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Abstract

HOTOVOLTAIC (PV) system is one of the most prominent energy sources, producing electricity
P directly from sunlight. In additionally, it is easy to install and is supported financially by many
governments as part of their strategy to reduce CO2 gas emissions, and to achieve their agreed set
of reduction targets by 2020. In the meantime, researchers have been working on the PV system to
make it more efficient, easy to maintain, reliable to use and cost effective.

In the stand-alone PV system, a battery is required. This is due to the fluctuating nature of the
output energy delivered by the PV arrays owing to the weather conditions and the unpredictable be-
haviour of uses with regard to the consumption of energy. During the hours of sunshine, the PV
system is directly feeding the load and any surplus electrical energy is stored in the battery at a con-
stant current. During the night, or during a period of low solar irradiation, the energy is supplied to the
load from the battery. However, the stand-alone PV system is designed to provide an acceptable bal-
ance between reliability and cost, which is a major challenge to the designer owing to the approaches
used to size the PV arrays and the battery bank. As a result, the unpredictable, quick daily changes on
the PV output is not dependable. Moreover, battery performance, length of life and energy efficiency
depends on the rate at which it is discharged. Therefore, it is essential to use other methods to deal
with any quick variation in energy.

In this thesis, a super capacitor is used to solve this problem, as it can deal with the fast-changing
weather, or a rapid variation in the energy requirements of the customer. A critical evaluation with
in-depth analysis of the placement and the implementation for the super-capacitor in the PV stand-
alone system has been carried out. The results show, super-capacitor capacitance and the converter
efficiency affect the delivered load energy. However, the bi-directional topology performs better than
uni-directional under the same conditions.

Finally, a further improvement of the system at component level, has been developed through
an energy recovery snubber for the switching transition and achieved a recovery of energy for the
resistive load, 94.44% for the turn on transition and 92.86% for the turn off transition. Moreover, for
the inductive load, 78.33% and 97.33% of energy has been recovered for the turn on and for the turn

off transition respectively.
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Chapter 1

Introduction

1.1 Background

HE 2007 Nobel Prize winning organisation united nation intergovernmental Panel on Climate
T Change (UN-IPCC) estimates that the world will need the equivalent of 32000 TW H of elec-
trical energy by 2030 to meet social and economic development. As a result, environmental problems
will increase if we keep using fossil fuels as source of energy owing to the production of high level
of carbon dioxide C'O2 when they are burnt. However, the growing awareness of climate change,
and the requirement to meet the target reduction of greenhouse gas emission polices (as prescribed
by the Kyoto Protocol) means that a substantial fraction of our energy must be generated without any
COs emissions. This should be achieved within the next 10 to 20 years for energy security and the
reduction of global greenhouse-gas emissions [25,26].

The achievable 2030 set target of C'O2 emission reduction by the world leaders significantly in-
creases the implementation of renewable energy such as wind, solar, biomass, tidal power, geothermal
and hydroelectric power as shown in Figure 1.1. However, solar energy (photovoltaic (PV)) has some
advantages over the others; it has no moving parts, it is not noisy, requires less maintenance and is
harmless in comparison to the wind turbine. It is also capable of recycling its modules, and provides
a clean source of energy transformed directly from sunlight into electricity. Photovoltaic energy can
bring electricity to a rural home-maker who lives far from the nearest grid connection. Furthermore,
the panels are easy to install (on roofs, parking areas, vertical facades on skyscrapers or on adjacent

land). The European Photovoltaic Industry Association (EPIA) predicts that PV could provide 12%
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Fig. 1.1: Incremental Global Renewables-based Electricity Generation [1]

of Europe’s energy by 2020, and the International Energy Agency anticipates that PV could provide
over 11% of the world’s electricity by 2050 [26].

The correlation between public awareness of climate change and the vital role of renewable ener-
gies in combating it, along with government subsidies and feed-in tariffs, has encouraged residential
and investors to enhance PV system [27,28]. Furthermore, with the new policies, power generated
from PV systems in 2035 is over 26 times that of 2011 and is predicted to increase from 67 GWin
2011 to 600 GW in 2035 [2,26].

Figure 1.2 illustrates the use of PV system around the world by 2035 [2,29]
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Fig. 1.2: Energy Generation from Solar PV Globally [2]
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1.2 Motivations

The last ten years has seen significant technology development make the PV system economically
competitive and more efficient. Manufacturing cost of generators has also declined by around 58%
between 2010 and 2015, and this trend is likely to continue [30]. The International Renewable Energy
Agency estimates that the cost of solar PV will fall by another 57% by 2025, as Figure 1.3 shows
[3,30].

Electricity costs

€/kKWh, 900 hly:
oy %A _~o060€/kWh
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Fig. 1.3: Cost of PV Electricity VS Utility Peak and Bulk Electricity [3]

However, the PV system as a whole is still less efficient and less reliable in comparison to other

type of power generation system owing to unpredictable hourly or daily output.

1.2.1 PV System Efficiency

The low efficiency PV system is an aggregation of many factors, which starts with the PV cell material

(which allows the conversion of the sunlight to electricity) and ends with the converter technology.
To improve the conversion efficiencies, ongoing research is performed in the material aspect of

the cell such as crystalline silicon solar cells (¢ — Si) and is often referred to as ” first generation”.

Thin film solar cells (T'F'SC'), which comprise a variety of technologies: amorphous silicon (a —
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S1), copper indium gallium diselenide (CIGS, Cu(InGa)Ss3), cadmium telluride (C'dTe), and also
concentrator photovoltaic (C'PV'), where expensive and efficient multi-junction (M J) solar cells
receive a high intensity of sunlight focused by concentrators made of lenses or mirrors. Thin film solar
cells are often referred to as ”second generation” tandem cells thanks to nanotechnology, Quantum
Dots and organic PV. Overall, materials with high light absorption and higher band gap energy are
more efficient, as shown in the Table (1.1) which summarises commercial PV cell technology [29,
31-35]. Thus, in solar cells the efficiency is strongly related to the generation of electronhole pairs
caused by light.

The interface between the PV cell and the load presents another efficiency issue, as the interface
consists of power electronic components to allow the stepping up or down of the voltage. Passing
the current through a conductor or an electrical component creates some heat. This heat is a waste of
electrical energy and, as a result, the interface has a low efficiency. However, much research has been
done to improve this interface efficiency and up to 98% is now achievable. Lastly, the extraction of
the maximum power from the PV cell at all times, regardless of weather conditions, is desireable. A

lot of research has been conducted in this area and many algorithms been developed.

1.2.2 Reliability of PV Systems

The dependency of generated power on the presence of light is the main drawback of the PV system.
To overcome this issue the improvement of energy storage has a crucial role. By improving the storage
method, the reliability of the PV system increases dramatically especially in stand-alone systems with
regard to the consistency of the output power. However, standalone PV systems use battery power to
provide support when solar energy is insufficient to satisfy load demand. Moreover, in stand-alone
systems, the battery capacity is calculated to the average annual use, and also for at least three days
of island autonomy. This means that the daily quick change in PV output is not dependable and,
as a result, battery life is significantly reduced. Introducing a super-capacitor as storage unit, in a
complementary manner, to deal with this quick power variation owing to the changing weather and
the load power demand, together with or separately of the power used, reduces the drawback of the
battery through high power density, longer life cycles, and high efficiency. This will prolong battery
life and overall system reliability.

Table 1.2 shows a comparison between a super-capacitor and the best battery on the market at the

present time [36—44].
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Type Li-ion battery Super-capacitor

Storage Method Faradic Reaction Electrostatic interactions
Energy level High (150 — 250 Wh/kg) Limited(1 — 10 Wh/kg)
Specific power 1000 — 3000 Up to 10,000

Power level

Cost per capacity

Cycle life

Cycle efficiency

Cell voltage

Charge time

Temperature range

Internal resistance

Self-discharge rate

Thermal runaway risk

High-temperature

performance

Low -temperature

performance

Limited by mass transport

$500 — 3,800 /kWh
500 — 2,000 cycles
94% —  95%

36 — 37V

10 — 60 Min

20 — 60°C

150 — 200 m&2
10%/month

Yes

Cannot operate long at

high temperatures

Cannot operate long at

low temperatures

Limited by electrolyte conductivity
$300 — 20,000 /EWh

> 106 cycles

9% — 98%
23 — 27V
1 - 10 S

40 - 70°C

0.1 — 1mQ
20% —  40%/day
No

Can operate long times at
50 To 65°C
Can operate long times at

—-30 To —40°C

Tab. 1.2: Li-Ion Battery and Super-Capacitor Comparison



1.3 Research Aim and Objectives

1.3 Research Aim and Objectives

The aim of this research is to improve the overall reliability and efficiency of stand-alone PV systems
by proposing a new storage system which incorporates a super-capacitor to overcome the mismatch
of energy between the PV production the load consumption for short periods of time. Furthermore,
a reduction of the switching losses at the electronic switches and the reuse of this energy was imple-
mented through an energy recovery snubbers circuit.

In order to achieve this aim the following objectives were set:

1. To undertake an extensive literature review through books, journals and conference papers con-

cerning a stand-alone PV system and its storage units.
2. To critically review the main converter topologies used in a stand-alone PV system.
3. To critically classify the storage techniques in a stand-alone PV system.

4. To investigate and critically review the placement of the super-capacitor as a storage unit in a

stand-alone PV system.
5. To propose a power management method in stand-alone PV system with a super-capacitor.

6. To propose and implement an energy recovery snubber circuit to reduce the power losses in the

converter switches.

7. To propose a system in order to provide a smooth power transfer between the PV source and

the storage unit with load.
8. To implement an energy recovery snubber with a DC' — DC converter.

9. To empirically validate the simulation results.

1.4 Methodology

In this thesis the methodology used is a modelling and simulation approach. Each of the circuit-blocks
in the proposed work are modelled and simulated on Matlab / Simulink for the energy management

algorithm , and SIMetrix/SIMPLIS software for the switching losses.
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1.5 Thesis Outline

This thesis is organized into six chapters, with the relationships to the thesis objectives presented in
section 1.3. Each chapter will start with a brief introduction to provide an overview and highlight the
main contributions of the chapter. At the end of each chapter a brief summary is presented.

Chapter 1: Provides a brief background about renewable energy, especially a PV system, and is
followed by a description of the research motivation, aims, objectives and the layout of the thesis.
Chapter 2: Starts with a short review of how PV systems have evolved, and is followed by the mathe-
matical model of the PV cell and the main storage system used in stand-alone PV system respectively.
This is followed by storage system classification and, lastly, a definition of the maximum power point
tracking (MPPT) principle and a list of MPPT methods.

Chapter 3 : Covers the main PV converter topologies and PV storage system. This includes converter
functionality, with individual mathematical models displayed via block diagrams. Comparisons of the
converters is followed by snubber circuit descriptions, mathematical derivation, modelling types and
functionalities. Super-capacitor modelling type and voltage balancing between cells are also carried
out.

Chapter 4: Gives a detailed critical analysis of the placement of the super-capacitor in stand-alone
PV systems with conventional power conversion topologies.

Chapter S: Illustrates the proposed energy management configuration simulated in Matlab/Simulink
and the simulation outcomes. The different scenarios presented are supported by the appropriate
graphs and results. Additionally a further enhancement on the system in the component level were
presented and simulated with SIMetrix/SIMPLIS and PSPICE.

Chapter 6: Concludes the thesis and explores suggestions for future research.



Chapter 2

Review of PV Systems

2.1 Introduction

This chapter briefly reviews PV system technology starting with a short history of PV technology
development. An illustration of a PV model is mathematically explained, followed by an example of
a PV configuration and an overview of storage techniques used in power system. Lastly, the maximum

power point tracking (M P PT') principle is defined.

2.2 Overview of Photovoltaic Cells Configurations

2.2.1 The Development of the PV System

The modern era of photovoltaics started in 1954 when researchers at Bell Laboratories in the USA
accidentally discovered that pn junction diodes generated a voltage when the room lights were on,
which led to the identification of the photoelectric properties of silicon. Within a year, they had pro-
duced a 6% efficient Si pn junction solar cell [45]. In the same year, the group at Wright Patterson Air
Force Base in the US published results of a thin film heterojunction solar cell based on C'up.S/CdS
also having 6% efficiency [46]. A year later, a 6% GaAs pn junction solar cell was reported by
radio corporation of America (RCA) Lab in the US [47]. By 1960, several key papers by Prince,
Loferski, Rappaport and Wysocki [48-50], Shockley (a Nobel laureate) and Queisser [51], developed
the fundamentals of pn junction solar cell operation, including the theoretical relation between en-

ergy band gap, incident spectrum, temperature, thermodynamics, and efficiency. Since then, there
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has been a tremendous advance in the technology of the cells and all the associated PV power plant
components [5].

PV is the technology that generates direct current (DC'), and an electrical power measured in
watts (W) or kilowatts (kW) from semiconductor materials, when they are illuminated by photons.
As long as light is shining on the solar cell, it generates electrical power. When the light stops, the
electricity stops.

Semiconductor materials have weakly bonded electrons occupying a band of energy called the va-
lence band. When energy exceeding a certain threshold, called the band gap energy, is applied to a
valence electron, the bonds are broken and the electron is free to move around in the conduction band
where it can conduct electricity through the material. Thus the energy needed to free the electron can

be supplied by photons, which are particles of light.

By =" @1

where F)y is the photo energy, h is Planks constant, c is the speed of light and A is wavelength.
Only photons with sufficient energy can create an electron. However, the size of the band gap is a
great influence on solar cell efficiency. If the band gap is too large many photons possess insufficient
energy to create electron - hole pairs. However, if they are too small, many photons have a lot of
excess energy that must be dissipated as heat. It is found that efficient harvesting of the suns energy

requires band gap in the range of 1.0 - 1.6 electron volts (eV).

