.

• Detached microinverter or the AC module structure.

Fig. 1.5(a) shows the centralized DC/AC inverter structure. The PV modules

are series-connected into a string to obtain a high voltage. Then, multi-strings are

parallel connected into an array. A blocking diode is needed for each string to prevent

the current flowing between the strings. The centralized DC/AC inverter links the

array with the DC bus. In this structure, there is no need for a DC/DC converter.

Thus, the inverter is responsible for MPPT and grid regulation at the same time.

In this configuration, a high voltage inverter is needed. This structure is used for
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a)

DC/AC
Inverter

b)

DC/AC
Inverter

DC/AC
Inverter

Grid Grid

Fig. 1.5 : Solar system architecture: a) Centralized DC/AC inverter. b) String DC/AC inverter.

utility-scale PV power plants up to 1MW. The string DC/AC inverter structure,

Fig. 1.5(b), is similar to the centralized DC/AC inverter structure. However, the PV

panels are series connected into a string, and the inverter needs to handle the MPPT

and voltage regulation at the string level. This structure is used for residential

applications in which the typical power capacity is from 1 kW to 10 kW [65]. There

are some limitations for the two mentioned structures, such as power loss during

partial shading due to using one centralized MPPT for all panels, mismatch loss

between the PV modules, and losses in the string diode [1].

The centralized DC/AC inverter with centralized DC/DC converter structure

[40], Fig. 1.6(a), and centralized DC/AC inverter with string DC/DC converter

structure [20], Fig. 1.6(b), are the modified version to the centralized DC/AC

inverter structure and string DC/AC inverter structure, respectively. Nevertheless,

a DC/DC converter is cascaded with the inverter. In these two structures, the

DC/DC converter is responsible for MPPT, and the inverter is responsible for the

grid regulation requirements. As a result, more control freedom is achieved.

The centralized DC/AC inverter with string DC/DC optimizer structure is similar
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a) b)

DC/DC
Converter

DC/DC
Converter

Grid Grid
DC/AC
Inverter

DC/AC
Inverter

DC/DC
Converter

Fig. 1.6 : Solar system architecture: a) Centralized DC/AC inverter with centralized DC/DC converter. b)

Centralized DC/AC inverter with string DC/DC converter.

to the centralized DC/AC inverter structure [60]. However, a DC/DC converter

is integrated into each PV module, as shown in Fig. 1.7(a). The optimizer is

able to achieve the MPPT into a PV module level. Thus, the significant power

losses that may happen when mismatch or shading occurs is eliminated. In the grid

microinverter (detached microinverter), Fig. 1.7(b), a small inverter is integrated

into the PV module similar to the optimizer in the previous structure. The PV panel

in this structure could be parallel connected to the grid, or it may be stand-alone

for low power applications. Nevertheless, there is no need for a central inverter,

and the PV modules are not required to be identical. Other advantages for this

structure is that any failures in the PV panel will not affect other panels in the

same system [18], and a battery storage element can be integrated into a PV panel

if a multi-port converter is used. The integrated inverter structure helps to facilitate

plug-and-play.

Due to the intermittent nature of the renewable energy, the power generated

from the solar system is not able to supply the instantaneous demand. The power

converters are used to track the MPP to support the maximum power possible to
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Fig. 1.7 : Solar system architecture: a) Centralized DC/AC inverter with string DC/DC optimizer. b) Grid

microinverter.

the load. Even with a highly efficient maximum power point tracker, the converter

will not be able to supply the load if the solar energy is not sufficient. An energy

storage system (ESS) or supercapacitor (SC) are required to continuously supply

power to the load and improve the reliability of the overall system [16]. In this case,

more than one converter is required to manage the power flow between the solar

panel, battery and load, causing more power losses and bigger system structure. In

recent years, designing a multiport converter (MPC) and managing the power flow

between the ports became very attractive because the compact structure of MPC

reduces the cost and the mass of the system by sharing some components such as

switches, capacitors and inductors. It also increases the power density and system

reliability. Moreover, MPC uses central control, so less communication channels

are required compared to the traditional two-port units. Thus, no communication

delays or errors are caused [83,97].

1.4 Outline

An overview of the PV system and its required power converters are stated

in the previous sections. According to the literature survey, there is a space to
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improve the power quality and reliability of the solar system, either by harvesting

the maximum power from the solar system or by utilizing the energy storage system.

The organization of this thesis is listed as follows:

In Chapter 2, static and dynamic behaviours of cracked PV panels have studied

to evaluate the impact of the crack on the cell, string and system level. The

failure mechanism of independent PV string and its effects, potential risks and

criticality are experimentally studied. The dynamic behaviour of the solar cell and

its mathematical equations are carefully derived. A novel technique to detect the

cracked cell has proposed, and experimental studies are carried out. Finally, the

effect of the cracked cell has been examined on the system level by comparing the

generated output power from parallel and series-connected solar panels, and the

generated output power from the cracked panel. The generated output power is

compared as well to the output power generated from the partially shaded panel

with and without bypass diode.

In Chapter 3, a simple and cost-effective analog BJT-tuned voltage reference

maximum power point tracking (MPPT) method for photovoltaic (PV) modules

is proposed. In this chapter, MPPT algorithms are reviewed, then the proposed

analog MPPT circuit with an improved tracking accuracy for PV modules are

experimentally verified. The algorithm is voltage-based, and it uses a BJT-tuned

circuit to better model and track the I-V characteristics of the PV module.

In Chapter 4, a literature review for the multi-port converter is presented. The

literature review includes isolated, non-isolated and partly- isolated converters. In

this chapter, a comparison between these converters is presented in order to select

the suitable topology to integrate the PV with energy storage system (ESS).

In Chapter 5, a new non-isolated three-port DC-DC converter (NITPC), to

integrate a battery storage with a PV module is proposed. In addition to the
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traditional MPC advantages, the proposed design has many other advantages, such

as harvesting a maximum power from the renewable energy source by achieving

maximum power point tracking (MPPT) and boosting the output voltage to a

high voltage level by cascading the PV module, battery and coupled inductor.

Other advantages of the proposed circuit include using one-stage conversion, less

component voltage stress and low operation duty ratio. Moreover, the converter

continually supplies the load and regulates the output voltage by managing the

power flow between the ports at any time during day-time, even under changing

weather, partial shading and unpredictable output demand for standalone PV system.

The converter, in fact, is able to supply the load and regulate the output voltage

during night-time.

In Chapter 6, a new high step-up non-isolated three-port DC-DC converter (HS-

NITPC) is proposed. The converter is designed to integrate a solar panel with

battery storage in order to boost its voltage, reduce the effect of solar energy

intermittency and enhance the solar power performance under unpredictable load

demand. The converter combines three converters to form one integrated converter

by sharing some components. Thus, the converter has a high power density and

fewer components compared to the traditional DC-DC converters. The coupled

inductor is used to achieve a high output regulated voltage, transfer energy among

the ports and facilitate maximum power point tracking for the solar panel. A

hardware prototype was built and tested to verify the proposed circuit at 180 W

input power. The proposed converter is suitable for stand-alone or grid-connected

solar system. Moreover, it could be used in the electric vehicle where regenerative

braking is used.

Finally, a conclusion summary and suggestions for future works are presented in

Chapter 7.
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Chapter 2

Static and Dynamic Behaviours of Cracked PV

Panels

2.1 Overview

2.1.1 Literature Review

Shaded and cracked solar cells have a significant effect on the power generated

from the solar system. The reason behind this effect is that during normal operational

conditions, all solar cells have similar characteristics and performances, and they

operate at forward-biased. Therefore, the current will flow smoothly. On the other

hand, the cracked and shaded cells may cause electrical isolation and discontinuity

due to operating at reverse-biased. As a result, the cracked and shaded cells will

have a different operating point compared to the normal cells, and this will cause

a power mismatch which produces hot spots that may damage the panel or lead to

melting of solder joints.

By referring to Fig. 2.1(b), the maximum power point of a normal PV cell

is at the top line (blue line). However, when the cell is cracked or shaded, the

operating point will drop to the lower line (red line). To reduce the effect of this

phenomenon, bypass diodes are connected in parallel in opposite polarity with each

solar module as shown in the Fig. 2.1(a), or it may be connected with the string for

some PV panels. This bypass diode will normally improve the system efficiency and

reliability [84]. When cells are unshaded and uncracked, each solar cell is forward

biased. As a result, the bypass diode will be reversed-biased. In other words, the

bypass diode will act as an open circuit, and all of the PV cells will have the same
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Fig. 2.1 : a) String PV modules in series with bypass diode. b) I-V and P-V curves of normal panels and one panel

with some cells cracked or shaded.

characteristics and P-V shape. When the cells are cracked and shaded, the solar cell

becomes reverse biased; and consequently the bypass diode will conduct, acting as

a short circuit. As a result, the current will not flow through the shaded or cracked

cell [94].

PV panels are considered relatively as reliable components with long service

life if compared to its interfaced power electronics circuits. Moreover, most of

the manufacturers provide a considerably long term output power warranty, which

guarantees within the warranty period that the output power of the solar panel

would be no less than 80% of minimum ‘Peak Power Standard Test Conditions’. For

example, Sharp Mono solar panel: NURC300 has a product warranty of 10 years

and linear performance of 25 years [91], and all solar panels from Solar Technology
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International Ltd have 20 year cell warranty and 10 year module warranty [69], etc.

However, some recent work claims that large power losses are induced by micro-

cracks, which significantly reduce the power efficiency of the panel and shorten

its lifespan [32]. The conclusion is obtained from 10 PV panels (Panel Model:

Romag SMT6 (60)P PV Modules with 25-year power output warranty) for a 7-year

operation at the University of Huddersfield, United Kingdom [33]. The measured

efficiencies of the two degraded panels with defects are 80.73% and 85.43% while the

efficiencies of other normal panels are between 97% - 99%. The panel with efficiency

at 80.73% indicates that it is approaching its end of life, which is much shorter than

the expected long lifespan.

Based on this concern, the micro-cracks failure mechanisms are reviewed [32,

62, 61, 49, 41, 36]. The cracks are most likely generated during the manufacturing,

transportation and installation stages. Furthermore, the mechanical stress such as

snow loads could increase the possibility of developing a large crack [62]. Kontges

states that the direct impact of the micro-cracks on the solar panel is limited, and

no losses occur when the separation area, due to micro-cracks, is under 8% [61].

However, if the inactive area continuously grows with the cracks to around 12%-

50%, the power losses increase almost linearly.

Load tests were conducted in [49] and [41], which were aimed at evaluating

the criticality of different types of cracks and predicting the losses caused by them

and their propagation, respectively. A high criticality is considered if the crack

has a high possibility to form an electrical isolated area of 16%-24% [49]. Results

in [41] indicate that cracks do not necessarily cause permanent electrical isolation.

Losing the electrical connection can be observed when the cell is under mechanical

stress. The connections, however, may be recovered after the stress is removed.

Both the results by [49] and [41], indicate that the cracks that are in parallel to

the busbar are the most critical ones, among several types of cracks, which not
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only a have high probability to form an electrical disconnection, but also have high

degradation percentages. In [36], an investigation of the impact of the snail trail

phenomenon and the micro-cracks on the solar panels is presented. The study

concludes that the micro-cracks play a significant role in the degradation of the

solar panel performance. The decayed panel performs at a lower maximum power

point than the value indicated in the datasheet due to reduced generation current.

2.1.2 Research Gap/Problem

The aforementioned research reviewed the failure mechanism, detrimental effects,

criticality, and potential risks of cracks on PV panels. The evaluations in most of

the above work are conducted through using the I-V and P-V curves to indicate

the output power generation capability, which is the static behaviour of PV panels.

Using an impedance spectroscopy is an alternative method to evaluate the crack

effect [24, 57, 56, 51], which reflects the dynamic behaviour of a cracked PV panel.

In [24], the dynamic impedance of a PV module is derived and verified which shows

dependency on bias voltage and frequency. In [57], a comprehensive PV cell model

is proposed, and the cell under reverse biased condition is analyzed particularly by

measuring both I-V curve and impedance. It is found that the partially shaded

or faulty cell becomes reverse biased and forms a hot-spot which will degrade the

cell performance. In [56], a method which uses dynamic impedance of a PV string

to detect hot spots is proposed. Changes of high frequency AC capacitance and

low frequency DC resistance are compared. In [51], impedance spectroscopy is used

to detect faulty and degraded PV cells, such as mechanical stress and PV cells

with interconnect ribbon disconnection. The Nyquist plots then compare with the

measured I-V curve.

Inspired by the studies above, the impacts of cracks appeared on PVs are firstly

studied to get a better understanding of their failure mechanism, detrimental effects,
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criticality and potential risks. In this study, the most common cracked cells are

mimicked by six crack scenarios; then, their effects have been reported. Secondly,

investigations not only from the static, but also from the dynamic side, to analyze

the relationship between the crack severity. The change of operation point in P-V

curve and also of the impedance are presented. Thirdly, an online technique to track

the cracked cells has been proposed by investigating the ac parameter of the solar

cell in the dynamic regime. The proposed technique can examine the cracked cell by

injecting a sinusoidal AC signal and monitoring its voltage and current to measure

the phase shift. Finally, the extent to which the cracked cells act on the degraded

performance of the PV panels has been studied. Thus, experiments focusing on

evaluating the output power performances of PV panel which include cracked cells

are conducted. In addition, the power performance of identical PV panels, some of

which are seriously cracked is presented for a different panel configuration with and

without a bypass diode.