2.2.2 PV Cell Classification

The first generation of terrestrial PV crystalline Si wafers the second generation of PV thin films of
amorphous Si, C'dTe, or CulnGaSes and the third generation PV organic dye-sensitized junctions
mimicking photosynthesis, advanced very high efficiency theoretical concepts such as multiphoton
and intermediate band solar cells. However, solar cell materials are chosen largely on the basis of
how well their absorption characteristics match the solar spectrum and upon their cost of fabrication

[26,34]. A classification diagram of current PV cell technology illustrated in Figure 2.1
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2.2.3 Mathematical Photovoltaic Model

PV system power characteristics output varies and crucially influenced by the temperature and the

irradiation which are a non-linear function [52-54]. Figure 2.2 shows the equivalent circuit of single

cell PV Walker Model.

IIIU
—_—

AAAY

-
b, Y o=

ph e

_Eg_,

Fig. 2.2: Equivalent Circuit of a Solar Cell

The following equation describes the PV system [53,55,56]

Ipv = Iph - Id - Ish

qVpw
AkT

=Ipp — Isat | exp —1]; Forideal photovoltaic cell

qa/;)v + Rselpv)

V;)v + IpvRse

= Iph — Isat | exp AET -1 - T;
G
Iy = (LIse + kr[T — 298)) ren
q va RseIpv
—+
AET| ns  ny 1 [V
= nplpn — nplsqr | exp -1 - R | e

2.2)

practical PV cell

IpvRse

np

)

practical PV array

(2.3)
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where

T Cell temperature [K]

I,,: The current output of the PV array [A]

L5 Photo-current (light generating current)[A]

I,;: Leakage current owing to diode effect [A]

Isqs: Cell reverse-saturation current [A], the effect of increasing this value corresponding to the de-
crease in the open circuit voltage.

Vpo: Voltage output of the PV array [V]

ns: Number of PV module in series connection

np: Number of PV module in parallel connection

q: Charge of electron 1.602 x 10~ 19[C]

A: Tdeality factor (for amorphous =1, crystalline=2), If this value increases the open circuit voltage
increases

k: Boltzmanns constant 1.381 * 10~ 23[Nm /K]

I.: Short circuit current at 25°C

G : Solar irradiance [w/m?]

G : Nominal Solar irradiance level [1000w/m?]

kr = 0.0017A/°C is the cells short circuit current temperature coefficient

Rse: Series resistance of the PV [{2], caused by the movement of current through the emitter and
base of the solar cell; and the contact resistance between the metal contact and the silicon; and the
resistance of the top and rear metal contacts [57]. These factor have a marked effect on the I — V'
characteristic near the open circuit condition which means that the power output of the cell will be
reduced, although high values (very large) may also reduce the short-circuit current

Rgp: Parallel leakage resistance [{2], acts on the slope of the characteristic near the short circuit con-
dition and so causes PV cell current to fall more steeply indicating a high loss of power.

PV arrays are formed by connecting multiple PV modules in various configurations (series, parallel
and mixed). A bypass diode is connected in parallel with each PV module to protect the solar cells
against efficiency degradation and hot spot failure effects. When cells or panels are series connected
the produced voltage is increased and when they are connected in parallel there is an increase in cur-
rent. The number of modules that are connected in series and the number of parallel-connected is

determined by the desired electrical energy. Maximum efficiency is the ratio of the maximum power
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which is equal to I,,, X V,,, over the input power which is the ambient solar irradiance multiplied by
the cell area.

However, the higher the irradiance, the greater the current with small variation in voltage under con-
stant temperature. Under temperature variation and constant irradiance, the solar cell generates almost
constant current or a slightly higher currant, but the output voltage decreases.

Newton-Raphson algorithm used to solve Equation 2.2. In this method an iterative procedure takes

place, in which each successive iterate can be computed based on the following equation z,4+1 =

f(=)
f (@)

Ty —

q V}w RseIpv

AKT| ng * np
— lpo(n) T U — lsat | €XP -1
ipfu(n—‘rl) = Z'pv(n) - (2.4)
q ‘/pv RseIpv
0 +
. qTse AET| ns  ny
—1 — tsat AT erp -1

Overall, the solar cell can be characterized by three parameters:

 Short circuit current Is.: This is the greatest current generated by a cell, produced under short

circuit conditions, where the output voltage is equal to zero V. = 0.

* Open circuit voltage V,.: This corresponds to the voltage drop across the diode ”p—n junction”,
namely when the generated current is zero Ipy = 0. It reflects the the cell in the night and it

can be mathematically expressed as:

KT, I
Voo = 00 (1 7PR 4 1) (2.5)
e Iy

* Fill factor F'F' is a parameter that characterizes the non-linear electrical behavior of the solar

cell, which is the ratio of the maximum power that can be delivered to the load and the product
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of I, and V.

FF — Pz _ VimazImaz (26)
Voelse Voelse

The energy conversion efficiency for solar cells is calculated using the following equation :

Vmax Imaa:FF

D where F;, is the total power in the light incident on the cell 2.7
in

7’]:

Overall, the main factors that effect the PV cell efficiency are the energy band gap of the semicon-
ductor, the operating temperature, the incident light, the type and purity of the material and parasitic

resistances [58].

2.2.4 Photovoltaic Configurations

PV systems consist of many cells which form a module. Thus, a PV panel is number of modules
connected to each other. A group of such panels is called a PV array. These elements can be connected
in series or in parallel electrical arrangements to provide the required current or voltage to operate
electrical loads. In general, cells connected in parallel increase the current and cells connected in

series provide greater output voltages [54].

MP

Iy =Y Ij; M, parallel branches (2.8)
=1
M

Voe = Z Vi; M, series branches (2.9
=1

Figure 2.3 depicts the main elements of the PV panel.

PV system can be classified into four groups:

1. Centralized Type: the PV panels are connected in series first of all to generate the required
high voltage and avoid further amplification; then these series panels are connected in parallel,
through string diodes, to obtain the desired high power level as illustrated in Figure 2.4. This
type is usually implemented in large scale PV farms and connect to interface a large number of

PV panels [59].



16

2.2 Overview of Photovoltaic Cells Configurations

(b) Array

(a) Single PV cell

(d) Panel

Fig. 2.3: PV System Elements [4]

(c) Module
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Fig. 2.4: Centralized PV System

2. String Type: several PV panels are connected in series as a string. Each string is connected with

a DC/AC converter as Figure 2.5 shows. Expanding of a PV system could be simply realized

by inserting additional strings and inverters to the existing platform [59].

"

"

DC

AC Bus Bar

=

=1

7 —

yod

DC

—

_—

2 — @

54l

DC

|

1/ AC

Fig. 2.5: String PV System
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3. Multi-String Type: several PV panels are connected in series, and then connected with a low

power DC/DC converter as a string, while a number of DC/DC' converters, as multiple

strings are connected together with one DC'/AC' converter as shown in Figure 2.6, [59-61].
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Fig. 2.6: Multi-String PV System

4. Module Integrated Type: each PV panel has a single inverter attached at the back as shown

in Figure 2.7. The output from each micro-inverter is connected together to convert raw DC'

power from PV panel to AC power [59,62-64].

AC Bus Bar

= ]

Fig. 2.7: Module Integrated PV System
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2.3 Electrical Energy Storage System Overview

The energy storage system is a very important element. It plays a vital role in all parts of the electrical
power systems in areas of system stability problems as a result of routine or emergency maintenance,
system failure or power system faults by continuity of energy supply, used for Energy management,
such as load shifting during the day and store the energy for later use, used for power quality issues,
such as unbalance voltage on three phase systems and also used to avoid voltage sags, and maintain
the voltage profile within admissible regulatory limits. However, in stand-alone PV system, owing
to the natural fluctuation of the output power delivered by the PV arrays, the use of storage system
is mandatory. This increases energy utilization by mitigating the temporal mismatch between the
power generation and load demand when the load demand is lower than maximum power generation
capability. The excess power is stored and is used when the load demand is higher than the maximum
power generation capability; this also improves the stability of power generation .

A wide range of different technologies exist to store electrical energy, with a variety of technical
characteristics. However, power quality and energy management are the main factors for the use
of EESS. The EESS could be a mechanical, electrochemical, chemical, thermal or electrical device.

Figure 2.8 summarises the storage system used in an electrical power system.

2.3.1 Parameters of an Energy Storage Device

» Power Capacity: the maximum instantaneous output that an energy storage device can provide.
* Energy Storage Capacity: the amount of electrical energy the device can store.

* Efficiency: indicates the quantity of electricity which can be recovered as a percentage of the

electricity used to charge the device.

* Response Time: the needed time of the storage device to start releasing power.

2.3.2 Classification of an Electrical Energy Storage System

In this section a brief classification the types of electrochemical and electrical EESS and their features

are listed. More details about other storage system can be seen in Appendix ( A).
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Fig. 2.8: Main form of EESS [5]
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2.3.2.1 Electrochemical Storage Systems

Batteries are the most common technology of electrochemical energy storage methods. Batteries
convert electrical energy into potential chemical energy whilst charging (store energy in a chemical
process) which achieved via reduction and oxidation (redox) reactions which create electron transfers
between chemical species and releases electrical energy from chemical energy whilst discharging
[8,65]. This reaction takes place inside the storage cell. Cells are grouped together into a single
mechanical and electrical unit to form a module. Many modules are connected electrically to form
a battery pack, which has a long charge / discharge time, low power and higher energy density. The

energy capacity can be calculated as follows:

TLF‘/;gh

Esp= e
36 M

(2.10)

where: Ej), is the Energy Capacity [Wh/kg], n is the number of electrons transferred in a chemical
reaction, F' is the Faraday constant in coulombs per mole, V};, is the theoretical thermodynamic volt-

age of the cell, Y ;" | M; is the sum of the molecular weights of the reactants of the cell.

The major component of any battery cell are:

* Two pairs of electrochemically active substances: There is one in the anolyte region while
the other is in the catholyte region. The materials composing the anolyte electrode and the
component or substance surrounding it have to react, yielding an oxidation reaction (while dis-
charged). Analogously, the electrochemical interaction between the materials comprising the

catholyte electrode and the substance or component surrounding it yields a reduction reaction.

* Two Electrodes: These are made up of two materials, while discharged, oxidation reactions
occur in the anode of the battery (the negative electrode), which is the electrode that captures
the electrons lost by the component. Conversely, reduction reactions occur in the cathode of
the battery (the positive electrode), which is the electrode that provides the electrons gained by

the reduced component; each will be connected to a battery terminal.

* Separators: There is an electrical potential between the electrochemically active substances
in the anolyte and catholyte regions. The separator avoids direct contact between them, thus

protecting the battery from an internal short circuit.
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* Two Terminals: electrical potential is generated between battery terminals; these terminals

are the connection point to the load.

* Electrolyte: apart from causing the two pairs of electrochemically active substances to gain or
lose electrons, the electrolyte is a liquid (acidic or alkaline) which has been used in traditional

batteries; gel or solid material for the battery under development.

* Enclosure: the case that hold all of the battery components.

The representation of this major component are illustrated in Figure 2.9

Protective Positive
casing terminal
Negative
terminal
Cell divider

Positive electrode
(lead dioxide)

Negative electrode
(lead)

Dilute H,SO,

Fig. 2.9: Battery Representation [6]

Electrochemically active substances used for building up battery cells provide different character-

istics such as:

* Open-circuit voltages.
* Time response.

* Operational temperature.

The rate of ageing of this battery varies considerably with the technology. However, the main battery

type are:
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1. Lead-acid battery: Composed of a sponge metallic lead anode, a lead-dioxide cathode and a
sulfuric acid solution electrolyte. The typical service life between 6 to 15 years with a cycle
life of between 1500 cycles at 80% depth of discharge and achieved cycle efficiency level of
around 70% to 80%. A simple charging technology is employed, the cost/performance ratio is

favourable and the batteries are easy to recycle [66]. However, there are some draw-backs:

* These batteries are very heavy

* The capacity decreases when discharging at high power
* Not suitable for fast charging

* Lower energy density

* Lead is used, which is a hazardous material that is prohibited or restricted in various

jurisdictions

They can be found as vented or sealed housing versions [66, 67]. Typical applications are in
emergency power supply systems, stand-alone PV systems, battery systems for mitigation of

output fluctuations from wind power and as starter batteries in vehicles [67, 68].

2. Nickel battery: can contain nickel metal hydride (NiM H) or nickel cadmium (N:Cd). Nickel-
based batteries have a higher power density, a slightly greater energy density and the number
of cycles is higher in comparison to lead-acid batteries. They perform well at low temperatures
in the range from —20°C' to —40°C.

However, these batteries suffer from memory effects and also lose more energy owing to self-
discharge standby than Lead acid batteries. There are also environmental effects owing to the
toxicity of cadmium; they have been prohibited for consumer use in Europe and are currently
used only for stationary applications.

NiM H batteries have all the positive properties of NiC'd batteries, and also have much higher
energy densities (weight for weight). However, their maximal nominal capacity is still ten
times less than NiC'd and lead acid equivalent. NiM H batteries are used in both portable
in applications the sealed form, and general stationary industrial applications in flooded form

[66,67,69,70].

3. Sodium-Sulfur (NaS) battery: The electrodes of NaS battery cells are liquid, while the elec-

trolyte, which in turn acts as a separator, is solid. The negative electrode (liquid sodium) is
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surrounded by the electrolyte. The material of the electrolyte is ceramic beta-alumina, and the
material for the positive electrode is liquid sulfur (usually embedded in a carbon felt). To bring
the electrodes to their liquid state, they have to be melted, requiring the operating temperatures
for NaS batteries to be maintained between 300°C' and 350°C' to keep the electrodes molten.
The typical life is approximately 4500 cycles with discharge time of 6.0 hours to 7.2 hours.
These batteries are 75% — 80% efficient, the energy density is (151 kW h/m?) and have a
fast response rate a few milliseconds [69]. The main drawback is the need for a heat source
to maintain operating temperatures, which uses the stored energy of the battery, thus, partially
reducing the battery performance. Moreover, the system must be protected from reacting with
the atmosphere as pure sodium explodes instantly when in contact with air. In addition, the
endurance in the harsh chemical environment causes corrosion in the insulators.

This means the battery may became conductive, with an increase in the self-discharge rate,

which may cause the cracking of the ceramic electrolytic tube [67,71,72].

. Metal-air battery: the battery cell consists of the anode, made from pure metal, and the cathode
which is connected to an inexhaustible supply of air. Only the oxygen in the air is used to
precipitate the electrochemical reaction. these batteries have a very small self discharge per
day comparing to other type of batteries, a cycle life over 100 and very high energy density
between 450 — 650 [Wh/kg]. However, these batteries are not rechargeable and have a low
efficiency of approximately 50% with capital cost 74 — 296 [$/kW h] [69].

. Lithium battery: Constructed from an active material in the cathode (positive electrode) of
Li — ion cells and is usually lithium metal oxide, in the form of lithium cobalate (LiC0O2).
The negative electrode is mainly carbon (C') and lithium atoms are actually in the electrode.
The electrolyte is an organic solution containing lithium-based dissolved salts, such as LiC1Oy
and LiPFg; The electrode areas are separated by porous separators based on polyethylene or
polypropylene. owing to the lightness of weight, these materials represent a highly important
form of storage technology in the area of portable and mobile applications.

The main advantage of this batteries are:

* High cell voltage levels of up to 3.7 nominal Volts

* High gravimetric energy density 100 — 150 Wh/kg

24
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* High efficiency, typically in the range of 95% to 98%; the discharge time from seconds to

weeks

The main obstacles are the high cost of more than USD 600/kW h owing to special packaging
and internal overcharge protection circuits, and the metal oxide electrodes are thermally unsta-
ble and can decompose at elevated temperatures.

In order to eliminate this risk, the batteries are equipped with a monitoring unit to avoid over-
charging and over-discharging; a voltage balance circuit is also installed to monitor the voltage
level of each individual cell and prevent voltage deviations among them. Research is focused

on the development of cathode materials [69,73,74].

. Flow battery energy storage: A flow battery converts chemical energy directly into electrical
energy by using chemical reactions. However, the electroactive material is stored externally in
two electrolysis tanks and produces the energy by using a reversible electrochemical reaction
between two electrolytes. The efficiency varies between 70% (zinc-cerium) to 85% (vanadium
redox).

In this category, it is possible to design the system to have optimal power acceptance and
delivery properties without needing to maximize the energy density. The electrodes do not
undergo physical and chemical changes during operation and so a more stable and durable
performance can be achieved. In addition, the energy capacity of the flow battery is addressed
by the size of the external storage components which make it easy to manage the energy density
of the battery.

Other advantages are:
* It is safer as the active materials separated from the reactive point source
* A high electricity to electricity conversion efficiency
* Low maintenance
* Tolerance to overcharging
* A deep discharge is possible without affecting the cycle life

However, this system is more complicated and requires more components such as pumps, sen-

sors, flow and power management and secondary containment vessels; this makes these bat-

25
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teries unsuitable for small-scale storage applications [75,76]. Energy 25 — 35 Wh/kg for the
VRB [112] and 70 — 90 Wh/kg for the ZBB [117].
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Fig. 2.10: The Operating Principle of Flow Batteries. [5]

Figure 2.11 represents a graphical comparison of the energy densities of aqueous and non-aqueous

rechargeable battery systems.

2.3.2.2 Electromagnetic and Electrostatic Storage Systems

1. Super-conducting magnetic energy storage (SMES): these systems function according to an
electrodynamic principle. The energy is stored in a magnetic field which is created by the
flow of direct current in a super-conducting coil, which is kept below its super-conducting
critical temperature; the maximum current flowing through the superconductor is temperature-
dependent. The lower the operating temperatures, the higher the operating currents.

Moreover, the main component of this storage system is a coil made of super-conducting ma-
terial. However, additional components are required which include power conditioning equip-

ment and a cryogenically-cooled refrigeration system. The stored energy can be calculated
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Fig. 2.11: Comparison of the Energy Densities of Aqueous and Non-Aqueous Batteries [7]
using Equation 2.11:

1
Eswps = 5 LI 2 2.11)

where: Egyrps The energy stored, I[A] electric current and L[ H enries] inductance of the coil

Whilst SMES are limited to short-time storage applications, as the self-discharge rates of the

system are relatively high (in the range of 1015% of the rated energy capacity per hour) there

are advantages:

* Very quick response time

High overall round-trip efficiency (85% — 90%)

Very high power output for a short period of time
* No moving parts in the main portion of SMES
The overall reliability depends on the refrigeration system which is crucial. Large SMES sys-

tems, with more than 10MW of power, are mainly used in particle detectors for high-energy

physics experiments and nuclear fusion. To date, a few, rather small SMES products, are com-
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mercially available: these are mainly used for power quality control in manufacturing plants

such as micro-chip fabrication facilities [77].

. Super capacitor energy storage (SC): Based on the same simple principles applicable to elec-
trostatic capacitors where larger area plates and shorter distance between plates could give a
higher effective capacitance, as Equation 2.14 illustrates [8]. However, SC' incorporates elec-
trodes with much higher effective surface areas and thinner dielectrics, leading to an increase in
both capacitance and energy [24]. The energy stored in the capacitors is directly proportional
to their capacity and the square of the voltage between the terminals, as the Equation 2.12 il-
lustrates. The capacity is proportional to electrode density p and gravimetric capacitance C as
Equation 2.13 indicates.

Therefore, the overall performance of an super-Capacitor is influenced by two main factors, the
choice of the active electrode material [78—81], which will define the capacitance of the de-
vice, and the electrolyte utilized, which will determine the operational voltage [24,82-84]. The
most practical materials that are used to make the electrode layers, producing charge generation

without electrochemical reactions, are:

* Carbon materials such as microporous carbon
* Activated carbon (AC)

* Carbon nanotubes (CNTs) and graphene

* Metal-oxides

* Polymer materials [8, 85]

The main factor in the choice of the electrolyte is the wide range of electrochemical stability.
For the solvent, the choice is very limited owing to intrinsic electrochemical stability. However,
different solvents have different potential windows. For instance, the water electrochemical
disassociation window is 1.23 V. The potential window of the ion liquids (which are molten
salts that, at higher temperatures, display stability and significantly increased conductivity) can
be as high as 4.0 V [8,80,86].

Esc = %CVQ (2.12)

28
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where: Egyrps The energy stored, V [V] voltage between super-capacitor terminal and C'[Farad]
Capacitance of Super-Capacitor

Cy = pCy (2.13)
where: (), volumetric capacitance, p electrode density and C, gravimetric capacitance

4

C = €pey (2.14)

where: C' The capacitance in [Farad], A the area of electrodes in [m?], d the distance be-
tween the electrodes in [m], eg the vacuum permittivity 8.854 % 10712 F.m~! and ¢, the relative

permittivity of the dielectric electrolyte.

However, electrolyte (usually in a solvent and intimately related to the operating voltage which
influences the energy density) and electrode materials have a fundamental influence on the energy,
and the power capacity, and on the dynamic behaviour of the super-capacitor. The product of the
equivalent resistance of the electrolyte and the capacity of the super-capacitor determine its charge
and discharge time constants. This equivalent resistance is very small (< 1073(), therefore short time
constants can be achieved. In addition, power densities 10 times higher than batteries can be achieved.
Figure 2.12 shows a practical construction of a super-capacitor.

The two main features are the extremely high capacitance values, of the order of many thousands
farads, and the possibility of very fast charges and discharges owing to the extraordinarily low inner

resistance. These features are not exhibited conventional batteries.The advantages are:

* Durability

*

High reliability

* No maintenance

*

Long lifetime

%

Operation over a wide temperature range and in diverse environments (hot, cold and moist)
* The lifetime is one million cycles (or ten years of operation) without any degradation

* Environmentally friendly and easily recycled or neutralized
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The efficiency is typically around 90% and discharge times are in the range of seconds to hours. They
can reach a specific power density which is about ten times higher than that of conventional batteries,
but the specific energy density is about ten times lower. Owing to these properties, super-capacitors
are ideal for providing quick bursts of energy and can be configured in a variety of cell shapes and
sizes. They can be assembled into modules to meet the power, energy, and voltage requirements
for many specific applications, especially those with a large number of short-charge discharge cycles
where their high performance characteristics can be used [8, 18,73, 87]. EESS are classified on the
basis of the suitability for such applications; different applications have different requirements and
demand different features from EESS. However, in general, the main criteria applied for the selection

of any storage application type are:
* System Energy rating [kW h].

* Discharge time at rated power; a period of time over which an energy storage technology re-

leases its stored energy.

* Energy Density which is the amount of energy that can be supplied from a storage technology
per unit weight [Wh/kg]. Combination with the physical size and weight of the storage device,

this factor defines the quantity of energy that the device can take in and deliver.
* Costs of energy storage devices are usually quoted in terms of [cost/kW h].

Table 2.1 summarises the classifications of all EESS .

2.4 Maximum Power Point Tracking Algorithms

For the effective operation of the PV system, ensuring the extraction of the maximum possible energy
from the system at all times is critical.

However, the maximum power available may vary rapidly owing to many factors, such as chang-
ing weather conditions and shadows from objects in the environment which cause a change in irradi-
ation or temperature. Determining the maximum power is a time-varying problem.

Furthermore, solar panel characteristics have only one point where the panel provides the maximum
power for a given environmental condition which includes the temperature and irradiation; the cell

performance under these variations is shown in Figure 2.13.
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Iradiance = 1000 W/m?
Irradiance = 800 Wim?
Irradianca = 400 Wim?

(a) Temperature Effects on I-V Characteristic (b) Irradiance Effect on PV Cell Power Output
Fig. 2.13: PV Cell Performance

In general, there is a unique point on V' & I curve called a maximum power point, at which the
the PV system produces maximum power as the Figure 2.14 indicates. The location of the maximum
power point (M P P) is not known, but it can be located either through calculation models or search
algorithms.

To enable maximum power production under changing environmental conditions, maximum Power

\
Voltage Vimp i
Fig. 2.14: PV Electrical Characteristics

Point Tracking techniques (M P PT') are proposed which will track to the optimal power point. Figure
2.15 shows an utilisation of the implementation of (M PPT) in the PV system. Several techniques

have been developed through the years, and there are wide variations between them, such as:
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DC DC

DC ac |

AC Load

MPPT DC Load

Fig. 2.15: Block Diagram of MPPT Implementation

* Simplicity

* Hardware implementation
* Convergence speed

* Number of sensors required
* Cost effectiveness

* The need for the parametrization and the correct tracking when irradiation and temperature

change together or independently
* Hardware needed for the implementation [88] [89].

There are two main methods: Direct control and indirect control.

1. Indirect control: this method is based on the use of a database that includes parameters, or uses
mathematical functions from empirical data. The methods that belong to this category are curve

fitting, look up tables, open voltage PV generator and short circuit PV generator [88].

(a) Curve fitting: This method is based on numerical calculations to determine the maxi-
mum power point. Because the V' — P characteristic curves of solar array are close to
parabolas, this method makes a parabola model with the quadratic interpolation using

voltage and current parameters of three sampling points; this calculates the peak of the
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(b)

(©)

(d)

(e)

parabola and finds the voltage value corresponding to MPP.

This method requires accurate knowledge of the physical parameters relating to the cell
material, and the manufacturing specifications, or the expression mathematics used are
not valid. It also requires a large memory capacity of calculation of the mathematical

formulations [88,90,91].

Look up table: the measured current and voltage of PV generators are compared with
those stored in the control system, which corresponds to the operation in the MPP, under
concrete climatological conditions. This method needs a large memory storage for the

data, and the implementation of it must be adjusted for specific PV [88].

Open voltage (OV): this method is based on the voltage of PV generator at the maxi-
mum power point is always close to a fixed percentage of the open circuit voltage, this
fix percentage is linearly proportional to k. In general, k depends on the fabrication tech-
nologies of PV, the fill factor and meteorological conditions ranging from 73% to 80%.
The temperature and insulation tolerance is 2% with a sampling interval of 15ms .

To obtain an open voltage circuit, a switch must be added to the circuit in series . Thus,
if the system interrupted during the normal operation, there is no power output for a short

period of time [32, 88].

Short circuit (SC): this is the maximum current generated by a cell or module and is
measured when an external circuit is short circuit . The value depends on the surface area
of the cell and the amount of solar radiation incident upon the surface [32, 88].

The operating current is proportional to the short circuit current under various conditions
of irradiation level, and the proportional parameter is estimated to be approximately 92%
[92]. Therefore, the operating current controls a power converter, so it is necessary to
introduce a static switch, in parallel with the PV, in order to measure the short circuit

current /.. Thus, there is no power output during the short circuit period [32, 88].

Constant voltage (CV): The operating point of the PV is kept near to the MPP by regu-
lating the PV output voltage and matching it to a fixed reference voltage V,.r. The V¢
value is set to the (V;pp) of the characteristic PV module [88].

This method assumes that individual insulation and temperature variations on the PV are

insignificant, and that the voltage reference is an adequate approximation of the true MPP.