This chapter is organized as follows: In Section 2.2, the cracked cells are reviewed,

and their impacts are analyzed. In Section 2.3, the solar mathematical module is

discussed, and its equations are derived. In Section 2.4, the proposed cracked solar

cells tracking technique is discussed and experimentally verified. In Section 2.5, the

experiment is conducted to evaluate the performance of PV strings with different

connection methods, followed by the conclusion in Section 2.6.

2.2 Review of Impacts of Different Crack Types on PV Panel

Output Performances

Firstly, the static behaviour of the PV panel is reviewed in this section, and a

series of experimental works are conducted to investigate the impacts of different

crack types on their corresponding output performances. The measurements are

implemented in the laboratory where the ambient temperature is set to 25◦C. A
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60W solar panel which has 36 cells (Panel Model: Megavolt Solar MS-M60) is used.

The panel is reconfigured to form four independent strings, with each string having

nine cells in series. Due to the fact that cracks are formed and aggravated through

a long operation period, and not all crack types have significant impacts on the

PV panel power generation capacity, artificial cracks are made in this experiment

to mimic those serious decayed cracks. Two halogen lamps are used to simulate

the solar radiation. Six cases are analyzed to study the effects of different types of

cracked cell on the output power of the strings. The enlarged photos of a normal cell

and different cracked cells are shown in Fig. 2.2. The scenarios are listed as below:

• One string with no cracks (Fig. 2.2(a)): this string generates I-V and P-V

curves under normal working condition, and it is used as a reference.

• One string with one cell horizontally cracked (Fig. 2.2(b)): one cell in the

second string has a hairline cut, and this cut is perpendicular to the busbar.

• One string with one cell diagonally cracked between busbar (Fig. 2.2(c)): one

cell in the third string is cut between the busbar, and it has a 45◦ angle.

• One string with one cell cracked diagonally outside the busbar (Fig. 2.2(d)):

this cut is similar to the previous cut, but outside the busbar (the cell effective

area is reduced by 0.25%).

• One string with one cell partially cracked between busbars (Fig. 2.2(e)): in

this case, two cuts, which are parallel and close to the busbar are made.

Although the cell is not fully isolated to the busbar, about half of the cell

area is eliminated.

• One string with one cell totally cracked (Fig. 2.2(f)): this cut is similar to

the partially cracked between busbars. However, two more cuts are made to

eliminate the whole cell from the string.
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Fig. 2.2 : Enlarged looks of a normal cell and five cracked cells in different PV strings: (a) No cracks. (b) The

horizontally cracked cell. (c) The diagonally cracked cell between busbar. (d) The diagonally cracked cell outside

busbar. (e) The partially cracked cell between busbar. (f) The totally cracked cell.
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The measured I-V and P-V curves of these six cases are plotted in Figs. 2.3

and 2.4 respectively. As can be seen, the worst scenario happens when a cell is

totally cracked, followed by a cell that is partially cracked. The completely cracked

cell means the cell loses the electrical connection to the busbar while the partially

cracked cell has limited effective area to generate current. Both of these cases show a

reduced current of the entire PV string. That is because of the structure of the solar

cell. The cell basically is a P-N junction, and the front layer is a negative layer while

the back layer is a positive one. In order to link PV cells in series, connections are

made by connecting the top layer of the first cell to the bottom layer of the second

cell, as shown in Fig. 2.5. The current flows between the two layers, hence, any cells

with serious cracks will affect the entire current path. Moreover, the temperature in

each case is monitored, to study the potential risk of hot spots caused by cracks.

Table 2.1 provides a summary of the maximum power, virtual power (the short

circuit current multiplied by the open circuit voltage), fill factor (FF), normalized

efficiency, and temperature of these six cases. The FF is the most important

parameter that defines the quality of a PV panel. The FF value can be calculated by

Fig. 2.5 : PV cell physical structure.
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Table 2.1 : A Summary of Maximum Power, Virtual Power, Fill Factor, Efficiency and Temperature of Six Different

Crack Types

Case Study(1 String with

9 Cells in series)

Maximum Power
virtual Power

(Ishort*Vopen)

Fill Factor Normalized Efficiency Temperature (◦C)

Normal String, no cracks 3.410 4.216 0.8089 1 27

1 cell horizontally

cracked

3.343 4.221 0.7920 0.98034 29

1 cell diagonally

cracked between busbars

3.338 4.195 0.7959 0.97891 29

1 cell cracked

diagonally outside busbar

3.209 4.043 0.7937 0.94093 30

1 cell partially cracked

between busbar

2.942 3.722 0.7904 0.86272 31

1 cell totally cracked 0.279 0.364 0.7677 0.08194 34

finding the ratio of maximum power over the virtual power which is used to define

the quality of a PV panel as described in (2.1).

FF =
Pmpp

IscVoc
(2.1)

where Pm is the maximum power and Isc short circuit current and Vop is the open

circuit voltage.

Higher FF value implies higher solar cell quality [62]. The results have shown

that, with the increasing of seriousness of a cracked cell in a PV string, the string

quality, maximum power generate capability and efficiency are reduced accordingly.

The room temperature is set to 25◦C, and the PV panel is cooled down before

doing the next experiment. The temperature increases possibly due to the halogen

lamps in the first case, and with the increasing level of cracks, the temperature rises

accordingly. Case 6 shows the string increases to 34◦C and the two neighboring cells
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increase to 31◦C, which possibly can be developed to a hot spot.

2.3 Dynamic Photovoltaic Modeling

The single-diode module [43, 11, 12, 93, 34, 10, 75, 73], as shown in Fig. 2.6(a), is

the most commonly used method to find the equivalent circuit of a PV cell. In most

cases, the PV cells, which are arranged in an array form, are connected to switch-

mode power converters to either track the maximum power point or regulate the

output voltage. These power converters increase the harmonics penetration due to

their switching frequency. The appeared ripple causes some dynamic characteristic

for the solar cells; therefore, the single-diode module becomes less accurate [13].

The PV cell is in fact a p-n junction semiconductor with parasitic resistances,

capacitance, and inductance. The large-signal model is more useful to study the

behaviour of the PV cell as the charge storage at the junction is considered under the

power mismatch that can be caused by the partial shading, aging, degradation and

cell microcracks [57,100,110]. The large-signal model shown in Fig. 2.6(b) consists

of a current source where the light-generated current Iph is directly proportional

to the solar irradiance, a forward biased diode Df , a shunt resistance Rsh, a series

resistance Rs and a parallel capacitance Cp. The light-generated current Iph is given

as

Iph(G, T ) = [Isc,n +Ki(T − Tn)]
G

Gn

(2.2)

where the Isc,n is the short-circuit light-generated current at the nominal condition

(standard testing condition usually 25 ◦C and 1000 W/m2), Ki is the temperature

coefficient of the short circuit current, T is the tested temperature, G is the tested

irradiance and Tn &Gn are temperature & irradiance at nominal condition, respectively

[108]. According to the diode equations the diode thermal voltage at different

temperature is given as

Vt(T ) =
kT

q
Ns (2.3)
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where k is Boltzmann’s constant, q is an electron charge, and Ns is the number of

series cells. The diode current is given as

Id = I0[exp( Vd

nVt
)− 1] = I0[exp(Vpv+IpvRs

nVt
)− 1] (2.4)

where I0 is the diode reverse saturation current and α is the diode ideality factor

that ranges from 1 to 2. According to Ohm’s law, the current flows in the shunt

resistor is given as

Ish =
Vd
Rsh

=
Vpv + IpvRs

Rsh

(2.5)

By considering the above equation the solar cell current is expressed as

Ipv = Iph − Id − Ish

Ipv = Iph − I0[exp(Vpv+IpvRs

nVt
)− 1]− (Vpv + IpvRs)

Rsh

(2.6)

The value of the parallel capacitor changes in accordance to different operating

points of the solar cell as it is described in (2.7).

ICp = Cp
dVd
dt

(2.7)

According to the above study of the solar cell behaviour in the static regime and

its derivative equations (2.2)-(2.7), it is notable that it is not possible to catch any

change in the parasitic capacitance that can be caused by the solar cells again due to

degradation. Therefore, the dynamic regime and associated ac parameters become

very attractive in order to study and determine the behaviour of the solar cell. The

AC small-signal of the equivalent large-signal model that is shown in Fig. 2.6(b) is

depicted in Fig. 2.7, and its impedance Z is presented in (2.8). It is clear that the

effect of the parallel capacitor Cp appears by studying the dynamic regime.
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Cp

Rsh
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Iph

Iph

Id

IPV
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Id
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VPV

VPV

+

+

-

-

Fig. 2.6 : Equivalent circuit of solar PV module: a) single-diode module. b) large-signal model.
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Z = [Rs +
Rsh

1 + (ωCpRsh)2
]− [ ωCpR

2
sh

1 + (ωCpRsh)2
] (2.8)

The parallel capacitor Cp is the sum of the diffusion capacitance Cd and the

transition capacitance Ct. In fact, these capacitances are nonlinear values depending

on the operating point voltage [28]. According to [64,28], the transition capacitance

Ct is caused by the separation of charges in the space charge region and is given by

Ct =
b√

Vj − Va
= A

√
Nqε0εr

2(Vj − Va)
(2.9)

where a constant b depends on the solar cell, Vj is the junction voltage, Va is the

applied voltage, A is the area of the solar cell, q is the elementary charge, ε0 is

the permittivity of free space, εr represents the relative permittivity of the solar

cell material, and ND and NA are the doping concentration in cm3 in the n and p

regions, respectively. The value of the doping concentration, junction voltage and

Cp
Rsh

RS

IPV

VPV

+

-

Fig. 2.7 : Ac small-signal solar cell model of Fig. 2.6(a).
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constant b are defined as

N =
NDNA

ND +NA

Vj =
kT

q
ln[
NDNA

N2
i

]

b = A

√
Nqε0εr

2

(2.10)

whereNi is the intrinsic concentration of electrons & holes for the base semiconductor.

The diffusion capacitance Cd is notable during forward biased of the p-n junction,

and its value depends on the frequency and voltage according to [28].

Cd =
τq

2kT
I0exp(

qVa
nkT

), ωτ << 1 (2.11)

where τ is minority carrier lifetime. According to [104, 88, 2] the minority carrier

lifetime is highly degraded by the solar cell aging during outdoor exposure. Thus,

the electrical parameters of the solar cell are more likely to change with time.

Accordingly, the cracked and aged solar cell creates a change in parallel capacitors

value associated with the solar cell during the dynamic regime. This behaviour can

be used to detect the cracked solar cell, and it can be achieved by operating the

solar cell at a different frequency.

2.4 AC Small-signal to Investigate Cracked Cells

2.4.1 Experiment Setup

The PV modules show nonlinear parallel capacitance when they are connected

to a high frequency power converters [57, 13]. In this experiment, the dynamic

behaviour of the normal solar cell is investigated and compared with a cracked cell

to prove that the crack and aging affect the solar cell parallel capacitor. Another

objective for this experiment is to prove that cracks diagnosis of the PV cell can

be carried out by investigating the dynamic performance of the PV cells while it is

connected online, without the need for physical inspection of the solar panels. Fig.
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2.8 shows a simplified connection diagram showing the equipment setup for testing

dynamic behaviour of the solar panel with and without cracked cells.

In this experiment, three of the PV strings that is used in the first experiment

are used with the same cracked arrangements namely; normal string with no cracks,

string with one cell cracked between the busbar, and string with one cell totally

cracked. A function generator is directly connected to the PV module where a

sinusoidal signal at 1 Vp−p and the overall DC offset equals the voltage at the

maximum power point at 4.7 V, and it is injected to the PV cells. An oscilloscope

(Tektronix TBS2000) is used to capture the injected voltage waveform and the

reflected current while the frequency of the sinusoidal signal is swept from 1 Hz to

1 MHz as shown in the actual equipment setup in Fig. 2.9. The solar panel was

arranged in such a way so that it is not exposed to any radiation but responding

only to the injected ac signal.

Fig. 2.8 : Simplified connection diagram showing the equipment setup for testing dynamic behaviour of the solar

panel with and without cracked cells.
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2.4.2 Experiment Results

The injected voltage and the reflected current waveforms are captured and analyzed

while performing a frequency sweep. Fig. 2.10 shows the waveforms of the injected

voltage and the reflected current for the string with normal cells and the string with

one cell totally cracked at 100 kHz frequency. Results show that the current leads

the voltage which implies that the equivalent circuit of the solar cell is no longer of

purely resistive nature as it is derived in the single-diode module, particularly when

it is connected to switching power converters. Nevertheless, the waveform implies

that the equivalent circuit of the solar cell behaves as a capacitive circuit. According

to the recorded waveform, the current leads the voltage by 27◦ for the normal string

while it increases by 11.66◦ to become 38.66◦ for string with one cell totally cracked.

The solar cell impedance and the phase shift are calculated in order to obtain

the Bode plot. The Bode plot for the three strings is presented in Fig. 2.11. It is

clearly illustrated from the plot that the impedance increases for the PV strings with

Current 
probe

Voltage 
probe

Fig. 2.9 : Experiment setup for testing dynamic behaviour of the solar panel with and without cracked cells.
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(a)

(b)

Voltage

Current

Voltage

Current

Fig. 2.10 : Waveform for the injected voltage and the reflected current: a) string with normal cells. b) string with

one cell totally cracked, at 100 kHz frequency.
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microcracks. This provides the evidence for the drop of the power generated from

the PV string if there is at least one cell cracked. The phase response also shows a

clear indicator for a cracked string at the resonant frequency (≈120kHz). For the

other scenarios where the normalized efficiency of the strings is greater than 94%(

Table 2.1), the cracked solar panel was demonstrated at small capacitive behaviour.