35



2.4 Maximum Power Point Tracking Algorithms 36

However, this technique more efficient in low insulation [32], although it can cause power

losses when the temperature changes widely [90].

2. Direct control: these algorithms have the advantage of being independent from the prior knowl-
edge of the PV characteristics, which means the operating point is independent of temperature,
isolation or irradiation [88].

The methods belonging to this group are sampling, modulation and artificial intelligence.

* Sampling methods:

There are two main methods:

(a) Perturbation and observe (P&0), known as the hill climbing method.
This is the most widely-adopted method amongst all of the MPPT strategies. This
method measures the derivation of power (Ap) and the derivation of voltage (Av)
to determine the movement of the operating point. The derivative of the power with
respect to the voltage should be zero at maximum power but, if the sign of (Ap/Av)
is positive, the reference voltage is increased. If the sign of (Ap/Aw) is negative, the
reference voltage is decreased [90,91,93].
This method requires the solar array voltage (Vpy ) and the current (Ipy ) to be mea-
sured in order to acquire information about power and conductance. The advantage
of this method is the ease of implementation owing to the simple control structure
and low cost. Additionally, the operation does not rely on knowledge of the PV mod-
ule characteristics.
However, the draw-backs of this method [89] [94] [56, 93] are:
* The system oscillates around the MPP; this oscillation can be minimised by re-
ducing the perturbation step size. However, the tracking process will slow down.
* It is hard to acquire the MPP in low irradiance conditions owing to the peak in
the power characteristic.
* Good tracking cannot be produced in rapid transition of environmental condi-
tions.
The flow chart of this methods is shown in Figure 2.16.
Owing to the simplicity of it, and the ease of use, it has attracted the attention of

the international community in recent years. Attempts are being made to enhance
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(b)

()

the performance of this method by implementing PI — P&O to develop an adaptive
perturbation, a variable step-size P&O method and an Auto-scaling P&O method
[95].

Incremental conductance: The algorithm is based on the fact that the derivative of
the PV power with respect to its output voltage is zero at the MPP. The derivative is

positive on the left of the MPP and negative on the right. Thus,

dP  d(IV) dI AT
I TV +V = +V AV 0 (2.15)

The conditions for the increment Are:

& > — 1 Left of MPP
& < — L Right of MPP

&L = —L at MPP

Once the MPP has been reached, the operation of the PV array is maintained at this

point and the perturbation stops unless a change in g{}; “// is noted. In this case, the
algorithm decrements or increments to track the new MPP.

However, this technique requires the solar array voltage and current to be measured
to acquire information about the power and conductance of the solar array. Further-
more, this tracking method can be applied using a digital signal processor (DSP) and
a microcontroller, which have the ability to save the current, and past values, and
make the correct decision based on the algorithm. This method solves the oscillation
problem around the MPP, and has a good performance under rapidly changing atmo-

spheric conditions. It also has a high tracking accuracy at steady state [96]. A flow

chart of this method is shown in Figure 2.17.

Current Sweep: The PV current waveform will be drawn periodically and that wave-
form is used to operate the PV array at the MPP. The V,,,;,, is computed and driven
from that curve. However, this method cannot track the MPP continuously, but does
so periodically; the interval time can be adjusted as required. Another consideration
is that the increase of the output power should be greater than the losses in power due

to the sweeping and manipulating of the PV current [97].

38
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(d) dp/dv Feedback Control: the dp/dv curve is computed from the curve of the PV
characteristics. In addition, the MPPT can be conducted by feeding the curve back
to the converter and applying some control to drive dp/dv to zero. Shaping the curve
can be done using different techniques. A few cycles are computed and stored; each
cycle has a unique sign. The MPP is reached after the controller optimises the duty
ratio, depending on these signs, and so ordering the converter to either increase or

decrease [97-99].

* Modulation methods: in these sampling methods, there are oscillations around the MPPT
owing to the appropriate adjustment for the maximum voltage point, which leads to a point
close to MPP. These oscillations are generated automatically by the feedback control used.
However, in modulation methods the oscillation, which is also the called forced oscillation
method, introduces a small voltage of 100 H z which is added to the operation voltage
of the PV generator. This leads to a ripple of power, the phase and amplitude of which

depend on the relative location of the operation point to the MPP [97].

* Artificial intelligence methods: this methods can be summarized as: Fuzzy logic, neural
network and fuzzy neural.
These techniques do not need exact mathematical models, they can work with vague input,
handle non-linearity and are adaptable, they have a robust performance under parameter
variation. However, more processing time and computational power are required, com-

pared to classical control, owing to the necessity to find control rules for MPPT.

(a) Fuzzy logic : this method has the advantage of being able to deal with non-linear
equations and operate with inaccurate inputs. The measurements needed for this
method are error (£) and change of error (AFE). Based on the fact that at MPP
dp/dv = 0, the following equations have been adapted by the ref [100]. The

Fig(2.18) summarized this method.

Pn Pn 1
E,=— 2.16
Vn_Vn 1 ( )

AE,=FE,—FE, 2.17)
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Developing a fuzzy logic interface system (F'1.5) and applying it to a control problem
involves three stages:

— Fuzzification: inputs are converted from numerical to linguistic variables based
on a membership function, These variables are adjusted by the user. Moreover,
the higher the membership function the more accurate in the result.

— Rule-based table lookup.

— Defuzzification: this is the output stage when transformation to a numerical base
occurs. This output changes the duty cycle and forces the PV to operate at the
MPP.

AF and F are converted to linguistics variables in the fuzzification stage after cal-
culation. In the second stage, the action required is taken based on a rule table. The
controller output is a duty cycle change (Ad) of the DC' — DC converter. The rule-
based table and the membership function justification is dependent on the knowledge

and experience of the user [90]. The aim of fuzzy logic is to make decisions based

Error q
Fuzzification Interface Defuzzification Duty cycle
Change of q
Error

Rules

Fig. 2.18: General Diagram of Fuzzy Logic Controller

on a number of learned or predefined rules, rather than numerical calculations.

(b) neural network (NN): this consist of three stages or layers. The first layer is the
input, the last layer is the output and the middle layers are called the hidden layers
where the processing takes place, as the Figure 2.19 illustrates. The user has the
flexibility to choose the number of nodes in each stage. In The PV system, the user
can choose input variables, as PVs electrical parameters, such as voltage V', current
I, Power P [101-103] or non electrical parameter such as array temperature 7', array
irradiance GG [104, 105], or a combination of same [106].

After these inputs are processed in the hidden stage, the output most likely is a duty
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cycle signal to control the power converter and change the operating voltage to be as
close as possible to the MPP [107]. However, the neural network method needs to
be well trained to perform at a high quality and operates at the MPP. This training
happens on a long run where all the PV data is recorded continuously over months,
or even years, into the neural network database. The relationships between the inputs
and outputs are obtained and recorded. The result of this training is that, in the
algorithm, every link between the points in the hidden layer is weighted precisely.

Each PV array has its unique characteristics, so the neural network controller must
be trained separately for each array. ANN are trained on some sets of data, which
should be representative of the conditions that will be experienced. However, over
time, the cells will degrade and the non-linear mapping achieved by the ANN will no
longer be representative of the MPP location [16]. For this reason, ANN techniques
are often combined with conventional MPPT to enhance their accuracy and improve
the speed of techniques such as incremental conductance and P&O [108]. In most
MPPT applications, the ANN is trained on weather data, which may be difficult to

measure [109].

Hidden Layers

Connections

Input Layers

Output Layer

Fig. 2.19: Neural Network Representation

(c) fuzzy neural: this technique combines the advantages of fuzzy systems and ANN

and has been trained using weather inputs to determine the MPP location using a five

layer network [110-112].

42
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MPPT Precision Regular Tracking Signal Complexity measured
Technique Adjustment  Speed Variable
Open Voltage No Yes Medium Both Low |4

Short Circuit No Yes Medium Both Medium I
Perturb and Yes No Differs Both Low i
Observe

Incremental Yes No Differs Digital Medium vV, I
conductance

Fuzzy logic Yes Yes Fast Digital High Varies
Neural network  Yes Yes Fast Digital High Varies
Current sweep  Yes Yes Slow Digital High VI
dp/dv feedback  Yes No Fast Digital Medium Vv, I
control

Tab. 2.2: MPPT Comparison

2.4.1 MPPT Techniques Comparison

Table 2.2 illustrates a critical comparison of MPPT with regard to precision ability, the need for regu-

lar adjustment, tracking speed, technology used, complexity and the variables that must to measured.
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2.5 Summary

This chapter provided an overview of PV development through the years: the mathematical model,
the electrical storage systems used in power systems and, lastly, the MPPT algorithms. First of all,
a brief historical view about the development of the PV was presented. Secondly, the PV cell was
analysed and mathematically modelled, with the storage system and including a definition of it. The
types and classifications, followed by the MPPT was reviewed, including the definition, purpose and

the different algorithms implemented. Each of the most useful methodologies was presented.

In Chapter 3 a discussion on the mathematical modelling of PV converter topologies, snubber

circuits, followed by super-capacitor modelling.



Chapter 3

Mathematical Modelling of Converter
Topologies and SC as Storage Unit in PV
System

3.1 Overview

This chapter covers the characteristics of the main DC' — DC converter, incorporating functionality,
block diagrams, mathematical models, and the methods implemented to reduce power losses. Super-
capacitor modelling is also discussed.

Three main sections are covered in this chapter. The first section illustrates the main power converter
topologies including functionality, block diagrams, mathematical models, followed by snubber circuit
descriptions, type and implementation. The last section covers super-capacitor electrical models and
the techniques implemented for voltage-balancing between cells. The chapter is summarised at the

end.

3.2 Converter Topologies

The DC' — DC converter plays an important role in the PV system configuration, executing the roles
of stepping up or down and regulating the output voltage; regardless of variation in the input power

source or to the load variation the maximum preserved power is delivered. Stepping the voltage
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up or down, through the converter, is normally achieved by controlling the on and off time of the
switches. Moreover, this control can be conducted at a medium or high frequency. The ratio between
the converter switches closing 7, and open Ty, is called the converter duty cycle D. Therefore,

the duty cycle can be calculated from Equation 3.1.

Ton T

el —— A 3.1
Ton+TOff T O’I’LfS ( )

where T is the period of the control signal, and f is the switching frequency.
Three different types of power converters are most frequently used within a given PV system: buck
converters, boost converters and buck-boost converter [113]. All these topologies use power semi-

conductors as switches operate.

3.2.1 Buck Converter

This is a device which steps down the input voltage DC — DC. The input and output are both
direct currents and share the same polarities. Figure 3.1 depicts the basic arrangement of the main
electronics component in the buck converter. This consists of a DC input voltage source V;,,, a buck
inductor Ly, .k, a controlled switch Sy, a diode Dy, filter capacitor Cy,,.x, and the load resistance

Rload-

S buck

AN —

Moo=

N D buck C_buck ; R-Load

Vin Vout

Fig. 3.1: Buck Converter

In the analysis the circuit will be represented twice depending on the switch status. The inductor
current will be evaluated and the relationship between the input and output of the converters will be
studied.

However, few assumptions are to be considered, such as: the capacitor has a huge capacitance, the
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A\

Vout

==

5 D % Vout

Fig. 3.3: Buck Converter Representation when Switch Opened

converter functions at steady state, the inductor has a continuous current and all the component are
ideals. When the switch is closed as Figure 3.2 indicates, a constant voltage (V- Vout) is applied
across the inductor for a time 7,,. From a switching period 7', T,,, can be defined as DT" where D is

the duty ratio. Therefore the net increase in the inductor current can can be defined in Equation 3.2

Aly,

L—— = in — Vou
Al Vi Vout
Al Vip = Vou
= 3.2
At L (3-2)
Al = MDT
Lbuck

Figure 3.3 shows the circuit when the switch is opened. Equation 3.3 obtained when the switch is

both on and off.
AT
LTtL — Vout
AT V.
L _ out (33)
At Lbuck
V. Vout(1 — D
ALy = Y1 DT 5 Ly = I D)

Lyyck AlLf
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Since the net change in current over a cycle is zero

‘/in - V;)ut DT — ‘/out

(1-D)T' =0= Vo =DV, 3.4)
Lbuck buck

It can be seen from Equation 3.4 that the output voltage is always smaller than the input voltage.
The buck converter can operate in two distinct modes with respect to the inductor current I7: a
continuous conduction mode C'C'M or in a discontinuous conduction mode DCM. In CCM, the
inductor current flows for the entire cycle whereas, in DC' M, the inductor current flows for only a

part of the cycle [9, 114].

Lnin > 0 the converter operates in the continuous conduction mode C'C' M, which means
that the average inductor voltage is zero, because the inductor current is periodic, the current at
end time period is equal at the current at starting period. As a result of this, the the inductance

required in this mode will be in Equation 3.5

(= D)Riaa.

oY ; Where D the duty ratio 3.5

Loy =

After few mathematical manipulation, we found a relationship between Equation 3.4 and Equa-
tion 3.5 as follows:

Loom
1 _ [nw'n

o

Lyyer = ;  where I, is the load current. 3.6)

The Equation 3.6 can be expressed as follows

Lbuck _ Io
LC’C’M Io - Imin

3.7)

All of the calculations were based on the assumption of infinite capacitance. However, by
taking a finite value of capacitance from a given specification, which is typically the peak to

peak load voltage variation (known as ripple voltage). To calculate the value of this capacitor
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the current value during the switch on and off time is the starting point
icy,, (1) = 1Ly — fload
Vs =V,
= Ot+Imin_Io§ 0<t<tom
buck
Vi =V, [ D] D
= t———|; Let t;=_—
Lbuck 2f ! 2f (38)
. |%
icy,,, (t) = 7 (T —t)+ Ipin — Iop; ton <t <T
buck
V 1+D 1+D
=2 <+—t); Let tp= -1 "
Lbuck 2f 2f
A‘/0 = Vmax - szn
AQ = CAVy
1 3.9
= §(t1 - t2)Ipeak ( )
V,(1- D) .
= W; Ipeqr;  obtained from Eq(3.8)
1-D AV
=————, where r=— (3.10)
8TLbuckf2 Vb

Note: The capacitor calculation must be based on the minimum duty ratio.