2.5 Performance Evaluation of PV Panel and System with

Different Connection Methods

In order to investigate the effect of the cracks further, and to confirm that the

cracks affect the behaviour of the solar cell regardless of its brand and manufacture,

the previous experiments (Sections 2.2 and 2.4) have been reperformed by using a

20W solar panel with 36 cells (Panel Model: Powertech ZM9055). The experiment

results show that the output power performance is similar to the one in the previous

experiment. In addition to studying how the cracked cells affect individual PV

string output power, the following experimental work investigates and compares the

performance of three groups of experiments as described below:

• Evaluation of output performances of a normal PV panel, a panel with two

cracked cells and a panel with two shaded cells.

• Investigation and comparison of performances among three different PV panel

strings, namely, two normal PV panels connected in series, two PV panel

connected in series with one panel is serious cracked, and two PV panels

connected in series with one panel serious cracked and bypass diodes are used.

• Investigation and comparison of output performance between two PV panels

connected in parallel and two PV panels connected in parallel with one panel
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Fig. 2.11 : PV ac small-signal model bode plot.
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having serious cracked cells. It is worth noting that the bypass diode which is

adopted to mitigate the crack impacts is also studied and compared.

The experimental results of aforementioned three groups are shown in Figs. 2.12

to 2.14 respectively. As can be observed in Fig. 2.12, the detrimental impact of the

cracks is more critical than the partial shading effect when the cells are seriously

cracked. In Fig. 2.13, the results indicate that, the serious cracked panel clamps

the current of the PV string, and hence, significantly reduces the generation power.

In addition, the extra bypass diode can effectively mitigate this phenomenon. The

results shown in Fig. 2.14 reveal that the operation of the normal panel is not

affected by the cracked one in the parallel connected PV string, and the bypass

diode is useless with the parallel connection. However, the overall power is still

lower.

According to the previous investigation and study, the crack greatly affects the

performers of the solar cell, and it gets greater when the cells form a string or a

panel. When it comes to the solar system, one panel with a few cracked cells can

drop the power generated by 90%. Even with bypass diode, the power can drop by

60%. Hence it presents an important need to track the cracked cells to improve the

power quality of the solar system.

2.6 Summary

In this chapter, the failure mechanism, detrimental effects, criticality, and potential

risks of cracks on independent PV strings are experimentally reviewed by studying

the impacts of different crack types. The results verify that the loss of electrical

connection between the PV cell and busbar would cause a great reduction of the

entire PV string power generation capability. Moreover, a crack detection technique

is proposed by studying the dynamic regime of the solar cell in addition to investigating



33

0

1

2

3

4

5

6

7

0 5 10 15 20 25

P
ow

er
 (W

)

Voltage (V)

One Panel

One Panel (Two shaded cells )

One Panel (Two cracked cells)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 5 10 15 20 25

C
ur

re
nt

 (A
)

Voltage (V)

(a)

(b)
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the AC behaviour of the normal solar string and the cracked solar strings with

different severities. The result indicates that the fully cracked strings show a higher

resistive and capacitive characteristics at high frequency than others. The results

of the experiment show that the current leads the voltage by 27◦ for the normal

string while it increases by 11.66◦ to become 38.66◦ for string with one cell totally

cracked. Accordingly, the proposed crack detection technique, observing the change

in the dynamic behaviour of the solar panel, is regarded as a promising technique to

track the cracked, aging and shaded cell to improve overall solar system efficiency

and reliability.

A comparison between the series and parallel connected PV panel strings are

given. Bypass diodes are recommended to be added to the PV panel string to

mitigate the current reduction by the seriously cracked cells. To increase the solar

cell lifetime, improve the solar system efficiency and reliability, the proposed crack

detection method could be implemented by the solar cell operating converter that

may be used for the maximum power point tracking MPPT, or output voltage

regulation by injecting AC signal or pulses, then monitoring the reflected current.

By detecting the cracked cell, hot spots will be prevented before damaging the solar

cell permanently.
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Chapter 3

An Analog BJT-Tuned Maximum Power Point

Tracking Technique for PV Systems

3.1 Overview

3.1.1 Literature review

With the increasing penetration of photovoltaic (PV) in the energy market due to

its clean, quiet and durable features, its performance and reliability become critical.

The PV cells have nonlinear electrical properties which require a maximum power

point tracker to extract its maximum available power for a given insolation level.

The power converter plays a significant role in harvesting energy from the solar

module. It is used to harvest the maximum power, control the power flow and

regulate the output voltage. The output power from the PV module is affected by

the temperature and solar radiation [29] as shown in Fig. 3.1.

Fig. 3.1 : P-V curve under different temperature and sole radiation [29].
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In the last few decades, many MPPT algorithms have been proposed to track the

maximum power point [92,3,81,80,71,96,55,59,54]. In general, these algorithms are

either too complex, requiring a high-speed computational calculation, or too simple

in structure with an inaccurate tracking performance. The most useful techniques

are listed below:

• Fraction Open Circuit (FOC) [3, 92].

• Fraction Short Circuit (FSC) [92].

• Perturb and Observe (P&O) [54,59,92].

• Incremental Conduction Method (InC) [92].

• Curve-Fitting [96].

• One-Cycle Control (OCC) [96].

• Feedback Voltage or Current [96].

• Current Sweep [96].

• Look-up Table [96].

• Fuzzy Logic (FL)-Based MPPT [96].

• Artificial Neural Network (ANN)-Based MPPT [71].

• Particle Swarm Optimization-Based MPPT (PSO-MPPT) [71].

Each MPPT algorithm has its strengths and weaknesses, in terms of the level

of accuracy, tracking speed, algorithm complexity, dynamic tracking under partial

shading condition and hardware implementation [53]. For example, feedforward

voltage-current MPPT method is considered one of the simplest techniques. A

feedforward voltage (or current) uses only one constant reference voltage (or current)
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in order to indicate the MPP. By controlling the duty cycle of the converter, the error

will eventually reach zero, so the PV module operates at the MPP. The disadvantage

of this technique is that the reference voltage of the control circuit is constant.

Thus, this technique cannot track the maximum power under varying environmental

conditions such as changes in the solar radiation and temperature [96].

FOC and FSC require measuring the open-circuit voltage and short circuit

current to estimate the voltage and current at the MPP based on the voltage and

current proportional constant, respectively. Thus, it is compulsory to disconnect

the PV module or the load every time the radiation is changed. This results in

frequent and long power interruptions from the load perspective if the radiation

changes rapidly [92].

For P&O, the photovoltaic current and voltage are measured to calculate the

operation power Pmpp−active. Then, a small perturb in the duty cycle is introduced

to measure the current and voltage again in order to calculate a new value of

power Pmpp−new. Since the comparison of power points (Pmpp−active and Pmpp−new)

is continuously performed, the PV voltage oscillates around the vicinity maximum

power point instead of remaining at the MPP. However, the disadvantages of this

algorithm are that the voltage continually oscillates around MPP, and the MPP

efficiency is reduced further if the step size is large [59,40].

In the Incremental Conduction (InC) algorithm, the slope of the P-V curve is

used to achieve MPP. The value of the slope represents the ratio of the incremental

conductance to the instantaneous conductance of the PV module. Depending on

the three InC algorithm conditions, the duty cycle of the power control can be

used to move right or left along the PV curve to achieve maximum power point.

Furthermore, this technique is similar to perturbation and observation, and it is

utilized in either connection mode stand-alone or grid connection [68,86].
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Under partial shading condition PSC, the I-V and P-V curves are shaped quite

differently [112]. If the PV panels are connected in series and parallel to form an

array and at least one PV panel is shaded, the numerous peaks or maxima will be

lower than the maximum global power. PSC reduces MPPT algorithm efficiency,

and it makes it hard to differentiate between the global and local maximum power

point [15]. One of the best methods to solve the partial shading effect is tracking

the MPP in the PV module level, but this will increase the cost of the system. To

overcome this issue, a cost-effective MPP technique is required to be implemented

with the PV module.

The implementation of MPPT algorithms can be analog, digital or mixed-signal

[55]. In general, the digital control circuit used to track MPP would be much more

complicated and expensive than the analog control circuit [96]. In fact, for some

applications, such as spacecraft and satellite that rely on solar energy to generate

power, the use of an analog control circuit is preferred because of the single-event

effects (SEE) caused by the high energy partials from the sun. SEE could cause bit-

flips in a memory or register transient pulse or latch-up in the digital logic circuits

of a digital control. To reduce the effect of SEE, radiation-hardened technique

is applied to these devices. However, the cost and complexity of the system would

increase [90]. The analog control circuit is also preferred for indoor energy harvesting

such as wireless sensor network [55,3,59,54] and PV antenna [30] because of its low

energy consumption.

3.1.2 Research gap/problem

MPPT algorithms can be implemented by an analog or a digital controller. Using

the analog control circuit to implement simple MPPT algorithms such as FOC,

FSC, feedback voltage and feedback current algorithms which reduces the cost of

the system and simplifies the circuit design. However, the accuracy of MPPT is low
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when the solar insolation is rapidly changing due to their inability or slowness to find

a new MPP. On the other hand, the digital control circuit has access to the memory

function, the accuracy of operating at the MPP will improve even when the solar

radiation variation is high. However, microcontrollers generally are comparatively

more sensitive to switching noise and are of higher cost if compared to its analog

implementation.

In this chapter, a simple and cost-effective analog MPPT circuit with an improved

tracking accuracy is proposed for PV modules. The algorithm is voltage-based but

uses a BJT-tuned circuit to better model and track the I-V characteristics of the PV

module. The chapter is organized as follows: In Section 3.2, the proposed analog

maximum power point algorithm is introduced and analyzed. In Section 3.3, the

system setup is discussed. The results are explained and shown in Section 3.4,

followed by the conclusion in Section 3.5.

3.2 Operation Principle, Analysis and Implementation of

Proposed MPPT

3.2.1 Operation Principle of the Proposed MPPT

A block diagram of the proposed analog MPPT method is shown in Fig. 3.2.

It is a voltage and current feedforward control which consists of a BJT, an AND

gate, a voltage comparator and a PWM signal generator. The PV voltage is sensed

and compared with the voltage reference determined by the BJT. The BJT senses

the PV current and implements a variable reference voltage. Thus, any changes in

the radiation will lead to a change in the reference voltage, without the need to

use a digital controller and a PID controller. An output ‘high’ from the voltage

comparator signals a demand for increasing power intake from PV panel and vice

versa. A PWM signal generator presets the maximum duty cycle (D) and provides a



42

dead-time to prevent magnetic saturation of the inductor in step-up converters. The

voltage comparator and the AND gate work together and reshape the PWM signal

to proper PWM patterns with different effective duty cycles to operate the power

converter (a boost converter is used in this study) in order to track the maximum

power under different insolation levels.

A voltage-feedforward control has been firstly discussed in [47] in order to approximately

operate the PV module at MPP. It is considered the simplest MPPT algorithm

technique to implement because it compares the operating voltage of the PV module

with a constant reference voltage Vref . However, the effects of the changes in solar

radiation were not considered. Fraction open circuit voltage (FOC) algorithm is the

modified version of the voltage-feedforward control, where the Vref can be modified

according to the changes in the solar radiation. In FOC, the open circuit voltage

VOC has to be measured to calculate the voltage at MPP VMPP , according to the

below linear relationship [96]:

VMPP = K1 ∗ VOC (3.1)

where K1 is the voltage proportional constant, and it has a value between 0.71 and

0.78 depending on the characteristics of the PV module. The main disadvantage

of this method is the loss of power when the PV model is disconnected from the

system to measure the VOC and scan the entire range of the duty cycle to find VMPP .

One potential solution to this issue is the use of a pilot PV cell which has the same

characteristic of PV module [103, 9]. However, using a pilot cell would increase the

cost and complexity of the system [3].

In the proposed algorithm, once the initial I-V measurement is completed, there

is no need to disconnect the PV module frequently to measure VOC in order to

reposition the voltage at the maximum power point. Hence, the closed-loop voltage

feedforward can be used to sense the input voltage and current. As a result, the
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Fig. 3.2 : Proposed improved analog MPPT technique using a voltage-based, BJT-tuned circuit.

drawbacks of fraction open circuit are solved.

As shown in Fig. 3.3, the MPPs of the PV module under different solar radiation

levels can be joined by roughly a straight line. The right slope could be found

initially by connecting the PV module with a variable resistor bank and measuring

the currents and the voltages at different solar radiation levels and impedances.

Then, based on the measured values, the P-V curve can be drawn. Thus, the

right MPP curve is determined. Then, the proposed algorithm operates the power

converter along this line by using a variable reference voltage. This reference voltage,

which can be changed according to the solar radiation, can be implemented using a

bipolar junction transistor (BJT).

3.2.2 Analysis of the Proposed Analog MPPT Method

3.2.2.1 BJT
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Fig. 3.3 : P-V curve and different voltage reference lines for varying isolation levels.

The bipolar junction transistor (BJT), shows in Fig. 3.4(a), has four regions

of operation, cut-off, saturation, active and breakdown regions as shown in Fig.

3.4(b). In the active region, the transistor acts as an amplifier. Therefore, the BJT

can be simply used as a controller by implementing the relation between the base

and the collector currents. By applying Kirchhoff’s voltage law (KVL) on the output

closed-loop, the following relationship among the key parameters is derived

VRef − ICRC − VCE − IERE = 0 (3.2)

In order to make sure that the transistor operates in the active region, the collector-

base junction must be reversely biased (VCE ≥ VBE).