* Iin < 0: the converter operates in discontinuous conduction mode (DC M ), when the induc-

tor current is not sustained throughout the switching cycle and becomes zero before the end of

the period. As a result, a significantly greater capacitance is required to hold the load current

for a long period of time. However, the converter works in discontinuous mode if the switching

frequency is small, the conducting duty cycle is small, the inductance is small and the load

current is high.

In practice, the choice between continuous and discontinuous conduction modes of operation is

often dictated by the power rate application. Continuous conduction mode is more suited for high

power applications, whereas discontinuous conduction mode is limited to low power applications

owing to the relatively high device stresses.
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3.2.2 Boost Converter

The output voltage is greater than the input voltage; refer to Figure 3.4 for the circuit diagram. The
arrangement for the step up converter, which consists of a DC input voltage source V;,, a boost
inductor Lpyest, a controlled switch Spost, @ diode Dyoost, a filter capacitor Cheost, and load resistance

Rjoqq. Before starting to analyse the circuit, some assumptions need to be mentioned:
* The converter operates in steady-state mode.

* The switching period is T,y,, and DT is the time when the switch is ON and (1 — D)T is the

time when the switch is OF' F'.
* The capacitor has a very large value so the output voltage remains constant .
* The inductor current is continuous.
* All components are ideal.
* Input voltage is V;,, and output voltage is V,,;; both are constant.

The operation of the circuit can be summarized in two modes.
When the switch Sy is closed, as shown in Figure 3.5, the source voltage is applied across the
inductor for a time T,,. For a switching period T, T, can be defined as DT" where D is the duty

ratio. Therefore, the net increase in the inductor current can be defined as follows:

Al
g = Vi
Al _ Vi (3.11)
At L
V
Al = %DT
When the switch Syt is opened as the Figure 3.6 shows
Al
L~ = Vin = Vou
Al _ Vin = Vour (3.12)
At L
Al = M(l — D)T

L
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Since the net change in current over a cycle is zero.

V;n ‘/in - Vout
— DT At
L + L

Vin
1-D

(1-D)T=0= Vou = (3.13)

Boost converter acts like a DC' transformer with a variable output voltage, which depends on the
duty cycle D, that is usually 0.1 < D < 0.9. It is suitable for low irradiance and low power

applications [115]. At 33% duty cycle, the ripple vanishes identically. [116].

L_hoost
I1L | ID D_boost
= 1~y 2 - I
A A A
I 5

C_boost R_load
§ Vout

=
3
[man|
]
11
LI B

Fig. 3.4: Boost Converter

- A

c R
Vin Vout

Fig. 3.5: Boost Converter Representation when Switch Closed

Ih3
St 2

4
= g R
Vin _'; Vout

Fig. 3.6: Boost Converter Representation when Switch Opened

The design of the boost converter must take into consideration the value of the inductor, in order

to maintain a continuous mode of operation, and also take account of the peak current and frequency
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to avoid saturation. Knowing the inductor changing current is key to determining the inductor value
[117]. By replacing the time period by the frequency From Equation 3.11 the value of the inductance

L can produced.
VinD

= FALL 3.14)

The other component that requires careful handling by the designer is the capacitor. The capacitance
acts as a sink for the voltage ripple and unwanted harmonics. The voltage ripple can be calculated

from Equation 3.15

A‘/out o E
V;mt B RC
D (3.15)
" RCf
D
O — (3.16)
Ryt f

Many studies have used boost converters in PV system, either for grid-connected or stand-alone

applications, such as refs [118-121]

3.2.3 Buck - Boost Converter

This can be obtained by making the cascade connection of the two basic converters: buck and boost
converters. The output voltage can be either greater than or less than the input voltage. The output
voltage polarity is opposite to the input voltage polarity [116, 122—-124]. Figure 3.7 illustrates this
converter, Which consists of direct current input voltage source V¢, inductor L1, controlled switch
FET1, Diode D1, filter capacitor C'1, and load resistance R1. In the analysis the circuit will be
represented twice depending on the switch status. The inductor current will be evaluated and the rela-
tionship between the converters input and output will be studied. However, the following assumptions

must be considered [123-125]:
1. The converter is running in a steady-state mode.
2. The inductor current is continuous.

3. The capacitor has a huge value.
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4. The switching period is T, and DT} is the time when the switch is ON and (1 — D)7 is the
time when the switch is OFF.

5. Input voltage is Vs and output voltage is Vj and both are constant.

6. All components are ideal.

ol
P - K

FET1

1T+
1

Jes

Fig. 3.7: Back Boost Converter Circuit

Ct V_dc gu 1=

* Step 1: When the switch F'/E'T'1 is closed, as Figure 3.8 shows, the source voltage is applied

across the inductor for a time 7,,,. As the diode acts with a reverse bias, the inductor current

flows from the source to the inductor.

ol
,—UT o o

FET1

v g g L H R1

+

Fig. 3.8: Buck Boost Switch On

Vae = Vi,
_, i, 3.17)
T
Ve dir,
Yde _ 3.18
14 dt ( )

Equation 3.18 shows the change in the inductor current is constant, and the ratio increases

linearly while the switch is on. Therefore, the equation becomes as follow.

Aip,  Aig,
At DT,
Va (3.19)

=1
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The linear change of the inductor current is

_ VDT,
(Aig,)on = 2 T (3.20)

* Step 2: when the switch is off as the Figure 3.9 shows, The inductor will be a source of energy.
It starts releasing its current to the load through the diode, which acts in a forward-biased mode.

The current decreases gradually.

0 o

¥
| —

C)v_dc %Ll el ]m

Fig. 3.9: Buck Boost Switch Off

The inductor voltage in this situation is:

Vo=Vi,
_, din (3.21)
N dt
VW dip,
— = 3.22
L4 dt ( )

As mention in the previous step, Equation 3.22 shows a linear changing rate in the inductor

current. This change can be represented by

AiLl _ AiLl
At (1 - D)T,
3.23
% o
=1
The changing rate of the inductor current is
. Vo(1 — D)T.
(AipyJors = Yol = D)To I L (3.24)

Sine

(AiLl)On = (AiL1)off (3.25)
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Applying Equation (3.20) and Equation (3.24) in Equation (3.25)

Vo(1 - D)T, _ Vg.DTs

I T (3.26)
From Equation (3.26) The output voltage Vj will be as follows
Vo= Vi (327)
From Equation (3.20)
L= X?ff (3.28)
C = Rlvgl‘iof (3.29)

An electronic switch has several states during an operating cycle. On, transition to Off, Off and
transition to On; these states are repeated in each cycle. As a result, the electrical current through the
switch and the voltage across it varies during the operating cycle. Furthermore, during the transition
interval, both the current through the device and the voltage across the device are substantially larger
than zero. This leads to large, instantaneous, power losses (instantaneous power dissipation during
the transition period to the O f f or to the On state could be very high) as illustrated in Figure 3.10.
This instantaneous power dissipation could damage the switching device or drive it to work outside

the safe operating area of the component.
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Fig. 3.10: Instantaneous Power in Switch On Transition
1. Switching losses for soft load (resistor):
tOTL
W = / Pdt
0
tO?’L
= / erdt
0
t
on t t
- [Mvita- D (3:30)
0 on on
Vit
6
1 oo
= EVI ton  Total turn on switching loss per cycle
The same logic is applied to find turn off losses:
1 oo
W = -V It,;y Total turn off switching loss per cycle (3.31)

6

The total switching losses per cycle:

1
W = EVI (ton +tors) Total turn off switching loss per cycle (3.32)
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And, finally, the total losses for soft load can be calculated from Equation 3.33

1
W = 6VI(ton +toff) fouw (3.33)

2. Switching losses for hard load:

ton
W = / Pdt
0

tO7L
= / eidt
0

tO'I’L
_ / VI — -yt (334)
0

on

Vit
2

1
= EVI ton,  Total turn on switching loss per cycle

Same logic apply to find turn off losses
1 I
W = §VI tofr Total turn off switching loss per cycle (3.35)

The total switching losses per cycle

1
W = §VI (ton +tors) Total turn off switching loss per cycle (3.36)

and finally the total losses for hard load can be calculated by 3.37

1
W= EVI(ton + toff)fsw (3.37)

To deal with these problems, various circuits, called snubber circuits, have been developed.

3.3 Snubber Circuits

In power switching circuits, snubber circuits comprise a small network, the function of which is to
control the effects of circuit reactance [126]. The main aim is to reshape the voltage and/or the
current waveforms of a switch during the turn On and turn Off, or combination of both. Moreover,

the snubbers introduced in order to overcome the limitation of the switch, such as maximum rates
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of change of voltage and current (dv/dt & di/dt), reduces over-voltage during turn-on and turn-off,
reduces the current at starting by making an alternate path, reduces switching losses and ensures that
the switch does not operate outside its safe operating area (SOA).

The use of snubbers can greatly enhance the switch circuit performance and results in high relia-
bility, high switching frequency, an increased power handling of a given device, lower electromagnetic
interference( EM I) (by the damping of voltage and current ringing of a switching devices). It also
helps to maintain a uniform distribution of voltages across the switches that are connected in series,
to increase the effective voltage rating or currents in the switches that are connected in parallel and to

increase the effective current rating.

3.3.0.1 Electrical Snubbers Circuit Classification

Snubber circuits can be categorised into two classes: Dissipative energy or energy recovery.

1. Dissipative Electrical Snubbers Circuit: a snubber is called dissipative when the stored energy
at the turn On or turn Off of the switch is dissipated through a resistor. Figure 3.11 illustrates a
general dissipative snubber.

During the turn on process, the inductance L reduce the effect of di/dt by storing the extra

2 Turn On Snubber

E

R1
Llé

D1
4 ’
= FET1 2
e g s—
Turn
OFF
Snubber RZ D2

Q
Fig. 3.11: Dissipative Snubber Topology [9, 10]
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energy. The R; and D; allow the discharging of L; when the electronic switch is turned off,
so that the snubber is reset by the start of the next cycle.

During the turn off process, capacitor C reduces the effect of dv/dt, Ry and Dy allow the
discharge of C'; when the electronic switch is turned on. The amount of dissipated energy in
the snubber resistance is equal to the amount of stored energy in the inductance L; during the
turn on process, or in the capacitor C during the turn off process.

TURN-OFF Snubber [127]

The fall time, 0 <t < t,s¢

t
i=1I(1- ) (3.38)
toff
1 t
e= / (I —1)dt
¢ Jo
I [t t
——— dt (3.39)
cJo toff
I
o 2th

whent =t,rp=e=V

The size of the capacitor can be calculated form the Equation 3.43

Itoff
= 3.40
C X% (3.40)

where ¢, ¢ is the switch fall time, which can be obtained from manufacturers data sheet, and V'
is the rated switch voltage of the switch.

The whole stored energy in the snubber capacitor must be dissipated in the snubber resistor dur-
ing each cycle. Thus, RC' time constant must ensure that, after turn on the capacitor discharges

before the next turn off is required [122]. Hence:
of f(min) = 5RC (341

The power rating of the resistor is dependent on the switching frequency as Equation 3.42
shows:

1
Pr = §CVC2~ f where: f is the switching frequency (3.42)

59
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TURN-ON Snubber [127]
The fall time, 0 < t <ty
e=V(1 - i) (3.43)
tOTL
1 t
= — V —e)dt
i-1 [ =0
¢
t
_ Vv / t o (3.44)
L Jy ton
v
2Lty
whent =t,, =>t1=1
The size of the Inductance L can be calculated form Equation 3.45
Viton
L= 3.45
57 (3.45)
ton(min) = 9L/ R (3.46)

The power rating of the resistor is dependent on the switching frequency, as Equation 3.42
shows:

Pr = LI,% f where: L represents the inductance (3.47)

However, the power dissipation increases in high power application, and also with the switching
frequency, and thus reduces the power efficiency of a high-frequency switching converter. To

remedy this drawback, a energy recovery snubber introduced [122, 124].

. Energy Recovery Electrical Snubber circuit : The snubbing action on the switch is exactly the
same as for the dissipative snubbers. The difference is the way in which the stored energy in the
snubber is delivered back to either the input source, or into the load. Alternatively, the energy
may be circulated to prepare for the next cycle. Two classifications of energy recovery circuit

exist:

* Passive recovery circuit: this involves passive components with diode. Figure 3.12 shows
a passive recovery snubber which provide a combined of turn-on and and turn-off.

L is the turn-on snubber inductance and Cj; is the turn-off snubber capacitor. Dy,
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Fig. 3.12: Combined energy recovery Snubber

D3 and C'so form an energy recovery network which delivers the recovered energy to the

load.

* Active recovery techniques which involves switching devices: this type of snubber em-

ploys an auxiliary active switch, with few passive components, as shown in Figure 3.13

[128]. The auxiliary switch and the main switch share the same PW M signal. Operation

o

Main switch
51

i .1
T#T

Ds1 %/

o il
TFT

of

%\, Ds2

Aux switch
s2

Active Snubber

z

% Ds3

Cl 35

11+

principle:

Fig. 3.13: Active Snubber

* First Stage: Both switches S1 and S are OFF; the current passes through the diode

Dy to charge the capacitor Cs. Diode Dgo and D3 are both off.