For a better understanding of the control method, the BJT output characteristic

(load line) is drawn in Fig. 3.4(b). By substituting VCE = 0 in (3.2), the maximum

collector current equals IC = Vref/(RC + RE), and by substituting IC = 0 in (3.2),

the collector-emitter voltage equals VCE = Vref . It is illustrated by the load line that

the operation points (Q-Points) will change if the base current (voltage) is changed.
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For example, when the base current equals IB1, the output operation point will be at

point A. According to IC = β∗IB, where β is the BJT DC current gain, the collector

current equals IC(IB1) or IC,A and the collector-emitter voltage equals VCE(IB1) or

VCE,A, and so on for other operation points B and C.

3.2.2.2 PWM Signal Generating in Analog Control

Fig. 3.5 shows the simulation of the proposed MPPT algorithm and PWM

Fig. 3.4 : a) BJT circuit. b) BJT load line.
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generation, used in the proposed algorithm. Firstly, a PWM signal ,Fig. 3.5(c),

needs to be generated from a PWM generator. This signal has a constant frequency,

amplitude and duty cycle. Secondly, the updated reference voltage (desired signal),

which is taken from the Darlington pair collector terminal, and the sensed PV panel

voltage (controlled signal) are compared using a voltage comparator. The output of

the voltage comparator ,Fig. 3.5(b), becomes high “1” if the PV voltage is greater

than the reference (desired) voltage, and vice versa for a low “0” output. Thus,

the output of the voltage comparator will generate an enable signal for the PWM

generation.

Finally, the AND gate is used to compare the output of the voltage comparator

and PWM signal generated from the PWM generator. As a result, the output

signal from the AND gate will be a PWM signal with different effective duty cycles

depending on the value of the desired signal and the controlled signal as shown in Fig.

3.5(d). This PWM signal will control the MOSFET driver of the boost converter.

Note that in effect, it is somewhat similar to burst mode control technique.

3.2.3 Implementation of the Proposed Analog MPPT Method

Fig. 3.6 shows a circuit schematic diagram of the hardware system. The upper

part shows the power stage boost converter where the inductance, MOSFET, diode

and capacitance are 100 µH, IRF1405, BY229 and 470 µF respectively. The lower

part shows the proposed control circuit – the current sensor is formed by Rsens and

an RC filter (100 nF and 1 kΩ). A Darlington BJT pair circuit, which is formed by

BC549, provides the varying reference voltage, based on (3.5), to the negative pin

of the voltage comparator LT1011. The positive pin of the voltage comparator is

tracking the PV voltage after it is scaled down by the voltage divider (9 kΩ and 1

kΩ). The AND gate (HEF4082B) mixes the output of LT1011 and the preset PWM

signal to reshape the PWM signals that feed into the gate driver TC4428 to drive the
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power MOSFET. Assuming lossless condition and using the boost converter voltage

conversion ratio in continuous conduction mode, the impedance match of the boost

converter is given as below

RPV = (1−D)2RO (3.3)

where RO is the output equivalent resistance, and RPV is the equivalent resistance

seen by the PV panel. The converter is used to match the input and the output

impedances to track the maximum power point. In the first stage of the experiment

that will be discussed later, the resistance value that generates the maximum power

experimentally equals 57 Ω. In the second stage, the fixed output resistance is

assumed to be equal to 220 Ω. By using (3.3), the duty cycle of the boost converter

should be at least equal or above 49%.

With the use of BJT in setting the reference voltage, it is important to select the

initial reference voltage Vinit, the base resistor, the collector resistor and the emitter

resistor properly to achieve more accurate results. The initial reference voltage Vinit

equals the average voltage at MPPs.

The Output current of the PV module is sensed using a small resistor Rsens.

Thus, the input current is presented by the voltage across the resistor, Vsens =

IPV ∗ Rsens. As the PV module current (voltage across the sensing resistor) flows

to the base of the first BJT, the output voltage VCE1, given in (3.4), will change

according to the change of the PV current and radiation levels. In fact, the slope of

the BJT load line and the slope of the MPPs line is reflected, and then the second

BJT is used to reflect the output voltage; therefore, any increase in the input voltage

will lead to an increase in output reference voltage and vice versa.

VCE1 = Vinit − β ∗RC1
Vsens − VBE

RB1 + (1 + β)RE1

(3.4)

As the two BJTs are cascaded, the output voltage of the first BJT is connected to
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(a)

(b)

(c)

(d)

Fig. 3.5 : Simulation result. a) Solar panel voltage and reference voltage from the Darlington BJT pair which

controlled by the PV current. b) Voltage comparator output voltage. c) Constant PWM signal. d) AND gate

output voltage.

the base of the second, so the second BJT will be used as a mirror for the VCE1. As a

result, the output voltage of the cascaded BJTs, which becomes the MPP reference

voltage Vref (t), is given as below

Vref (t) = Vinit − β ∗RC2
VCE1 − VBE

RB2 + (1 + β)RE2

(3.5)
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If the solar radiation level is changed, the base current will change, i.e. from IB1

to IB2, and the BJT operation point will move from point A to point B. Thus, it is

possible to generate a variable reference voltage VCE that matches the desired slope

of PV module’s MPPs if a BJT with proper β is selected correctly. According to

(3.5), a BJT with high β and higher collector resistor is suitable for a PV module

with a high slope of MPP curve at different radiation levels, and vice versa as shown

in Fig. 3.3.

Fig. 3.6 : Schematic diagram of the experimental setup.
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3.3 Experimental Setup

A 20W photovoltaic panel was used to verify the proposed circuit by generating

power to the boost converter. One 500 W halogen lamp and two 30 W led lamps

were used to simulate different solar radiation levels.

The first stage of the experiment was to get the I-V and P-V curves of the

PV panel at different solar radiation levels in order to calculate the correct voltage

reference and other experimental parameters, such as inductor, capacitor and resistors.

Thus, the PV panel was connected with a variable resistance bank, its value varies

between 0 to 250 Ω, and the PV panel voltage and current were recorded for different

resistor values. This stage was repeated for four different solar radiation scenarios,

namely, Radiations A, B, C and D. Radiation scenario A was simulated by using one

halogen lamp, and the distance between the lamp and the PV module was 30cm.

Also, Radiation scenarios B and C were simulated by using the same halogen lamp,

but the distance between the PV module and the lamp was changed to 45 cm and

60 cm respectively. Radiation scenario D was simulated by using two LED lamps at

Fig. 3.7 : Experimental setup.
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a distance of 20cm from the PV module. Then MATLAB and Excel were used to

calculate the output power and to plot the I-V and P-V curve. This curve is shown

in Fig. 3.3.

The second stage of the experiment was to verify the proposed circuit, so the

laboratory prototype was built as shown in Fig. 3.7. In this stage, the same

simulated four solar radiation levels were used, but in this stage, the output port of

the converter was connected with a constant resistance in order to verify that the

proposed circuit is correctly matching the input and output impedances to track the

MPP. The PV module voltage and current are sensed to calculate the total generated

power in each scenario. The measured power consumption for the complete MPPT

sensor, which includes the BJT for setting the variable reference voltages, a voltage

comparator, a MOSFET driver and the voltage dividers, is 43.78 mW.

The third stage was to compare the proposed method with the constant voltage

method. To do this, the reference voltage was given a constant value. This is equal to

the voltage at the maximum power point, so the duty cycle of the boost converter is

constant. The output voltage and current of the PV module are recorded at different

solar radiation levels.

3.4 Experimental Results

Firstly the PV module has different operation voltages as listed in Table 3.1.

When the MPP moves away from the preset value due to the decreasing insolation

level, the tracking efficiency for the constant voltage method reduces significantly.

Fig. 3.8(a) shows the transient response when the solar insolation changes from

radiation level B to A then returns to B. The PV module voltage remains constant

even when the solar radiation is changing. Thus, this proves the drawback and

the limitation of using the constant voltage control method to track true MPPs.

However, in the proposed algorithm, the voltage variation at different MPPs is



52

taken into consideration by changing the reference voltage according to the change

in the solar radiation. The experimental results show improved MPPT efficiency. It

varies between 99.2-93.39% for the wide insolation range as compared to efficiency

at 97-76%in [90]. The PV panel voltage and the output voltage for the proposed

algorithm in response to insolation changes are shown in Fig. 3.8(b). It can be

seen that the PV voltage has adjusted slightly to track the MPPs better. Another

advantage of proposed circuit is direct MPPT at the startup due to the initial setup

at MPP.
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Table 3.1 : Comparison of MPPT Performances Between Constant Voltage Reference and Proposed Variable Voltage Reference Method.

Equivalent solar

radiation

PV Module

parameters at

MPP

Constant voltage

reference

FOV FSC Proposed circuit

Radiation

Levels

scenarios

Insolation

(W/mˆ2)

Ambient

temperature

Voltage (V) Power (W) Voltage (V) Power (W)

MPPT

Efficiency

(%)

Voltage (V) Power (W)

MPPT

Efficiency

(%)

Voltage (V) Power (W)

MPPT

Efficiency

(%)

Voltage (V) Power (W)

MPPT

Efficiency

(%)

A 760 32 16.62 6.29 17.65 6.63 99.6 16.49 5.87 93.32 17 5.78 91.88 17.88 6.24 99.2

B 510 29 17.55 5.09 17.65 4.27 83.92 15.91 4.98 94.09 17.8 4.98 97.92 17.69 4.97 97.67

C 370 27 16.37 3.45 17.65 2.64 76.65 17.01 3.23 97.09 17.01 3.23 93.91 16.39 3.29 95.37

D 50 25 14.69 0.73 17.65 0.44 60.08 13.6 0.64 88.93 13.6 0.64 87.03 14 0.686 93.39
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Fig. 3.8 : Transient response of PV voltage and corresponding boost converter output voltage during changes in

insolation levels: a) by using constant voltage reference. b) by using proposed circuit. [Time base: 500ms. Voltage:

10V/div].

3.5 Summary

This chapter presents an improved analog maximum power point tracking algorithm

for the PV system with a tracking efficiency ranging from 93.39 to 99.2% for different

solar insolation levels. The proposed circuit shows reduction of tracking error

compared with traditional methods as the efficiency ranging between 60.08%-99.6%

for constant voltage reference method, 88.93%-93.32% for FOC method and 87.03%-
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91.88% for FSC method. The proposed circuit is based on a simple voltage and

current feedforward- feedback control. In addition, it takes the advantage of the

BJT where the collector current is used to mimic a voltage slope which connects

the maximum power voltage points for more accurate tracking. The operation of

the proposed analog control is experimentally verified using a 20 W photovoltaic

panel. Potential applications for the proposed MPPT circuit are aerospace and

low-cost systems due to its pure analog implementation, and it does not require

digital memory and control. The proposed approach is best suited for per panel

implementation.
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Chapter 4

Literature Review of Multiport Power Converters

4.1 Overview

The use of renewable energy sources RES, such as solar, wind, tide, geothermal

and wave become popular in recent years as they are environmentally clean and

abundant in nature [17]. However, these renewable energy sources have an intermittent

nature and are generally unreliable. To resolve this issue, these sources need to be

connected to the load through power electronic converters. These power converters

perform maximum power tracking from the renewable energy sources, manage the

grid and load voltage requirements and interface the renewable energy sources with

the energy storage system [72].

Traditionally, a single DC-DC power converter with two ports are used to connect

only one energy source with the load [35, 42]. To use more than one input power

source or energy storage system (ESS), two or more power converters are required

[118], as shown in Fig. 4.1. These power converters could be unidirectional power

flow if they are connected to a power source or it could be bidirectional power flow if

it is connected to the ESS. Thus, the cost, the number of component and complexity

of the system will increase, and the system efficiency will decrease as these converters

are normally cascaded [117].

The multiport converter, particularly the three-port converter, Fig. 4.2, offers a

better design and implementation for the renewable energy system, electric vehicle,

aerospace application and DC distribution power system [14, 72, 82]. As a result,

using multiport converters has some advantages, including reducing the cost and
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Fig. 4.1 : Traditional multiport connection in a standalone power system: a) Multi-input ports. b) Multi-output

ports.

the mass of the system, and improving power density by sharing some components

such as switches, capacitors and storage elements [77]. Also, it increases the system

reliability and uses central control, so fewer communication channels are required

causing no communication delays or errors. Moreover, using a multiport converter

offers multi-input multi-output (MIMO) feature, and enhances the dynamic performance

of the system [121, 14, 82]. In many applications, a high voltage gain is required;

by using the multiport converter structure a high voltage gain can be achieved

easily [31].

The three-port converter power can be expressed in (4.1), and its operation

mode can be classified into four groups namely; single-input single-output (SISO),

single-input dual-output (SIDO), dual-input single-output (DISO) and dual-input

dual-output (DIDO). SISO mode occurs when only two ports are active, and the

power at the ports is equal. SIDO mode occurs when the input power is greater

than the output power, so some of the generated power will be transferred to the

storage element. DISO occurs when the input power is less than the demand, so

the storage element will supply some power to the load. The last mode, which is

(DIDO) occurs when the input power is almost equal to the demand, but the input

power is not stable, so the storage element will store and supply some energy to
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Fig. 4.2 : Three-port converter TPC.

smooth the output power of the solar energy source.

PO = Pin + PB (4.1)

where PO is the output DC power of the converter, Pin is the renewable energy

source power, and PB is the battery bidirectional power.