* Second Stage: switches S7 and Ss are turned on during this period, whereas the

diodes Dy and D3 are blocked by the reverse voltage across them, which is applied



3.4 Super-Capacitor 62

individually. Energy stored in the capacitor Cs during stage 1 is discharged through
the inductor L, and the diode Do, to charge C;. When the voltage V C is larger
than V (1, the inductor current increases and, when the voltage Vs drops below
V (1, the inductor current decreases. During this period, diode Dg; will prevent V C
from going negative, and Dgo will prevent the inductor current from going negative.
* Third stage: switches S; and S2 are OFF and the inductor current flows through
diodes Dgy and Dg3 to keep charging C', until the inductor current decreases to
zero. Diodes Dy and D3 would block the inductor current from going negative. On

the other side the capacitor C start charging as analysed in first stage.

3.4 Super-Capacitor

3.4.1 Equivalent Circuits

Many equivalent circuit models have been proposed:

1. The classical RC' model: this represents the super-capacitor model as a series combination
of a resistor and a capacitor. The resistor represents the equivalent series resistance (ESR),
which is the loss term that will cause internal heating in the capacitor, and an ideal capacitance

[129-131].

2. The three branch model: This represents the super-capacitor model as a three branch model, as
Figure 3.14 illustrates. The first branch is in the time range of seconds, the second branch is in

the range of minutes and the third one is for time longer than 10 minutes [132-135].

: =

Fig. 3.14: The Three Branch Model
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3. The multiple branch model: this can describe the behaviours of super-capacitors in a very wide
range of frequencies. The author of [136] believes this model is the general model of the super-
capacitor and the models listed above (classical RC and the three-branch) are only two specific

cases of this mode. This model is shown in Figure 3.15

o ]

c1== ca =t c3== .
1 1 1 ., , =F
Fig. 3.15: SC Multiple Branches Model

4. The transmission line model: This exhibits several RC constants and involves distributed ca-
pacitance C; and resistance R;, R;. C; can be considered as resistance and capacitance of the

pores with certain pore size. [137-143].

Fig. 3.16: SC Transmission Line Model

5. Another equivalent circuit is proposed by [11], which includes the thermal and electrical be-
haviour of the super-capacitors. Thermal variations of the device and its environment were
applied and analysed owing to the application of supper-capacitor in transportation. Figure

3.17 shows the proposed model.

losses principal cell slow cell

1

Fig. 3.17: SC Electrical and Thermal Model [11]
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6. The two branch model with five parameters [12] proposed two branch equivalent circuit, with
time-dependent diffuse circuit, which is based on five parameters as shown in Figure 3.18. In
this figure, C'1 corresponds to Helmholtz capacitance,C2 corresponds to diffuse capacitance,
R1 represents the equivalent series resistance (FSR), RL represents the leakage resistance
and R2(t) represents the resistance between the Helmholtz and diffuse capacitances. This

resistance is time dependent.

o ]
Fig. 3.18: Equivalent Electrical Circuit Model for Super-Capacitor [12]

However, an equivalent circuit model is usually preferred by a design engineer owing to its simplicity,
simulation time is reduced when compared to the models listed above. This model also holds the
most common model representation as an equivalent electrical circuit, according to [13, 135, 144]
and as Figure 3.18 illustrates. The model consists of a capacitor representing the SC' capacitance,
an equivalent series resistor (E.SR) representing the ohmic losses and an equivalent parallel resistor

(EPR) representing the SC self-discharge [138], due to:

 Faradaic reaction of electrolyte impurities.
* Parasitic redox reactions involving impurities (oxygen groups and metals).
» Non-uniformity of charge acceptance along the surface of electrode material pores.

* Possible short-circuit of the anode and cathode from improperly sealed bipolar electrodes

EFE.
—
L |
ESE. .|
o L ] a
C

Fig. 3.19: Super-capacitor Model [13]

Furthermore, those parameters can be determined by Gouy and Chapman theories [145, 146].
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3.4.2 Charge-Discharge Method

34.2.1 Super-Capacitor Charging

The equivalent circuit of charge super-capacitor with calculation notation are illustrated in Figure

3.20.
lin
—
a B
o Fa
a2 o :
5 % l lin
w
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IL -~ >
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w Veel_sc § —— SC
o L
o
Fig. 3.20: SC Charge Process
3\
Iin =Isc,., + 11 SC charging Current
AVeell oo Veellser
Lip, = edllse | Teellse with initial condition t =0, Veepg, =0
dt RLaakage
Veellse = ILRLeakage <1 — e:I;p(WO SC charging process
eakage
Vse = Rserieslin + 111 RLeakage (1 — erp(ﬁ)) SC terminal voltage at charging process (348)
eakage
t
Vsc = Rgerieslsc + FISC Charge process with Rpcqrage — 00, IL=0
t
Vsc = Rserieslin + 611‘ Charge process with  Rpcqkage — 00, IL=0
t .
\ Vsc = 61i71 SC Voltage with  Rpeqkage — 00, Rseries = 0 )
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From Equation 3.48 the charging voltage is linearly proportional to the charge time when the leak-
age resistance is neglected, and in exponential form otherwise, at t = 0, Vo = Rserieslin and when
t — 00,Vsc = Rserieslin + ILRLeakage In this case the voltage across the super-capacitor increas-
ingly approaches its maximum value. If charging an ideal super-capacitor Rgeries = 0, Rrcakage —

oo the voltage will become:

t
VSC’ = ‘/cellsc = Izna + ‘/z’nitial (349)

The reused stored energy in Super-capacitor can be calculated by the following equation
1
Esc = 5CVinaw = Viuinl (3.50)

3.4.2.2 Super-Capacitor Discharge

The calculation notation are shown in Figure 3.21, which also illustrated the discharge process.

Iin I Load
— s —
7 2 BN N
E § T | out
@ <
IL — J5C
o [ ‘ V_SC
2 > e
5 = Veel_sc § —— SC
L
o
- 4

Fig. 3.21: Super-Capacitor Discharge Process



3.4 Super-Capacitor 67

Vs = Veelige = VRsories SC terminals Voltage
1 t
Veettge = Ve — — | [gcdt
cellsc cellso C 0 sc
t
Veettso = V2, = (Vi + Tou Ricakage ) {1 - exp(fm)]
eakage
t
VSC = ngﬁlfc — Touwt Rseries — (VYZ?:( + I()utRleak‘a_qe) |:1 - FTP(—W)] (3.51)
eakage
VmaT [ Rieakage ¢
Isc = Ve + LoutFcakage) cxp(— ) SC Discharge current
Rleakage CRleakage
; t
VSC = ‘/::l?:‘(/ — Loyt Rseries — Iautaluut Rleak‘ags — 0
IoutR[cakalc . .
tase = —C Rieakageln—— <105 tascfully discharge time
* canage ch’e’#;p + ]uutRleakage % Y ¢ /

3.4.3 Voltage Balancing

In order to operate at higher application voltages, super-capacitors are connected in series and in
parallel configurations to form a module. This module meets the DC voltage, energy capability and
the total ESR value, which determine the maximum power capability of the bank. However, if the
cells have a variation in capacitance, individual cell voltages will vary based on capacitance. The cells
with greater capacitance will be charged to lower voltages, and the cells with smaller capacitance will
be charged to higher voltages. This is due to the fact that each cell conducts the same charging current,
and the voltage is a function of current and capacitance. Those undesired and unequal capacitances

could contribute to the following:

* Tolerances of 5 — 10%.
* Temperature gradient in the system.
* Cell ageing

This can lead to some super-capacitors having an over voltage, with an associated decrease of
their lifetime. For the other super-capacitors, the maximum voltage will be under the voltage limit;
the energy storage in super-capacitors will not be at its maximum level. However, capacitors with
a smaller capacitance need a shorter charging time and so reach the maximum voltage faster than a
larger capacitor. To avoid damaging the smaller capacitor, voltage equalization circuits have to be

employed.
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3.4.3.1 Voltage Balancing Type

There are two, common, approaches to cell balancing in super-capacitor modules: passive balancing

and active balancing.
1. Passive balancing techniques: in general these can be classified into two types:

(a) Resistance balancing: this is simple approach to equalize the super-capacitor stacks by
using a bypass resistor in parallel with the super-capacitor. The amount of current drawn
by the resistors is proportional to the cell voltage, which results in more current being
diverted to the resistor as the cell voltage decreases. This will tend to reduce the voltage
variations between the different cells within the stack, since higher voltage cells will be
further discharged by the resistors which are in parallel. The drawback of this approach
is that the energy is converted into additional losses in the resistors and the amount of
current drawn by the resistors is not regulated. As a result, the cell voltages are not fully

regulated and the system efficiency is lower [8].

(b) Switched-resistors balancing circuits: this includes adding a controlled switch to an equal-
ization resistor in order to limit the energy dissipation. The switch turns on when cell
voltage goes beyond the operating voltage and then turns off when the level is lower than
this voltage. The efficiency of this solution is much better than the technique mentioned

above [147].

(c) Zener diode balancing: to overcome the drawback of the previous technique, a Zener
diode is placed in parallel across the super-capacitor and is used as a voltage regulator
when a capacitor reaches its maximum voltage. If the voltage is almost at the value of
the breakdown voltage of the diode, it starts conducting and deviates the charging current.
However, the amount of lost energy is minimized, compared to the previous technique,
since the shunt circuitry is only active when the cell voltage exceeds the pre-set breakdown
level. On the other hand, this approach suffers from the temperature dependency of the

Zener diodes [148].

To minimize lost energy and optimize the performance of the cells, passive balancing is best

suited for low power applications or low current charge / discharge rates.
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2. Active balancing: Figure 3.22 summarize this technique. Which focuses on buck-boost topol-
ogy for active voltage balancing. If the voltage Uc; is detected as being significantly greater
than voltage Ucy, transistor T'1 will be switched at a certain frequency to generate a positive
equalizing current, 2/,. If Ucy is greater than Ucy, then T2 will be 80 switched to generate a

negative equalizing current. This process continues until the voltages are balanced.

J’ 'rc‘l
- D CI— Vc‘!
TT';T EE 1 51__

s 2
s _f"v'\r"‘“r*"-._eﬂ A

b ]

]?t RS —— Voo

| Co

Fig. 3.22: Active Balancing [14]

3.5 Summary

In this chapter a review of the main DC' — DC' converter topologies (buck, boost, buck-boost);
Functionality is presented and the circuit analysis supported by the circuit diagram is delineated.
Additionally, an over-view and classification of the snubber circuit design and implementation in
DC — DC'converter has been presented . Finally, Super-capacitor models and balancing techniques
have been presented. The following chapter present result and discussion of the Comparison between

unidirectional and bidirectional Topologies for the placement of the super-capacitor.



Chapter 4

Result and Discussions

4.1 Introduction

This chapter presents an overview of stand-alone PV system, with a multi-string layout, followed by
the results and discussions on the critical analysis between the power conversion topologies used for
this conventional PV structures [16].

The analysis has been run for a range of parameters, which are: the capacitance of a super-capacitor
when used as storage unit, converter efficiency and the load power. Moreover, the load power varia-
tion is related to the input mean power by a proportional constant, k, and also for every single load
a wide range of capacitance values has been considered. However, the criterion of the comparison is
the longest continuous load supply period without interruption CLSP, for both topologies in changing
weather. The effect of each element variation on the performance of the whole PV system will be

discussed.

4.2 Stand-alone PV System Layout

A typical standalone PV system structured with multi-string type, when several PV panels are con-
nected in series and then connected with a low power DC/DC converter as a string. Several DC/DC
converters, as multiple strings, are connected together with one DC/AC converter. The multi string
structure type can realize optimal MPP for each string and is flexible with string design, an extra

diode connected in series with a string is not required (less power losses), each string operates inde-
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pendently so if one fails all other strings can still feed the load. The configuration of this structure

with the super-capacitor as a storage system can be as follows:

4.2.1 Unidirectional Topology:

the illustration of this topology is shown in Figure 4.1. The power generated from the PV system flows
in one direction throughout the whole system. However, the first DC' — DC' converter is used to step
down the voltage for the super-capacitor unit owing to its low operating voltage, whilst controlling
the charging requirement. The second one is used to step the voltage up and maintain it at a fix level
for the DC load. The super-capacitor unit is placed between the two converters, absorbing the extra
energy produced by the PV and delivering it back when the energy produced is not enough for the
load.

Power flow
Eff nl ﬁ Eff n2
. )
Pin
“eloc /T Super- ——nc 1 bioad
- oa
PV I oc | Capacitor be
] @ y

Buck Converter Boost Converter

Fig. 4.1: Unidirectional Topology

4.2.2 Bidirectional Topology:

The overall power flow of this topology shown in Figure 4.2.

In this structure, the generated power from the PV system passes through the first DC'— DC' converter
in order to maintain the voltage fixed at the load level. Any surplus energy will pass through into
another converter to the super-capacitor unit, and back through the same converter when there is a
shortage of energy. Thus, this DC' — DC converter must be a bidirectional one, working as buck
boost converter, stepping down the voltage for the super-capacitor unit side owing to the charge /

discharge cycle, stepping it up in the load side and maintaining a fixed voltage.
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4.3 Methodology
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Fig. 4.2: Bidirectional Topology

Power flow

I Pload

The comparative analysis of real data from cloudy day was used [15], as shown in Figure 4.4. In

order to get an accurate comparison of the performance of each topology in dynamic matter, data

interpolation was used.

Both converter topologies have identical efficiencies. Matlab software has been used to confirm the

performance and effectiveness of each topology.

The control strategy was carried out based on the power flows between a PV as the main source, a

super-capacitor bank as storage unit, and the load.
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Py, > Piogd SC Charging ( Surplus energy stored in SC)

Py < Pioad SC Discharging (deliverers the extra needed energy to the load)
Py, = Pioad SC Disconnected (Idle mode)

Psc = Pioad SC Discharging (Source disconnected (FP;,, = 0))

Py, + Pso < Pioud SC Charging Load disconnected

For safe operation of the super-capacitor, the voltage range was constrained by upper and lower
limits. The upper limit was considered in order to avoid a surcharge to protect the integrity of Super-
Capacitor, so the maximum stored energy in it is:

4.1

max

1
ESCmaJ) - 50‘/2

where Esc  is the maximum Stored energy, C'is the super-capacitor capacitance, and V4, is the
max applied voltage. The lower limit was considered to prevent the converter from drawing excessive
current, whilst limiting the high spike current for high output power. As a result, the minimum stored

energy in the super-capacitor was fixed by a minimum voltage.

1

where FEgc,, . is the minimum Stored energy, C' is the super-capacitor capacitance , and V};;,, is the
minimum applied voltage .
From Equations ((4.1), (4.2)) the reused energy is:

4.3)

mazx min]

1
Esc = 5C[v2 — V2
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The equivalent - electrical circuit model of super-capacitor used in this study, to predict each topology

performance, is shown in Figure 4.3.

EPR
|
1 |
ESR .|
o | [ <
C

Fig. 4.3: Super-capacitor Equivalent Circuit

Since the input power was changing throughout the time, as Figure 4.4 shows, the investigation of
the load power impact on the system is related to the input-mean power by a ratio of k, which varies

from 10% to 200%.

Pload

k:Pi

4.4)

MNmean

Input data
350 T T T

1 ““T
20 " g
20+ -
150 - -
100 (- -
0+ -
o | | | I |
2

3 4 5 [
Time [S] w10°

Power [Wy]

Fig. 4.4: Real Data [15]

The overall computational process is illustrated as a flowchart in Figure 4.5. This flowchart indi-
cates the main steps applied in sequence through the MATLAB code in this investigation.
Data manipulation was needed to get accurate comparison between both topologies. A few different
values of converter efficiency was applied in this comparison to observe the impact on the perfor-
mance of each topology and the influence in the comparison. A wide range of capacitance values has

been applied, for every single load, to see the storage effect on the system performance. This process
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was repeated for a wide range of load power levels. Moreover, the load power variation was chosen

to be varied by a proportional ratio to the input-mean power k.

< Stflrt >

Load Data
Data manipulation

k.

Efficiency variation

A,

Power Load variation

Y

Storage Capacity variation

|

Data process algorithm

No

Check SC value

Longest served Time Calculation

No

eck load powe

Check Max Eff

< Output Stored Data <

}

Fig. 4.5: Program Overall Process
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The flowchart in Figure 4.6 indicates the real data process and manipulation algorithm used in this

investigation. The manipulation was based on the variation of the produced power by the PV system

in every single second.

Pout =Pload

L

Calculate the Stored energy in SC.
Update the total stored energy in SC

]

Calculate the needed enegy to the
load

Yes

Storage energy enough

A

Add the Calculated energy to the
Storage

Pout =

Pload

the storage

Calculate the remaining energy in

4
’\V Yes
E

No
Yes

Sc > Esc max

No

Data Check

Esc > Esc max

Next Step in overall Program

Fig. 4.6: Flowchart of Data Processing Algorithm

No
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4.3.1 Storage Effect on the System Performance
4.3.1.1 Uni-directional Topology

Figures 4.7(a) and 4.7(b) plots the performance of uni-directional topology, with the load power vary-
ing from 10% of the input mean power up to 200%, with 1% step, under a wide range of capacitance
having a step of one farad. The continuous load supply period (CLSP) in seconds, without interrup-
tion, is shown on the ¥ axis.

In Figure 4.7(a) some observation could be made:

* The steps shown in the plots were small slops, owing to the big range of the horizontal axis,
and small variation on the vertical axes, it looked like steps. However, because the used data in
this comparison was changing throughout the time, and the result was based on CLSP without
interruption, a small variation in super-capacity capacitance made a huge impact on the served
time at the right time: this is shown in Figures 4.8(a) and 4.8(b).

Figures 4.8(a) and 4.8(b) shows the the energy that delivered to the same load which is smaller
by 90% of the input mean power (kK = 10%), one farad capacitance difference between the to
graphs.

Figure 4.8(a) with SC' = 403 F displays the delivered energy to the load with little interruption,
and Figure 4.8(b) with SC' = 404F, shows the disappearance of that interruption. in other
words, a small change in capacitance has a great impact on continuous load supply period

owing to the disappearance of the interruption and the merging of two long supply periods.

e When k£ < 45%, the load serving time increased to the peak and stayed at that level, which
means the load can be served, without interruption, for the whole period at that capacitance.

However, the smaller the load, the smaller capacity storage needed to achieve that.

e When 45% < k < 100%, the load served with interruption. However, this interruption can be

reduced by increasing the capacitance value.

* The continuous load supply period increases with the increases of the capacitance.
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Fig. 4.7: Unidirectional Results.
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Power Output of Unidirectional topology SC=403F, K=0.2
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Fig. 4.8: Unidirectional Results.

The graphs in Figure 4.7(b) shows the performance of uni-directional topology for loads that are

higher than the input mean power and some observation could be made:

* With 100% < k < 120% the CLSP significantly increased with the capacitance.
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e With 120% < k < 170% the CLSP decreased considerably, which can be explained by the

insufficient available power.

* When k exceeded 170% the changes in the storage capacity had no effect whatsoever on the
served time (that is, remained stable), as the super-capacitor capacitance did not fully charge

owing to very low availability of energy on the system.

Predictably, the greater the storage capacity and the lower applied load, the higher the CLSP.
It was clear from the graphs in Figure 4.8 that the storage capacity had an effect on the CLSP, and
also any change occurring in the the load would have an effect up to a load level of k = 170% of the

input mean power.

4.3.1.2 Bi-directional Topology

Figures 4.9(a) and 4.9(b) shows the performance of bi-directional topology, with the load increasing
from 10% of the input mean power up to 200% with 1% step increment, under a wide range of ca-
pacitance of one farad step, while the longest load served time in seconds appeared on the y axis.

From the Figure 4.9(a), the same observations that were made for uni-directional topology can be

made for this topology.

Predictably, the greater the storage capacity and the lower applied load, the higher the CLSP the
load.
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Fig. 4.9: Bidirectional results.
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The graphs in Figure 4.9(b) shows the performance of bi-directional topology at load power that
is higher than the input mean power. With the load power at less than 130% of the input mean power,
there is a significant increase in the CLSP with the storage capacitance. When the load power in-
creases above 130% of the input mean power, the CLSP decreases considerably, which means that
the load serving time will be greatly interrupted. Moreover, when the load power exceed 180%, the
changes in the storage capacity had no effect whatsoever on the served time (that is ,remained stable);
this is due to the fact that the capacitance does not fully charge owing to the low supply of power.

It is clear from the graphs in Figure 4.10 that the capacitance of the super-capacitor has an effect of
the continuous load supply period CLSP, and also any changes that occurred in the load would affect

it.

4.3.2 Load Effect on the System Performance

Figures 4.11(a) and 4.11(b) show the performance of uni-directional and bi-directional topologies
under load variation respectively .

The loads were increased from 10% of input mean power up to 200% in 1% steps, in proportion to
the input mean power as denoted by k in the horizontal axis; the CLSP was plotted on the y axis.

Some observations can be made:
* The highest CLSP to the load could be achieved with a small load.
» The biggest capacitance served higher load for longer.

* Athigh load, k = 175% for uni-directional topology and k& = 185% for bi-directional topology.
The capacitance values did not affect the load serving time; this was due to the insufficient
available energy from the source which would have served the load and charged the super-

capacitor.
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4.3.3 The effect of Converter Efficiency

The plots in the Figures 4.12(a), 4.12(b), 4.13(a) and 4.13(b) show the performance of both topologies
under different converter efficiencies. The loads were increased from 10% of the input mean power
up to 200% again in 1% steps, under a wide range of storage capacity, of one farad step for each
efficiency value, while the longest served time in seconds was plotted on the y axis.

Some observation could be made:

* Figures 4.12(a) and 4.12(b) show unidirectional and bidirectional topology respectively.
For k = 10% there were small differences in the system performance, in relation to the con-
verter efficiency value up to the peak point, after which all converters performed the same way.
This can be explained as follows: there was enough available energy and this energy was stored

in high capacitance which made the converter losses unnoticeable at this low load.
* As the k increased, the significance of the converter efficiency started to appear.

* At high load (kK > 1) the converter efficiency was low and its performance in the system

decreased, as displayed in Figures 4.13(a) and 4.13(b).

Predictably, both topologies perform better with higher efficiency converters. However, at low load
power, the converter efficiency had a small impact which could be overcome by high capacitance
but, as the load exceeded the mean input power, the converter efficiency became significant to the
performance of both systems: this can be explained by the fact that the low converter efficiency

produced high losses, which meant that there was less energy available to reach the load.
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4.3.4 Comparisons Between Both Topologies

This section provides a comparison between both topologies to show which topology provides the
longest served time to the load without any interruption and which criteria has the highest influence
on the system design. The criteria used are: Capacitance of super-capacitor, load power, converters

efficiency.

4.34.1 Capacity Storage

Figure 4.14(a) shows a comparison between the performance of unidirectional and bidirectional
topologies under a wide range of capacitance in the x axis in Flarad [F| and, in the y axis, a longest

served time to the load in seconds.

For k < 100% the super-capacitor capacitance achieved the same longest time under the same
load comparing both topologies. However, it was smaller for the bidirectional topology than

the unidirectional topology by 0.43% and 0.83% for k = 10% and k& = 100% respectively.

* When £ is between 100% and 140%, for capacitance C' < 3000F, the bidirectional topology
served the load for less capacitance than the unidirectional by 2.71% to 10.15% for k = 110%
and £k = 140% respectively. However, for high capacitance, the bidirectional capacitance
remained less than the unidirectional topology, with a percentage variation from 1.18% for

k = 110% to 3% for k = 140%.

* For k between 140% and 170% and for capacitance C' < 3000F, the bidirectional topology
served the load longer by 0.44%, 0.47% and 0.47% for load k& = 150%, k = 160% and
k = 170% respectively. However, at capacitance C' > 3000F the bidirectional topology served
the load longer by 7.87% for k = 150% and 13.5% for k = 170%, as Figure 4.14(b) indicates.

e At200% < K > 180% the bidirectional topology served the load longer by 43.59%, 66.42%
and 89.78% for k = 180%, k = 190% and 200% respectively. However, at this load level, the
capacitance of the super-capacitor did not have any significant effect on the served time to the

load.

Predictably, the capacitance values affected both topologies when k < 100%. However, the bidirec-

tional topology served the load longer than the unidirectional especially.
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4.3.4.2 Load Power

Figure 4.15 indicates the performance of both topologies under an increasing load, from 90% of the
input mean power up to 200% at 1% steps, under the same converters efficiency, for a four capaci-

tances value of the super-capacitor. The largest load can be served longer by the higher capacitance.

* When K = 42%, it can be served without interruption with capacitance 7200 F for both topolo-
gies with 0.05% better performance of bidirectional topology. However, for the same capaci-
tance the served time reduced significantly by 55% for load after k = 127% and k = 125% for

bidirectional and unidirectional respectively.

o At K = 42%, the capacitance 7200F served the load longer by 8.85%, 12.18%, 113,96%
than the capacitances 3100F", 1800F, and 450 F respectively. However, for the same load the
capacitances of 1800F served the load longer than 450 F by 90.73%.

* Bidirectional topology performed better than unidirectional at & = 100% by 0.28%, 1%, 0.04%
and 35% for 7200F, 3100F, 1800F, and 450 F respectively.
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Fig. 4.15: Comparison Between Both Topologies with same Capacity Storage Under Different Loads
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4.3.4.3 Converter Efficiency

Figures 4.16(a) and 4.16(b) illustrate the performance of both topologies under different loads, with
different converter efficiencies, for four capacitances of the super-capacitor.
Figure 4.16(a) shows the performance of both topologies, with different converter efficiencies, for

900F of capacitance. The following observations were made:

* At 10% of the load, both converters can deliver the energy to the load without any interruption.
However, converters with 95% efficiency perform better by 0.84% and 1.70% than converters

with efficiency of 85% and 75% respectively.

 The 95% efficient converters deliver more energy to the load by 14.28% and 33.33% than 85%

and 75% efficient converters respectively.
* For converters with 75% of efficiency the following observations were made:

— For a load below 65%, both topologies have identical behaviour.

— For a load of between 65% and 68%, bidirectional topology served the load longer by

0.35% than unidirectional topology.
— For a load above 68%, both topologies performance reduced significantly, by 66.38%,
when the load increased by 1%.

* For converters with 85% efficiency the following observations were made:

— For a load below 81%, both topologies have identical behaviour.

— For a load of between 81% and 82%, bidirectional topology served the load longer by

0.05% than unidirectional topology.
— For a load above 82%, the performance of both topologies reduced significantly by, 66%,
when the load increased by 1%.

* For converters with 95% efficiency, the following observations were made:

— For a load below 91%, both topologies have identical behaviour.

— For a load of between 91% and 96%, bidirectional topology served the load longer by

0.05% than unidirectional topology.
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— For a load above 96%, both topologies performance reduced significantly, by 64.66%,

when the load increased by 1%.