In recent years, several multiport converters (MPC) have been proposed [121,

22, 50, 97, 25, 83, 113, 119, 8, 115, 23, 124, 39, 38, 46]. In general, three-port converters

(TPC) are the common MPC, where three ports are used. MPC can be divided into

three groups, namely: non-isolated, isolated and partly isolated converters. The

three categories of TPC are depicted in Fig. 4.4. Each category has its complexity,

number of components, reliability and power ratio. The most recent reported MPC

will be reviewed in this chapter; this review helps to select the best topology for a

specific application.
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Fig. 4.3 : The general configuration of a renewable energy generation system using a three-port converter: (a) SIDO

mode. (b) DISO mode. (c) SISO mode. (d) SISO mode for grid-connected system. (e) DIDO mode.

4.1.1 Non-Isolated Multiport Converter

A non-isolated power converter is used for some applications where the isolation

feature is not necessary among the ports. This type of topology has some advantages,

such as low cost, high power density and high efficiency [125]. In this topology,

all ports are directly connected to each other, and they share the same ground;

accordingly it is called non-isolated. In addition, another disadvantage for this

topology is the voltage gain between the ports is not relatively large. Thus, in some
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Fig. 4.4 : MPC category: (a) Non-isolated converter. (b), (c) partly isolated converter. (d) Isolated converter.

cases, when there is a need to transfer power in high voltage gain, multi-stages

converters are used [66]. Most of the proposed non-isolated multiport converters are

based on the traditional DC-DC converter such as buck, boost, buck/boost, Cuk,

SEPIC and Zeta converter.

Fig. 4.5 shows a simple design of multi-input buck-boost converter that proposed

in [35]. This topology could be used to connect N number of the input sources that

have different characteristics. The advantages of using this topology are the low

component count and simplicity of control. In the given design, the inputs share

one inductor, diode and capacitor. Nevertheless, the ports in this topology are

unidirectional power flow. Consequently, this topology is not suitable for ESS.
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V1

V2

VN

i1

i2

iN

iO

+

VO

-

Fig. 4.5 : Multi-input buck-boost converter [35].

Fig. 4.6 shows a multiport converter which is based on the converter proposed

in [52]. In addition to the advantages of the previous converter, the output voltage

of the new proposed converter has a positive polarity without using an additional

transformer. The new modified converter has a bidirectional power flow without

a need for an additional converter, and it can act as a buck, boost and buck-

boost converter. The converter is designed to operate in both modes, continuous

conduction mode (CCM) and discontinuous conduction mode (DCM).

Fig. 4.7 shows a boost three-port non-isolated converter, proposed in [116]. The

proposed circuit is used to interface one renewable energy source, battery and load

simultaneously. The advantage of this topology is that the power can be transferred

simultaneously between the three ports. To smooth the pulsation current of the

PV panel and battery, two filter capacitors are connected in parallel with the PV

panel and battery. The proposed convert has three operation modes namely; dual-

output (DO), dual-input (DI) and single-input single-output (SISO) modes. In



62

V1

V2

VN

i1

i2

iN

iO

+

VO

-

SN

S2

S1

Fig. 4.6 : Multi-input buck-boost converter [52].

order to verify the visibility of the proposed converter, 1-kW prototype is built and

experiments have been carried out.

The authors of [8] proposed a single-switch non-isolated DC/DC converter. The

number of components is reduced by combining a cascade buck converted with a

buck-boost converter. The combination of buck and buck-boost converter has only

one switch that can perform maximum power point track (MPPT), manage the

battery charging and drive the load, which is a water pump in this study, at a

constant flow rate simultaneously. The proposed circuit is depicted in Fig. 4.8. In

order to verify the visibility of the proposed converter, a 14-W laboratory prototype

is built and texted with a pulse-frequency modulation (PFM) control scheme.

The authors of [39] proposed a non-isolated high step-up three-port converter

(TPC) as shown in Fig. 4.9. In order to achieve high voltage gain coupled inductors

techniques are used. Two clamped circuits are utilized to suppress the leakage
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inductance effect. The proposed converter has two distinct power flow paths, one

from the main voltage source to the load, and another from the battery to the load.

The proposed TPC has three different modes described as follows: transferring power

from the input power source and the ESS to the load independently by using the two

distinct power flow paths, transferring power from the input power source and the

ESS to the load simultaneously and transferring power from the input power source

to the load and charging the ESS, simultaneously. The converter is implemented

and tested on a 150 W-400 V load.

A battery-integrated boost converter proposed in [37] has only one switch, one

diode and one capacitor as shown in Fig. 4.10. A series combination of input solar

power and battery offers a direct path to charge the battery, and it also helps to

track the maximum power from the solar energy source. The proposed converter can

facilitate the distributed maximum power point tracking (DMPPT). The proposed

converter is not able to provide power during night-time as the PV module becomes

VO

Vin

CO

S1

DO

+
Cin

Cb

Din

S3

Vb

PV Db

S2

Fig. 4.7 : Boost three-port converter (TPC) proposed in [116].
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Fig. 4.8 : Single-switch non-isolated dc/dc converter [8].
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Fig. 4.9 : Non-isolated high step-up three-port DC–DC converter for hybrid energy systems [39].

an open circuit, and the diode does not allow the current to flow in the opposite

direction.

4.1.2 Partly-Isolated Converter

In the partly-isolated multiport port converter, there are at least two ports that

are directly connected to each other, sharing the same ground; meanwhile, there is

at least one port that is connected to a high-frequency transformer [87]. This kind
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of arrangement is used to afford galvanic isolation for some ports. In addition to

offering the isolation feature, the high-frequency transformer is used to achieve a

high voltage gain by changing the turns ratio of the transformer.

The authors of [82,5] introduced a partly-isolated three-port converter that has

solar energy port, battery port and output port. The proposed circuit, as shown

in Fig. 4.11, is based on the half-bridge converter and the principles of an active

clamped forward converter. One switch and one diode are added to the primary side

of the transformer, and two switches replaced the output diode for the traditional

half-bridge converter.

Meanwhile, the authors of [114] proposed a family of three-port half-bridge

converters (TPHBC) namely: three-port half-bridge converters with post regulation

(TPHBC-PR), three-port half-bridge converters synchronous regulation (TPHBC-

SR) and three-port half-bridge converters with primary freewheeling (TPHBC-PF).

VO

VPV

+

-C

SPV

VB

+

-

LiPV

iB

iL

D

Fig. 4.10 : Three-port battery-integrated boost converter [37].



66

The converters are suitable for a stand-alone renewable power system. The schematic

diagram is shown in Fig. 4.12. The converter efficiency drops at a high output

voltage because of the reverse recovery loss associated with the body diode of the

output switches.
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-
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Fig. 4.11 : The converter proposed in [82].
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Fig. 4.12 : Three-port half-bridge converter with synchronous regulation (TPHBC-SR) proposed in [114].
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Fig. 4.13 : The pulse width modulation (PWM) plus secondary-side phase-shift (SSPS) controlled full-bridge

three-port converter (FB-TPC) proposed in [120].

In [120], A pulse width modulation (PWM) plus secondary-side phase-shift

(SSPS) controlled full-bridge three-port converter (FB-TPC) is proposed, as shown

in Fig. 4.13 . The converter is formed by integrating an interleaved buck/boost

converter and a secondary-side phase-shift full-bridge converter, where the primary

active switches are shared. Zero voltage switching ZVS has been achieved for both

primary and secondary side, and the power can transfer between any two ports

easily. An application for the proposed topology has been implemented in [70] to

design a distributed DC grid for PV applications.

4.1.3 Isolated Converter

The isolation converter is based on a traditional full-bridge or half-bridge converter

[109,67]. All the ports in the isolated converter are connected with a high-frequency

multi-winding transformer. Thus, all ports in this topology are fully galvanic isolated.

This topology allows bidirectional power flow between the ports if the bidirectional

power switches are used. Nevertheless, the number of components is high. Each

port needs its component, so it is hard to share some of the. A high voltage gain
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Fig. 4.14 : Isolated triple-active-bridge converter full bridge [122].

can be achieved be increasing the turns ration of the high-frequency transformer.

Fig. 4.14 shows triple full-bridge DC-DC converter [122]. The proposed circuit

is able to achieve a bidirectional power flow in all ports. By using a three-winding

high-frequency transformer with different turns ratios, it is easy to match different

voltage levels at each port. The phase shift control is used to control the power

flow. Similar work has been done in [102]. In addition to the previous work, ZVS

is extended by proposing a simple and effective duty ratio control method. In order

to achieve higher switching frequencies and lower losses, two series resonant tanks

have been added to the full-bridge structure [63].

The authors of [101] proposed a three-port triple-half-bridge DC-DC converter

where one of the three half-bridge is a boost half-bridge topology. The half-bridges

are coupled by using a high-frequency transformer that helps to achieve high voltage

and offer galvanic isolation. The current-fed topology which can be regulated as a

boost converter offers less current ripple compared to the voltage-fed topology. A
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Fig. 4.15 : Isolated triple-active-bridge converter half bridge [109,67].

high transformer efficiency, as a result, boosts the voltage, reduces the transformer

current requirement and offers a current mode control to achieve more control

flexibility. The authors of [109, 67] employ two current-fed topologies on the low

voltage side to interface low voltage devices such as low voltage battery and ultracapacitor

as shown in Fig. 4.15.

4.1.4 Comparison of Different Multiport Converters

Each group of MPC has its advantages and disadvantages. In an isolated and

partly isolated multiport converter, all ports are galvanic isolated from each other

to prevent shock hazards, and it is very easy to achieve a ZVS. Also, due to the use

of a high-frequency transformer, it is more likely to achieve a high voltage regulated

ratio. However, due to the use of a high-frequency transformer and more switches

in full and half-bridge, the converter’s weight, size and magnetic losses increases,

so the efficiency and power density reduces. There is often a trade-off between the
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advantages and the disadvantages.

The non-isolated multiport converter has some disadvantages, the voltage regulated

ratio is limited by the duty cycle of the converter, and it is hard to achieve ZVS.

On the other hand, the non-isolated converter is more beneficial than the isolated

converter because of its high efficiency, a high power density and low cost due to its

shared components. The drawback of the non-isolated converters could be mitigated

by using a coupled inductor, switched-capacitor, switched-inductor and multiplier

circuit.

4.2 Summary

In this Chapter, a review of MPC topologies for integrating PV with ESS is

presented. Based on the literature review, the non-isolated topologies are cost-

effective, high efficient, and useful for low power applications. Whereas isolated

and partly-isolated topologies are suitable for high power applications.Base on the

aforementioned conclusion, non-isolated converter is the best topology to integrate

the PV with ESS, and it will be considered in the following two Chapters.
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Chapter 5

A Reconfigurable Three-Port DC-DC Converter

for Integrated PV-Battery System

5.1 Overview

According to the conducted literature review and the findings in Chapter 2 and

3, the PV power is limited to the available solar energy which is uncontrolled in

nature. In reality, the MPPT algorithms are used to track the maximum possible

power from the exerted solar energy. There is no solution that can solve the solar

energy intermittency better than the energy storage system (ESS). According to [44],

the battery required low maintenance and its cost becomes reasonable. Based on

these reasons, the battery integrated PV module becames very attractive as reviewed

in [14,6].

In addition to solving the intermittency issue, the PV-battery system can store

the unused generated solar power that was generated during the peak generation

time, so as to be used during no generation instants or peak hours making the

solar energy system more reliable and a steady source of power. Having the battery

integrated within the PV module during the manufactory process lead to installation

cost reduction as the installation cost of the solar system is considered high [106].

In addition, the EES can resolve many of the implementation challenges of PV

generation and enables more effective grid management [26]. The authors in [107]

discuss the advantages and disadvantages of PV-battery integrated modules and

evaluate a physical integration approach via a simple thermal resistance model.

The advantages of PV-battery integrated modules are plug-n-play, installation cost
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reduction, flexible AC/DC loads connections, space-saving and modularity. The

challenges are optimizing various parameters of PV module, battery and the cooling

system including weight, size, thermal and cost. Different PV-battery integrated

modules approaches are evaluated based on efficiency, flexibility and implementation

cost. The order of integration is glass, cell, Tedlar, upper casing, battery and lower

casing. The glass is used to reflect some irradiation. The Tedlar is used to resist

the UV radiation and protect against weather and moisture. A simulation of the

thermal model is conducted. The results showed a high temperature above the

320K recommended operating condition. An air gap is inserted to lower the overall

temperature significantly.

In this chapter, a new non-isolated three-port converter is proposed for stand-

alone PV-battery powered applications such as DC motor and LED lighting. By

adding one switch and a coupled inductor to the circuit proposed in [37], the

converter is able to achieve MPPT, battery management and output voltage regulation

simultaneously by controlling two switches only. In [37], the converter is only able

to achieve MPPT, and the battery serves as an automatic buffer according to the

difference between PV and Output powers. Moreover, in this chapter, the coupled

inductor is used to extend the output voltage to a higher level. The chapter is

organized as follows: In Section 5.2, the proposed circuit is introduced and the

operation mode is analyzed. In Section 5.3, design considerations of the converter

are discussed. In Section 5.4, the experimental results are explained followed by the

conclusion in Section 5.5.

5.2 Operation Principle

5.2.1 Proposed Circuit

The proposed three-port converter, shown in Fig. 5.1, has three ports, namely

a unidirectional input port, a bi-directional battery port and an output port. S1
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and S2 are power switches. S2 is formed by two MOSFETs connected back-to-back

to implement a bidirectional switch. Diode D1 and coupled winding LS form the

flyback output part. CPV , C1 and C2 are the filter capacitors at the PV panel,

V1 and V2 respectively. A coupled inductor formed by LP and LS is used as an

intermediate storage element for the energy transfer among the three ports. The

turns ratio of the designed coupled inductor is NP/NS where NP < NS.

The main input port VPV is connected to a photovoltaic module that has a

blocking diode. The bi-directional battery port VB is connected to a battery storage

system so that it can be used to either provide a high voltage gain due to its series

configuration with the input port or assist output regulation in response to the

intermittency of PV power. Meanwhile, the proposed circuit is able to achieve

MPPT, manage battery charging/discharging and regulate the output voltage.

The following conditions are assumed for steady-state analysis:

• The output capacitors C1 and C2 are large enough to smooth the output

voltage.

• No conversion loss and all components are ideal. The internal resistor of the

battery is neglected.

5.2.2 Operation Modes

According to the above assumption and the circuit diagram shown in Fig. 5.1, the

input PV power equals the power delivered to the battery plus the power transferred

to the load, PPV = PB +PO and the PV current equals the primary inductor current

plus the battery current, iPV = iLP + iB. Also, the regulated output voltage equals

the sum of the voltages on the output series capacitors, VO = V1 + V2.
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The power flow among the ports in the proposed three-port converter has six

operating modes. These modes are listed below:

1. Single-input single-output (SISO) PV-battery mode: This mode is active when

the PV module charges the battery at no-load condition, as depicted in Fig.

5.2(a).

2. Single-input single-output (SISO) PV-load mode: This mode is active when

the PV module supplies power to the load assuming the battery is not connected,

as depicted in Fig. 5.2(b).

VO

iO

VPV

+

-

C1.
S1

. C2

D1

S2

PV

VB

+

-

Lp

Ls
V2

V1

+

+

-

-iPV

iB

iLS

iLP

CPV

Fig. 5.1 : Proposed integrated PV-battery converter topology.
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3. Single-input single-output (SISO) battery-load mode: This mode is active only

when the battery supplies power to the load. In this mode, the PV module is

either shaded or not supplying power (at night time for instance), as depicted

in Fig. 5.2(c).

4. Dual-input single-output (DISO) mode: This mode is active when the PV

module and the battery supply power simultaneously to the load, as depicted

in Fig. 5.2(d).

5. Single-input dual-output (SIDO): This mode is active when the PV module

(a)

TPC

 

(b)

TPC

(c)

TPC

(d)

TPC

TPC TPC

(e) (f)

Fig. 5.2 : Power flow TPC and operation modes: (a) SISO PV-battery mode. (b) SISO PV-load mode. (c) SISO

battery-load mode. (d) DISO mode. (e) SIDO mode. (f) DIDO mode.
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supplies power to the load. The unused power generated from the PV is stored

at the battery as depicted in Fig. 5.2(e).

6. Dual-input dual-output (DIDO): This mode is active when the PV supplies

power to the load, and the power generated by the PV panel is equal to the

power consumed by the load. In other words, although there is an instantaneous

power mismatch between the PV and the load, over a certain period of time,

the average PV power and the average load power are equal. This mode is

depicted in Fig. 5.2(f).

5.2.3 Steady-State Analysis

1. SISO PV-battery mode: In this mode, only two ports are active, namely the

input and the battery ports. S1 and S2 are operating in a complementary

mode, and the duty cycle is given as d2 = 1− d1. The power generated by the

PV module is used to charge the battery. The combination of VPV , LP , S1, S2

and Vb is considered as a buck-boost converter. This operating mode has two

switching states as shown in Fig. 5.3 and discussed below:

Switching mode I [t0 < t < t1]: S1 is turned ON while S2 is turned OFF. The

primary inductor, LP , starts to charge by the input source VPV and the battery

VB. D1 is reverse-biased due to the polarity of the secondary winding of the

coupled inductor, so no current flows at the secondary inductor. By applying

KVL (Kirchhoff’s Voltage Law) for the mesh the voltage at the inductor given

by VLP
= VPV . This mode ends when S1 turns OFF at t = t1.

Switching mode II [t1 < t < t2]: S1 is turned OFF while S2 is turned

ON. The primary inductor, LP , starts to discharge and the battery current

increases. By applying KVL, the voltage on the inductor given by VLP
=

VPV−V1. By using voltage-second balance, the regulated voltage V1 is obtained

in (5.1). By applying KVL for the mesh with VPV , VB and VC1 the battery
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Fig. 5.3 : SISO PV-battery mode under no-load condition: (a) Key switching waveforms. (b) Equivalent circuits

and corresponding current flows.
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voltage is given as VB = V1 − VPV . By substituting this relationship in (5.1),

the regulated battery voltage is given in (5.2). When S2 turns OFF at t = t2,

this mode ends.

V1 =
VPV

1− d1

(5.1)

VB =
d1

1− d1

VPV =
d1

d2

VPV (5.2)

2. SISO PV-Load mode: In this mode, only two ports are active; the PV and

the output ports. The battery port is disconnected. The combination of

VPV , LP , S1, S2 and C1 is considered as a boost converter while the combination

of VPV , LP , Ls, S1, S1, D1 and C2 is a flyback converter. The switching waveforms

are shown in Fig. 5.4 and discussed as follows:

Switching mode I [t0 < t < t1]: S1 is turned ON while S2 is OFF. The

primary inductor, LP , starts to charge. D1 is reverse-biased due to the polarity

of the secondary winding of the coupled inductor. The voltage across the

inductor is given by VLP
= Vpv. This mode ends when S1 turns OFF at t = t1.

Switching mode II [t1 < t < t2]: S2 is turned ON while S1 is still OFF. The

primary inductor, LP , starts to discharge. The diode D1 is conducted then the

energy stored in the coupled inductor is transferred to the load. By applying

KVL for the mesh, the voltage on the inductor is given as VLP
= VPV − V1.

When the inductor current reaches zero at t = t2, this mode ends.

Switching mode III [t2 < t < t3]: In this switching mode, there is no change

in the switching status. Nevertheless, the current direction will be reversed

on the primary inductor. By applying KVL for the mesh, the voltage on the

inductor is given as VLP
= VPV −V1. This switching mode ends when S2 turns

OFF at t = t3.

By using voltage-second balance, the voltages for this mode are given as
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V1 =
VPV

1− d1

(5.3)

V2 =
NS

NP

d1

d2

VPV (5.4)

VO = V1 + V2 =
1 + NS

NP
d1

d2

VPV (5.5)

3. SISO Battery-Load mode: In this mode, only two ports are active, namely

the battery and the output ports. The combination of VB, LP , S1, LS, D1, C1

and C2 is considered as a forward converter, and the switching waveforms are

shown in Fig. 5.5 and discussed as follows:

Switching mode I [t0 < t < t1]: S2 is turned ON since S1 is always OFF.

The primary inductor, LP , starts to charge. D1 is forward-biased due to the

polarity of the secondary winding of the coupled inductor, then the current

flows at the secondary inductor loop. The battery current starts to increase

to supply more current to the load. The voltage at the inductor is given by

VLP
= −VB. This mode ends when S2 turns OFF at t = t1.

Switching mode II [t1 < t < t2]: In this switching mode, switch S2 is turned

OFF while S1 is still OFF. The primary inductor, LP , starts to discharge

then the battery current starts to decrease. The current will flow through the

antiparallel diode of S1. The voltage on the inductor is given as VLP
= V1−VB.

When S2 switches ON at t = t1, this mode ends. By using voltage-second

balance the voltages V1, V2 and VO for this mode are given by

V1 =
VB

1− d2

(5.6)

V2 =
NS

NP

V1(1− d2) (5.7)

VO =
NPVB +NSV1(1− d2)2

NP (1− d2)
(5.8)



80

S2

Power(Load)Power(PV)

VGS1

VGS2

ipv

iLs

iLp

t0 t2t1
a)

0mA

370mA

-0.4A
0.0A

1.6A

510mA

582mA

11.0W

12.6W

t3

VB

VPV VPV

+

-

.

S1

.

D1

VB

Lp

Ls

VO

.

S1

.

D1

S2
VO

+

-

Lp

Ls

VPV

+

-

.

S1

.

D1

S2

VB

Lp

Ls

VO

b)

+

-

+

-

+

-

Fig. 5.4 : SISO PV-load mode: (a) Key switching waveforms. (b) Power flow.
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Fig. 5.5 : SISO battery-load mode: (a) Key switching waveforms. (b) Power flow.
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4. DISO mode: In this mode and the following two modes, three assumptions

are made. The combination of VPV , LP , LS, S1, D1 and C2 is considered as

a flyback converter, the combination of VPV , LP , S1, S2 and Vb is considered

as a buck-boost converter and the combination of VPV , LP , S1, S2 and C1 is

considered as a boost converter. All the ports in these modes are active. The

only difference is the current flow of the battery port. Due to the insufficient

input PV power, the current will be drawn from the battery to supply the

load. The switching waveforms for DISO are shown in Fig. 5.6 and discussed

as follows:

Switching mode I [t0 < t < t1]: S1 is turned ON while S2 is turned OFF.

The primary inductor, LP , starts to charge. D1 is reverse-biased due to the

polarity of the secondary winding of the coupled inductor, then no current

flows at the secondary inductor loop. The battery current starts to decrease

as the primary inductor draws more current from the PV module. By applying

KVL, the inductor voltage is given as VLP
= VPV = V1 − VB. This mode ends

when S1 turns off at t = t1.

Switching mode II [t1 < t < t2]: In this switching mode, switch S2 is turned

ON while S1 is turned OFF. The primary inductor, LP , starts to discharge. By

applying KVL, the voltage on the inductor is given as VLP
= −VB = VPV −V1.

When the primary inductor current reaches zero at t = t2, this mode ends.

Switching mode III [t2 < t < t3]: This switching mode is similar to the

previous one, but the current direction at the inductor will be reversed, so the

current at the battery port will increase. The voltage on the inductor has the

same value of the previous switching mode. When S2 switches OFF at t = t3,

this mode ends.

By using voltage-second balance, the regulated voltages V1, V2 and VO for this

mode is given in (5.3), (5.4) and (5.5) respectively. Also, the relation between
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Fig. 5.6 : DISO mode: (a) Key switching waveforms. (b) Power flow.
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the voltage on the battery port and V1 is derived in (5.9).

5. SIDO mode: In this mode, the input PV power is greater than the output

power, so some power will be stored in the battery. The switching waveforms

are shown in Fig. 5.7 and discussed as follows:

Switching mode I [t0 < t < t1]: S1 is turned ON while S2 is turned OFF.

The primary inductor, LP , starts to charge. D1 is reverse-biased due to the

polarity of the secondary winding of the coupled inductor, then no current

flows at the secondary inductor loop. The voltage at the inductor is given by

VLP
= VPV = V1 − VB. This mode ends when S1 turns OFF at t = t1.

Switching mode II [t1 < t < t2]: S2 is turned ON, and S1 is turned OFF.

The primary inductor, LP , starts to discharge. By applying KVL for the

mesh, the voltage on the inductor is given as VLP
= −VB = VPV − V1. When

S2 switches ON at t = t1, this mode ends. V1, V2, VB and VO for this mode are

given in (5.3), (5.4), (5.9) and (5.5) respectively.

VB = V1d1 (5.9)

6. DIDO mode: Fig. 5.8 shows the switching modes for this mode. In fact, this

mode is a balanced mode between SIDO and DISO modes so the regulated

voltages are the same as the previous DISO and SIDO. The switching modes

are described as follows:

Switching mode I [t0 < t < t1]: In this switching mode, switch S1 is turned

ON while S2 is turned OFF. The primary inductor, LP , starts to charge by the

input source VPV . D1 is reverse-biased due to the polarity of the secondary

winding of the coupled inductor. The battery current starts to decrease until

it reaches zero at t = t1 then this mode ends.



85

S2

VGS2

ipv

iB

iLp

iLs

Power(PV) Power(load)

t0 t1 t2

Power(Battery)

VGS1

a)

0A

660mA

5.0A

8.0A

-3.69A

-2.70A

3.6355A

3.6390A

-60W

5W

70W

VPV

VB

.

S1

.

D1

Lp

Ls

.

S1

.

D1

S2

VB VO

+

-

Lp

Ls

VPV

VO

+

-

b)

+

-

+

-

Fig. 5.7 : SIDO mode: (a) Key switching waveforms. (b) Power flow.
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Switching mode II [t1 < t < t2]: S1 remains ON, and S2 is still OFF. The

primary inductor keeps charging, and D1 remains reverse-biased. Nevertheless,

the battery starts charging, and this mode ends at t = t2.

Switching mode III [t2 < t < t3]: S1 is turned OFF while S2 is turned ON.

The primary inductor starts to discharge, and its energy flies to the secondary

inductor and the battery at the same time. This mode ends at t = t3 when

the battery current equals zero.

Switching mode IV [t3 < t < t4]: S1 remains OFF and S2 remains ON. The

battery starts to discharge in order to supply more power to the load. This

mode ends at t = t4 when the inductor current equals zero.

Switching mode V [t4 < t < t5]: S1 remains OFF and S2 remains ON. The

current direction on the primary inductor will be flipped due to the direction

of the current in the battery and the secondary inductor that is coupled with

the primary. This mode ends at t = t5.

5.3 Design Considerations

In this section, the design example will be discussed based on the following

parameters:

VO = 50 V

VPV = 18.5 V

VB = 12 V

PO = 20-80 W

fs = 50 kHz

5.3.1 Duty Cycle Selection

The main design consideration is to select suitable values for d1, d2, n, LP and

LS. The steady-state duty ratio for S1 can be obtained from (5.2) as
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d1 =
VB

VB + Vpv
=

12

12 + 18.5
= 0.395 (5.10)

Since S1, which is the main switch, is responsible for MPPT and battery charging,

its duty cycle should be selected carefully. In the present design, the battery port

should operate within the range of 10.8-14.8 V for lead-acid battery. The maximum

duty cycle d1,max is needed when the input voltage is at the MPP (VMPP = 18.5 V),

and the battery voltage is at the maximum value. Thus, d1,max = 0.45. In fact, this

maximum duty cycle is a key parameter for the battery charging control strategy in

preventing damaging the battery due to overcharging.

5.3.2 Coupled Inductor Selection

V1 can be obtained from (5.2) as

V1 =
VPV

1− d1

=
18.5

1− 0.4
= 30.5V (5.11)

As the output voltage of the proposed converter is given as VO = V1 + V2 and the

output voltage VO = 50, V2 = 50 − 30.5 = 19.5V . According to (5.4) and the

calculated value for V2, the turns ratio of the coupled inductor can be obtained as

NS

NP

= n =
d2V2

d1VPV

=
(1− 0.395)19.5

0.395 ∗ 18.5
= 1.62 (5.12)

The converter is designed to operate in continuous conduction modes (CCM).

According to the steady-state analysis for DIDO mode, LP can be given as

LP >
VlP 4 t

4i
>
VPV d1Ts
2iinput

> 18uF (5.13)

By substituting the coupled inductor ratio and primary inductor value in (5.14)

the secondary inductor should be four times the value of the primary inductor.

LP

LS

= (
Np

NS

)2 (5.14)
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Fig. 5.9 : Control scheme of the proposed three-port converter.

5.3.3 Control Strategy

A Texas Instrument DSP controller (TMS320F28335) is used to control the power

flow and generate PWM signals to drive the switches. The available solar power as

well as the battery state of charge (SoC) determine the converter’s operation modes.

The control scheme, shown in Fig. 5.9, has three control loops that are used to

control the proposed converter, namely the input voltage regulator (IVR), output

voltage regulator (OVR) and battery voltage regulator (BVR).

The OVR is a simple PI voltage regulation loop used to regulate the output
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Table 5.1 : Operation Modes Selections and Switches Operation Lookup Table

Modes Power Condition (W) S1 S2 Active components

SISO PV-battery PPV = PB, PO = 0

PWM1

(MPPT and BVR)

PWM2

(Complementary mode)

S1, S2, C1, and Lp

SISO PV-load PPV = PO, PB = 0

PWM1

(MPPT )

PWM2

(OVR)

S1, S2, C1, C2, LP and LS

SISO battery-load PB = PO, PPV = 0 0

PWM2

(OVR)

S2, C1, C2, LP and LS

DISO PPV + PB = P0

PWM1

(MPPT and BVR)

PWM2

(OVR)

S1, S2, C1, C2, LP and LS

SIDO PPV = P0 + PB

PWM1

(MPPT and BVR)

PWM2

(OVR)

S1, S2, C1, C2, LP and LS

DIDO PPV + PB = P0 + PB

PWM1

(MPPT and BVR)

PWM2

(OVR)

S1, S2, C1, C2, LP and LS

voltage. The input PV port voltage and P&O algorithm are maintained by using

an IVR loop to get the maximum input PV power. To prevent the battery from

overcharging, a BVR loop is used. In fact, this loop is only active when the battery is

fully charged at (SISO) PV-battery or SIDO mode. As the battery port is connected

in series with the PV port, the battery cannot be disconnected. As a result, the

control variable d1 will operate away from the MPPT to reduce the power generated

from the PV module. Thus, the converter changes the operation mode not to charge

the battery. The mode selection flow chart is shown in 5.10, and duty cycle of each

power switch are summarized in Table 5.1.
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Fig. 5.10 : Flowchart of the operation mode selection algorithm.



92

5.3.4 Power Device Voltage Stress Analysis

Assuming that the ports voltage and the voltage on the capacitors C1 and C2

are constant, the voltage stress on the switching devices are given as below.

VS1 = V1

VS2 = VPV + VB

VD1 = Vo

(5.15)

5.3.5 Capacitor Design

In order to obtain 98% utilization efficiency for PV module, the voltage ripple at

the input port should be below 8.5% of the MPP voltage VMPP [60]. According to

this result, the minimum value of the filter capacitor of PV panel can be determined

as

CPV = I
dt

dv
= IMPP

d1,max

0.085VMPPfs
(5.16)

To design the output capacitor for any converter, the hold-up time requirement

for step-load should be considered. The minimum output voltage ripple must remain

under a suitable value, typically 1% of the output voltage. A nonzero time,τ , is

required to get back the load voltage to the study-state, and this duration is usually

approximated as 1/(0.1fs) [4]. According to these conditions, the value of the output

capacitor should be greater than

C1,2 = I
dt

dv
=

IO
0.01V1,2(0.1fs)

(5.17)

5.4 Experimental Results

Initially, the proposed converter is simulated using LTSpice to verify its feasibility.

A 60 W hardware prototype is built and tested in order to confirm the operation and
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evaluate the performance, as shown in Fig. 5.11. The values of the key parameters

are given in Table 5.2.

A 60 W solar panel is used as a main source of power. The solar radiation

emulated by using a set of artificial lights (500 W halogen light). A 12V, 12Ah

lead-acid battery is connected to the bidirectional port (battery port) to store

the unused power and to supply more power to the load when required to reduce

Electronic 
DC load

BatteryDC power 
supply

DSP
Circuit 
board

Halogen 
lights

Fig. 5.11 : Laboratory prototype.
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the intermittency effects. The output port is connected to a programmable DC

electronic load to mimic the change in the power consumption.

The main waveforms of all modes are shown in Fig. 5.12. It is clearly illustrated

that the output voltage is regulated at 50 V for all modes while the PV module

Table 5.2 : Components Details.

Component Model/Value

Digital controller TMS320F28335

Switching frequency 50 kHz

MOSFET IRF540N

MOSFET driver for S1 TC4426

MOSFET driver for S2 IR2184PBF

D1 MBR2035CT

Coupled inductor core RM14/I-3C95

NP/NS 1/2

LP 100 µH

LS 400 µH

C1&C2 470 µF
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voltage is regulated at around 18.5 V which is the voltage at the maximum power

point (MPP) for the solar panel. The current direction is varied for each mode. In

VPV

VO

iPV

iB

a) b)

c) d)

VPV

VO

iPV

iB

VPV

VO

iPV

iB

VPV

VO

iPV

iB

e) f)

VPV

VO

iPV

iB

VPV

VO

iPV

iB

Fig. 5.12 : Experiment result (waveforms): (a) SISO PV-battery mode. (b) SISO PV-load mode. (c) SISO battery-

load mode. (d) DISO mode. (e) SIDO mode. (f) DIDO mode. [Time base: 20µs. VPV : 20V/div. VO: 50V/div

for all mode except (c) VO: 25V/div. iPV : 1A/div. ib: 1A/div, 200mA/div, 2A/div, 4A/div, 1A/div, 250mA/div

respectively].
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(SISO) PV-battery mode and SIDO mode, the current is negative indicating that

the battery is charging. In (SISO) battery-load mode and DISO mode, the current

is positive. This indicates that the battery is discharging. The battery current of

the (SISO) PV-load mode equals zero because it acts as an open circuit while the

average current of the DIDO mode equals zero because the input PV power equals

the output power. It is noted that the battery current is highly pulsating. According

to the literature, this is still a debatable and inconclusive matter. In [7], the authors

show that a high pulsation current is considered as one of the promising solutions to

get a fast battery charging. On the other hand, in [89], the authors show that it may

reduce the life cycle of the battery as the internal resistor of the battery increases

with the time if a high pulsating current is used. There have been other charging

current patterns proposed with different degrees of effectiveness such as that in [21].

Nevertheless, if a constant current is preferred, it can be achieved easily by adding

a passive filter (e.g. C, LC, etc.) in parallel with the battery or a shunt active filter

(AF) to remove this harmonic current [45].

Fig. 5.13 shows the transient behaviour between different modes. It is observed

that the output voltage is regulated at a constant level. Fig. 5.13(a) shows the

transient response when the operation mode changes from DISO to SISO battery-

load then goes back to DISO after partial shading is applied on the PV module. It is

illustrated that the input current generated from the PV module has reduced. The

battery current increases to compensate the amount of current that was generated

from the PV module to maintain the output load operating at the same voltage

and power. Fig. 5.13(b) shows the transient response when the operation mode

changes from DIDO to SISO battery-load then goes back to DIDO after the PV

module is fully shaded to emulate the night time. Fig. 5.13(c) shows the transient

response when the operation mode changes from DIDO to SISO battery-load. Fig.

5.13(d) shows the transient response for three scenarios: SISO Battery-load to DISO;
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Fig. 5.13 : Experiment result (Transient response) between modes: (a) DISO → SISO battery-load → DISO. (b)

DIDO → SISO battery-load → DIDO. (c) DIDO → SISO battery-load. (d) SISO Battery-load → DISO radiation

I → DIDO. [VPV : 20V/div. VO: 50V/div. iPV : 1A/div. ib: 1A/div, 3A/div, 2A/div, 2A/div respectively].

insolation equals 250 W/m2; then to DIDO mode.

Based on the experimental results, the average efficiency of the proposed converter

varies between 94% for SISO PV-load mode, 93.09% for SISO PV-battery mode

(when the battery stat-of-charge SoC equals 60%), 90.75% for SISO battery-load

mode, 95.49% for DISO, 94.26% for SIDO and 95.04% for DIDO. Fig. 5.14 shows

the efficiency curves for the main operating modes at various output power values.

The battery SoC is maintained around 60% in order to achieve a fair comparison.
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Fig. 5.14 : Measured efficiency curves obtained from the laboratory prototype for main operating modes.

The proposed converter can achieve MPP by using Perturb and Observe (P&O)

algorithm and regulate the output voltage at around 50 V for all modes at a lower

duty cycle. The operation duty cycle for the main switch changes between 32% and

45%. The comparison between the proposed converter and other converters is given

in Table 5.3.
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Table 5.3 : Comparison Between Proposed Converter and Other Structures

Topology

Rated Output

power

(W)

PV

Voltage

(V)

Battery

Voltage

(V)

Output

Voltage

(V)

Switching

Frequency

(kHz)

Component count

bidirectional ports voltage gain Average Efficiency

switches Diodes Inductors

[116] 500 35-70 70-100 100 100 3 3 One ESS 1.7 97.2%

[22] 200 52.8 48 380 50 5 - Two coupled-inductors and two leakage inductors ESS 7.2 90.1%

[39] 150 72 36 400 50 4 4 Two coupled-inductors ESS 5.5 95.5%

[23] 50 17 36 24 20 4 5 One ESS 1.4 90%

[78] 1000 100-200 50-100 400 100 4 1 Two ESS 4-8 97.5%

proposed converter 80 18 12 50 50 3 1 One coupled-inductor ESS 2.7 93.7%
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5.5 Summary

A new non-isolated multiport converter is proposed and experimentally verified

to integrate a backup battery with a PV module for stand-alone power systems

such as DC motor drives and LED drivers. A converter has an input unidirectional

port for the PV module, a bidirectional port for a backup battery and an output

port. The converter can provide a highly regulated output voltage by connecting the

renewable energy source in series with the battery, and by using a coupled inductor.

In addition, the proposed MPC can easily solve the problem of intermittency by

using a simple control method. The highest average efficiency equals 93.7% while the

highest average efficiency reaches 95.49% and the lowest at 90.75%. The MOSFET,

coupled inductor and power diode are the major contributors to the total power loss

for this converter design as the voltage stress on these components are high.
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Chapter 6

A Novel High Step-up Three-Port Converter for

PV-Battery Integrated System

6.1 Overview

The inverter design for the grid-connected PV system has skyrocketed; in fact it

requires a special design specification to meet the performance requirements of the

utility operator’s specifications. As discussed earlier in Chapter 2, the solar system

can be formed in the following main architectures [123]:

• Centralized DC/AC inverter structure.

• String DC/AC inverter structure.

• Centralized DC/AC inverter with centralized DC/DC converter structure.

• Centralized DC/AC inverter with string DC/DC converter structure.

• Centralized DC/AC inverter with string DC/DC optimizer structure.

• Detached microinverter or the AC module structure.

A microinverter (detached inverter) is used to integrate each PV module with

its inverter; hence, it has been developed to eliminate the problem of MPPT. In

general, to enhance the performance of the microinverter, the non-isolated topology

is preferred due to its high efficiency, less component count, less bulky design, less

cost and more compact compared to other topologies. The microinverter improves

the system flexibility by supporting “plug and play” application and removing power
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mismatch that may occur between the panels. Also, it helps reduce the installing

cost [76].

In general, the inverter in the above-mentioned architectures can be classified into

two groups, namely single-stage microinverters and double-stage microinverters. In

single-stage microinverters, MPPT and the grid requirement are managed in one

stage which requires big capacitors and causes control limitation. On the other

hand, double-stage microinverters, where two stages of power conversion are used,

more control freedom is achieved, and low power decoupling capacitance is needed.

As a result, double-stage microinverters increase microinverter reliability [6]. A non-

isolated three-port converter plays a key role in the electric vehicle where a highly

efficient and high voltage gain converter is needed to combine the battery, power

source and motor [99]. Based on the above discussions, the proposed converter

in Chapter 5 is modified to be implemented as the first stage in double-stage

microinverters.

In this chapter, a new high step-up non-isolated three-port DC-DC converter

(HS-NITPC) is proposed by enhancing the circuit proposed in Chapter 5. Nevertheless,

the flyback diode is replaced by a power switch to allow the power to transfer

back from the dc bus to the battery. In addition to replacing the flyback diode,

the coupled inductor ratio is redesigned to boost the output voltage to a higher

level. The converter is designed to integrate a solar panel with battery storage

in order to boost its voltage, reduce the effect of solar energy intermittency and

enhance the solar power performance under an unpredictable load demand. The

converter combines three converters to form one integrated converter by sharing

some components. Thus, the converter has high power density and fewer components

compared to the traditional DC-DC converters. The coupled inductor is used

to achieve a high output regulated voltage, transfer energy among the ports and

facilitate maximum power point tracking for the solar panel. A hardware prototype
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Fig. 6.1 : a) Three-port converter proposed in Chapter 5. b) proposed circuit.

was built and tested to verify the proposed circuit for 180 W input power. The

proposed converter is suitable for a stand-alone or grid-connected solar system.

Moreover, it could be used in the electric vehicle where regenerative braking is

used.

6.2 OPERATION PRINCIPLE

6.2.1 Proposed Circuit

Fig. 6.1(b) shows the proposed three-port bi-directional converter. The converter

is composed of three main switches S1, S2 and S3. S2 is a bidirectional power switch

that is implemented by using two switches connected back-to-back. One coupled

inductor is formed by LP and LS, with a winding ratio 1:2.5 which is used as a

voltage gain extension. C1 and C2 are used to smooth the output voltage while CPV

is used as a filter capacitor for the solar panel. VPV is a unidirectional input port

that is connected to the solar panel while the blocking diode DPV is used to prevent
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the current from going back to the panel. This port is able to harvest the maximum

power from the solar panel by tracking the maximum power point (MPP). VB is a

bi-directional battery port that can be used either to boost the input voltage to a

high level due to its seriesconfiguration with the input port or to supply more power

to the output when required in order to solve the intermittency issue and smooth

the output power. The output capacitors C1 and C2 are large enough to smooth the

output voltage. The proposed three-port converter has four main possible operating

modes. The power flow among the ports is shown in Fig. 6.2.

6.2.2 Operation Modes

The proposed three-port converter has four main possible operation modes. The

power flow among the ports are listed below:

1. Single-input single-output (SISO) PV-battery: This mode is active

when the PV module charges the battery under no-load condition, as depicted

in Fig. 6.2(a).

2. Single-input single-output (SISO) battery-output: This mode is active

only when the battery supplies power to the load. In this mode, the PV module

is either shaded or unable to supply power at night, as depicted in Fig. 6.2(b).

3. Dual-input dual-output (DIDO): This mode is active when the PV supplies

power to the load, and the battery is charged or discharged depending on the

amount of power generated by the PV module and the power consumed by

the load. This mode is depicted in Fig. 6.2(c).

4. Single-input single-output (SISO) output-battery: This mode is active

when there is a need to recharge the battery when the solar panel is not able

to supply power and the battery state of charge (SoC) is low. This newly

added mode is useful for a grid-tie solar system application and it may also be
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used for an electric vehicle (EV) where the regenerative breaker is changing

the battery during its power recovery mode. This mode is depicted in Fig.

6.2(d).

6.2.3 Steady-State Analysis

1. SISO PV-battery mode: In this mode, S1 and S2 are operating in a complementary

mode where S3 is always OFF. The power generated by the PV module charges

the battery to be used later. The combination of VPV , LP , S1, S2 and VB is

considered as a buck-boost converter. Thus, the battery at this mode charges

effectively. Fig. 6.3(a) shows the current bath flow for the proposed converter.

The regulated battery voltage is given in (6.1).

VB =
d1

1− d1

VPV =
d1

d2

VPV (6.1)

2. SISO battery-output mode: In this mode, only two ports are active, the

battery and the output port. The combination of VPV , LP , LS, S2, S3, C2 and

V2 is considered as a forward converter. The converter regulated output voltage

derives in (6.2), and the current path flow is shown in Fig. 6.3(d).

VO =
NPVB +NSV1(1− d2)2

NP (1− d2)
=
NPVB +NSVB(1− d2)

NP (1− d2)
(6.2)

3. DIDO modes: In this mode, the following three assumptions are made: the

combination of VPV , LP , LS, S1, S3, C2 and V2 is considered as a flyback converter,

the combination of VPV , LP , S1, S2 and Vb is considered as a buck-boost converter

and the combination of VPV , LP , S1, S2, C1 and V1 is considered as a boost

converter. In this mode all ports are active.

When S1 is turned ON, and S2 and S3 are turned OFF, the inductor starts

charging by the PV panel. No current will flow in LS due to the polarity of
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Fig. 6.2 : Power flow: a) SISO PV-battery. b) SISO battery-output. c) DIDO. d) SISO output-battery.
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Fig. 6.3 : Current flow TPC and operation modes: (a) SISO PV-battery mode. (b) SISO output-battery mode. (c)

DIDO. (d) SISO battery-output mode.
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the coupled inductor which makes the body diode of S3 reverse-biased, and

consequently some energy will be stored in the coupled inductor. When S2

and S3 are turned ON, S1 will turn OFF and the primary inductor then starts

to discharge to charge the battery. At the same time, the energy stored in the

coupled inductor will be transferred to the output. If the power generated by

the PV panel is not enough to supply the load, more current will be taken from

the battery. As a result, the current direction at the battery port is reversed.

The current path flow is depicted in Fig. 6.3(c). VB, V1, V2, and VO for this

mode are given in (6.1) (6.3), (6.4), and (6.5) respectively.

V1 =
VPV

1− d1

(6.3)

V2 =
NS

NP

d1

d2

VPV =
NS

NP

VB (6.4)

VO = V1 + V2 =
1 + NS

NP
d1

d2

VPV (6.5)

4. SISO Output-Battery mode: This mode is similar to the SISO battery-Output

mode. However, the current direction is flipped, as shown in Fig. 6.3(b). In

this mode, the output port connected to the 169 V DC bus which is suitable

for 120 V AC mains power.

VB =
VONPd1

NP +NSd1

(6.6)

6.3 Simulation and Experiment Results

The converter is simulated using Switcher-CADIII-LTSpice from Linear Technology

then an experimental prototype is built to verify the performance and feasibility

of the proposed converter, as shown in Fig. 6.4. A programmable power supply

(model: EA-PSI 9750-12 2U) that has the solar PV emulator function is used to
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Fig. 6.4 : Experimental setup of laboratory prototype.

mimic the behaviour of a 180 W solar panel, and it is connected with the input

port VPV . In order to ensure the accuracy of the used PV emulator, an experiment

was carried out to plot the P-V curve of 180 W solar panel, and then to compare

the result with the actual PV module. It is experimentally found that the voltage

at the maximum power point (VMPP ) is equal 38 V. Three 12V, 12Ah lead-acid

batteries are connected in series to obtain the desired voltage which is 36 V. Then

it is connected with battery port VB. The output port VO = 170 V is connected

to DC Electronic Load (model: EA-EL 9750-25). The design consideration and the

control circuit are similar to the one in Chapter 5. The values of the key parameters

are given in Table 6.1.
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Table 6.1 : Components Details.

Component Parameter Model/Value

Digital controller - TMS320F28335

Switching frequency fs 50 kHz

MOSFET S2&S2 IRF540N

MOSFET S3 C3M0065090D

MOSFET driver for S1 - TC4426

MOSFET driver for S2&S3 - IR2184PBF

Coupled inductor core - RM14/I-3C95

Coupled inductor turns ratio NP/NS 1/2.5

primary inductor LP 100 µH

secondary inductor LS 625 µH

output capacitor C1 470 µF

output capacitor C2 330 µF

PV filter capacitor C2 100 µF

Key experimental waveforms are shown in Fig. 6.5. The average simulation

efficiency is 91.2% for SISO PV-Battery, 89.5% for SISO Battery-Output, 87% for

SISO Output-Battery and 89.99% for DIDO mode while the average experimental

efficiency is 86.5% for SISO PV-Battery, 85% for SISO Battery-Output, 81% for

SISO Output-Battery and 88.3% for DIDO mode. The comparison between the

proposed converter and other converters is given in Table 6.2.
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Fig. 6.5 : Experiment result: a) SISO battery-Load. b) DIDO mode. [Time base: 20s. V1: 40V/div, VPV:

40V/div, VO: 40V/div and iLP: 10A/div].
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Table 6.2 : Comparison of Proposed Converter and Other Converters.

Topology

Rated Output

power

(W)

PV

Voltage

(V)

Battery

Voltage

(V)

Output

Voltage

(V)

Switching

Frequency

(kHz)

Component count

bidirectional ports voltage gain Average Efficiency

switches Diodes Inductors

[116] 500 35-70 70-100 100 100 3 3 One ESS 1.7 97.2%

[22] 200 52.8 48 380 50 5 - Two coupled-inductors and two leakage inductors ESS 7.2 90.1%

[39] 150 72 36 400 50 4 4 Two coupled-inductors ESS 5.5 95.5%

[23] 50 17 36 24 20 4 5 One ESS 1.4 90%

[78] 1000 100-200 50-100 400 100 4 1 Two ESS 4-8 97.5%

TPC in Chapter 5 80 18 12 50 50 3 1 One coupled-inductor ESS 2.7 93.7%

proposed converter 180 38 36 168 50 4 0 One coupled-inductor ESS 4.74 85.2%
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6.4 Summary

In this chapter, a bi-directional non-isolated high step-up DC-DC converter is

proposed and experimentally verified for the standalone and grid-connected system.

The proposed converter is able to achieve MPP by implementing the Perturb and

Observe (P&O) algorithm, regulating the output voltage and performing the battery

management simultaneously. By using such a converter, the output voltage for the

solar panel can be boosted easily by using a lower duty cycle, resulting in less voltage

stress on the switches. It also facilitates the use of the microinverter and plug-and-

play concept. The solar energy intermittency and unpredictable change in demand

effects are eliminated by using energy storage system (ESS).
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

This thesis focuses on improving the capability and solving the intermittency of

the PV generation where four different contributions are proposed, designed, and

validated by the experimental results under different applications. They are:

• A non-intrusive method to detect the cracked and aged PV cells by studying

the dynamic regime of the solar cells.

• A simple analog approach to improving maximum power point tracking efficiency

by using a bipolar junction transistor that has characteristic similar to the PV

cell.

• A non-isolated three-port converter to integrate a backup battery with a PV

module for stand-alone power systems.

• A high step-up non-isolated three-port DC-DC converter (HS-NITPC) with

two bidirectional ports for grid-connected power systems and electric vehicle

where the regenerative breaker is used.

The following conclusions can be drawn upon the fulfillment of the research:

The loss of electrical connection between the PV cell and busbar would cause

a significant reduction of the entire PV string power generation capability. It

is experimentally verified that the fully cracked cells show a higher resistive and

capacitive characteristic at high frequency than others. A crack detection technique



115

is proposed to investigate the cracked and aged cells to improve overall solar system

efficiency and reliability. The experiment result shows that the current leads the

voltage by 27◦ for the normal string while it increases by 11.66◦ to become 38.66◦

for string with one cell totally cracked. A comparison between the series and parallel

connected PV panel strings are given. Bypass diodes are recommended to be added

to the PV panel string to mitigate the current reduction by the seriously cracked cells

to increase the solar cell lifetime, improve the solar system efficiency and reliability.

BJT has a characteristic similar to the PV cell that can be used for MPPT

by using a simple voltage and current feedforward- feedback control. The collector

current of the BJT is used to mimic a voltage slope that matches the maximum

power points for the PV cell under different radiation levels providing more accurate

tracking compared to the constant voltage tracking technique. The proposed analog

control with a tracking efficiency ranging from 93.39% to 99.2% for different solar

insolation levels can be used in aerospace and low-cost system applications due to

its pure analog implementation and cost-effective nature.

The ESS becomes a necessary element for the RES as it can solve the intermittency

issue, unpredictable change in demand, and help to manage the grid requirements.

A bi-directional non-isolated high step-up three-port DC-DC converter is one of

the best candidates to integrate the ESS with a PV module as it can reach high

efficiency, and it can share some components. The converter proposed in chapter

5 can be used for stand-alone power systems, such as DC motor drives and LED

drivers. The highest average efficiency equals 93.7%, while the highest average

efficiency reaches 95.49% and the lowest at 90.75%. The converter has only one

bidirectional switch, one unidirectional switch, one coupled inductor, one diode and

two capacitors.

The converter proposed in Chapter 6 is suitable for stand-alone or grid solar
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system, and it could be used for the electric vehicle where the regenerative breaker is

used. In this converter, the diode in the previous topology is replaced by bidirectional

switch to allow the current flow back to the battery. The measured experimental

efficiency is 86.5% for SISO PV-Battery, 85% for SISO Battery-Output, 81% for

SISO Output-Battery and 88.3% for DIDO mode. The voltage gain for this converter

equals 4.45.

7.2 Future Work

Recommendations for future research are listed as follows:

• The crack tracking technique was implemented by injecting a variable frequency

AC signal by using a function generator. For future work, the proposed

technique will be implemented within the power converter that can be operated

at a variable frequency. The converter will be controlled by DSP where the

current waveform can be captured.

• The MPP tracking technique was implemented by BJT with variable resistor

(potentiometer). For future work, the digital potentiometer will be used to

modify the generated MPP reference voltage curve as that curve could differ

from one cell to other, and it may change with the cell aging.

• Thermal coupling and electromagnetic interference aspects of the proposed

three-port converter.

• A PV module prototype could be built to integrate all of the proposed techniques

and converters to show the visibility and reliability for the integrated PV-

battery system with this crack detection technique.

• Extending the capability of the proposed TPC by integrating a proper inverter

to facilitate plug and play PV-battery system.
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