Figure 4.16(b) shows the performance of both topologies with different converter efficiencies, for

7200 F capacitance. The following observations were made:

* At low load, when k£ < 41%, both converters can deliver the energy to the load without any
interruption. However, this maximum load varies in relation to the converters efficiency 75%,

85% and 95%, as follows k = 31% , k = 36% and k = 41% respectively.

e The 95% efficient converters deliver more energy to the load by 10.80% than converter with

85% efficiency and by 32.25% for 75% efficiency converters.

* For converters with 75% efficiency the following observations were made:

For a load below 31%, both topologies have identical behaviour.

For a load of between 31% and 78%, bidirectional topology served the load longer by

1.76% than unidirectional topology.

For a load of between 78% and 85%, bidirectional topology served the load longer by

8.97% than unidirectional topology.

For a load above 85%), the performance of both topologies reduced significantly, by 55%,
when the load increased by 3.52%.

* For converters with 85% efficiency the following observations were made:

For a load below 36%, both topologies have identical behaviour.

For a load of between 36% and 100%, bidirectional topology served the load longer by

1.31% than unidirectional topology.

For a load of between 100% and 106%, bidirectional topology served the load longer by

6% than unidirectional topology.

For a load above 106%, the performance of both topologies reduced significantly, by 55%,
when the load increased by 3.77%.

* For converters with 95% efficiency the following observations were made:
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For a load below 41%, both topologies had identical behaviour.

For a load of between 41% and 125%, bidirectional topology served the load longer by

0.33% than unidirectional topology.

For a load of between 125% and 127%, bidirectional topology served the load longer by

1.6% than unidirectional topology.

For a load above 127%, the performance of both topologies reduced significant, by 55%,
when the load increased by 3.14%.

However, when the load ratio exceed 100%, the converter efficiencies limited the continuous longest

served time without interruption regardless of the capacitance used for storage.
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4.4 Summary

In this chapter (ch4) a multi-string stand-alone PV system layout with storage system has been de-
scribed, followed by the flow chart of the algorithms used in this critical analysis of the system . The
result and discussions of unidirectional and bidirectional converters for low power stand-alone PV
systems were also summarized. Some important factors regarding both topologies were discussed
in detail, such as the capacitance of super-capacitors, converter efficiencies and load variations. It
can be concluded that all the parameters (storage capacitance, load and converter efficiency) were
significant to both topologies. However, the bidirectional topology performed better than the unidi-
rectional topology, especially when the load was higher than the produced power. In addition, the

longest CLSP can be achieved with less storage capacity than with the unidirectional topology.



Chapter 5

Simulation and Implementation of the

Proposed PV System

5.1 Introduction

The super-capacitor represents one of the latest innovations in the field of electrical storage and is an
attractive technology. The advantages of it are durability, high reliability, lack of maintenance, a long
life-time and operation over a wide temperature range, and in diverse environments (hot, cold and
moist). The life-time reaches one million cycles (or ten years of operation) without any degradation
and it is environmentally friendly and easily recycled or neutralised. The efficiency is typically around
90% and discharge times are in the range of seconds to hours. Moreover, it can reach a specific power
density which is about ten times higher than that of conventional batteries, but the specific energy
density is about ten times lower.

This chapter presents the simulation results obtained from a PV system without a storage unit
and the results obtained from the proposed PV system model that has a super-capacitor and a DC —
DC converter with an efficient snubber circuit. The results are analysed and discussed to show
the performance validity of the proposed model. MATLAB-R2014b/Simulink was used to set the
simulation environment.

Moreover, for further enhancement on the system at the component level and to reduce the ther-
mal energy, an energy recovery snubber circuit has been implemented in the circuit to deal with the

produced energy by the switching. The recovered energy is recycled back to the load which improved
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the performance, the efficiency and the reliability of the system.
The latest version of SIMetrix/SIMPLIS software was used to show the waves form of the switching
transition foe an electronic switch under different load, and also verify the importance of the snubber

circuit

5.2 Stand-alone PV System without Storage

Figure 5.1 presents an overview of the simulated module for a stand-alone PV system without any
storage unit. Figure 5.1(a) illustrates the produced electrical energy by the PV system. The power
required for the load is as shown in the Figure 5.1(b) and, finally, the energy delivered to the load is

presented in Figure 5.1(c).

The applied control strategy as follows:

Ppyv > Powd The system delivers the power to the load

Ppy < Poud The System will shut-down to prevent the load from under-performing
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Fig. 5.1: Power Overview in Stand-alone PV System Without Storage unit
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In order to show a comparison between the available energy and the wasted energy in a stand-
alone PV system without a storage unit, the three sub-graphs from Figure 5.1 are combined in one
plot and presented in Figure 5.2.

Figure 5.2, the colour surface high-lighted in green indicates the energy that is delivered to the load by
the system. However, the surfaces high-lighted in red represent the available energy that is not used
owing to the miss-match of energy between the energy supplied by the PV arrays and the demand

load energy. As a result, a significant amount of energy is wasted.

Unused energy (waste)

Time (seconds)

Fig. 5.2: Comparison between produced energy & delived in PV system without storage

Thus, a stand-alone PV system without a storage unit is inefficient. Any surplus energy will be
wasted, in the case of the requested energy, as the load is lower than the energy produced. on the other
hand, , the delivered power is discontinuous if there is a miss-match between the energy requested by
the load and the produced energy (when the produced power is lower than that requested by the load).
Solving the miss-match energy problem, by adding a battery in a fast changing environment, is not

ideal because the change in the environment will reduce its life time dramatically. This is especially
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true in stand-alone systems where oversized battery storage is required to deliver the energy to the

system, in the absence of the sun, for up to 7 days.

A more encouraging solution is to introduce a super-capacitor into the system, to deal with this
issue, and so improve the system performance of the system and the battery service life.
Figure 5.3, the same power that was used to produce the output in Figure 5.1 has been re-implemented
in the simulation. However, a super-capacitor has been added to the stand-alone PV system. As a
result the load was supplied with full requested energy without any interruption.
Figure 5.3 illustrates the energy flow in the system, and the super-capacitor power flow behaviour
discharge happened when the produced energy by PV is lower than the requested by the load which
shows in the graph twice, between [0s — 1.5s] & from [5 — 10S]. Super-capacitor charges when
the produced energy by PV is higher than the requested by the load as shown in the graph between

[1.5s — 5s] all the surplus energy stored in the super-capacitor.

SC Power [W], Load Power [W], PV Power [w]
T I T T T T T

e Load Power
s PV Power
S SC Power

Power [w]

DISCHARGE

IDLE DISCHARGE

| 1 1 | 1 | | | 1
) 1 2 3 4 5 6 7 8 9 10
Time [S]

Fig. 5.3: Energy flow in Stand-alone System with SC
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The next section presents the result obtained from introducing a super-capacitor into a stand-alone
PV system to deal with this fast changing environment, either in the changing of the PV side or the

load side.

5.3 Proposed System with Power Management

Figure 5.4 shows the overall proposed system, with a super-capacitor as the storage unit, and the con-
trol strategy of the power flow management of the buck-boost converter in MATLAB Simulink.

The requested energy by the load and the produced energy by the PV arrays, are presented as random
input data to the system to validate the energy management algorithm strategy.

In Figure 5.4, a bi-directional buck-boost converter is used and Figure 5.5 illustrates the detailed
components of the converter. The bi-directional converter is used to charge and discharge the super-
capacitor, in relation to the availability of energy . However, this converter contains an inductance
and two electronics switches, which are controlled in complementary way (they can be either off or if
the first is on the second is off). Figure 5.6 shows the details for the energy data manipulation of the
load and the PV arrays which are also used in the proposed system in Figure 5.4.

The control of the energy flow in the system is based on the availability in the system in relation to
the load. The PV arrays are an energy source and the super-capacitor as a storage unit, the energy

flow from and into it were explained in Chapter 4.
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Fig. 5.6: Power management

5.3.1 Discussion

With the aim of presenting the advantages of using a super-capacitor for power management, three
cases were considered. In the first case, PV energy lower than the load at the start of simulation.
The second case is when PV energy is same as the load at the start of simulation, and the final case
represents the response of the super-capacitor to rapid changing to the load with high step up demand
on the energy. The simulation settings were as follows: the switching frequency of the switches was
10 K Hz, the bus-bar DC voltage is 42 V' and the inductance was 1mH. Six super-capacitor were
connected on series, each one with 3000 F' of capacitance, an 8.4 mf? internal resistance and
2.7V maximum voltage for each super-capacitor (this parameters is also applied in section 5.3).

Please refer back to Appendix B for more information about super-capacitor MATLAB model and

the official data sheet of the super-capacitor on which this simulation is based.

1. Case 1: PV energy lower than the load at the start. The super-capacitor goes into discharge
mode as the Figure 5.7 illustrates. The difference between variation of the produced PV energy
and the variation of the load delivered by the super-capacitor. The first sub-graph shows the
energy flow in the system with the super-capacitor behaviour (charge, discharge and discon-

nected), in relation to the available energy in the system, which can be explained as follows:
(a) When the generated PV energy is lower than the load energy, the super-capacitor delivers
the difference (discharge mode).

(b) When the generated PV energy is higher than the load energy, the surplus energy stored

in the super-capacitor (charge mode).
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Pawer [W]

(c) When the generated PV energy is same as the load energy, the super-capacitor goes to idle

mode (disconnected).
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Fig. 5.7: Power Management Flow

The second sub-graph from Figure 5.7 represents the energy variation that can occur in the load

and the PV arrays, while Figure 5.8 shows the super-capacitor electrical parameters and their

variation in relation to the applied mode. These parameters are: the current which is shown in

the first sub-graph in red line; the voltage which is presented in the second sub-graph in blue

and the state of charge is shown in the third sub-graph in green.

The following observations can be made from Figures 5.7 & 5.8:

(a) Discharging mode operation: when the produced PV power is not enough to support
the load, the super-capacitor delivers the required energy to the load and this energy is
show as a positive energy. There were two states of discharge which were between time
intervals (Os & 1.5s), and between (6s & 9s), as can be seen from Figure 5.7. For the

same time intervals in Figure 5.8, the super-capacitor voltage and state of charge electrical
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Fig. 5.8: Super-Capacitor Behaviour of Electrical parameter

parameters reduced owing to the delivered power. Furthermore, in Figure 5.9 and for the

same time intervals, the converter functioning as boost converter.

Charging mode operation: when there is surplus energy in the system, the extra energy
is stored in the super-capacitor as a negative energy, this is shown in Figure 5.7 between
the time intervals (1.5s & 5s) and between (9s & 10s), in Figure 5.8 and for the same
time intervals, the voltage and the state of charge of the super-capacitor are getting higher
owing to the extra energy supplied into super-capacitor (charging mode). Moreover, the

converter is functioning as a buck converter for that time intervals as shown in Figure 5.9.

Idle mode operation: the idle mode occurs when the energy produced by the PV system
is the same as the energy requested by the load. Figure 5.7 illustrates this mode which
can be seen during time intervals (5s to 6s). Furthermore, for the same time interval, the
current of the super-capacitor is equal to zero, which means no power is delivered to or
from the super-capacitor; this can be seen in Figure 5.8. Finally, there is no control signal

to the gate of both switches for the same time interval as Figure 5.9 shows.
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2. Case 2 PV energy is same as the load at the start:
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Fig. 5.10: Discharge Idle Discharge
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Fig. 5.12: Super-capacitor Electrical Parameters Behaviour

Figure 5.10, 5.11 and 5.12 illustrates two modes of the energy flow in the system:
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* Idle mode: The energy produced by the PV arrays is equal to the load. As a result,

the super-capacitor goes into idle mode, which occurs twice when [0s < ¢t > 1s] &

[4s < t > Ts]. Figure 5.11 shows that, for that time, no signal has been sent to the

switches in the converter.

* Discharge mode: the energy produced by the PV arrays is lower than the load. This occurs

twice, when [1s < t > 4s] & [7s < t > 10s], and the Super-capacitor supplies the extra

energy to the load. Moreover, Figure 5.11 shows the bi-directional converter working

only in Boost converter as discharge mode is in operation.

3. Case 3: represents a comparison between two different capacitance under same condition

(same load and same weather condition) as Figure 5.13 and 5.16 shows

(a) Super-capacitor capacitance 50F

2000

1500

1000

Figures 5.13, 5.14 and 5.15 illustrates the power flow, super-capacitor electrical parame-

ters behaviours, and the converter switches control signal respectively for 50 of capaci-

tance. The results can be explained as follows:
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Fig. 5.13: Power Management with 50F of Capacitance
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requirement and the super-capacitor was in idle mode (disconnected)

9

* In the first period, from Os to 1s, the PV energy produced was equal to the load
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¢ In the second period, from 1s to 4s, the PV energy produced dropped slightly. As a
result, the super-capacitor delivered the power requirement in discharge mode.

* In the third period, from 4s to 5s, the PV energy produced returned to the same level
as the load and so the super-capacitor entered idle mode.

* In the fourth period, from 5s to 6.9s, the PV energy produced dropped slightly and
the requested load increased dramatically. As a result, the super-capacitor delivered

high power to support the load.

* In the fifth period, from 6.9s to 8s, the PV system produced more energy the super-
capacitor start charging.

* In the fifth period, from 8s to 10s, the PV system didn’t produce any energy and so
the whole load energy requirement was delivered by the super-capacitor.
Figure 5.14 illustrates super-capacitor electrical parameters variation; the first graph
shows the current, followed by the voltage and the state of charge respectively.
Figure 5.15 shows the back-boost converter switches control; the first graph with
red colour shows the buck mode that confirm the charging of the super-capacitor,
followed by the boost mode to allow the super-capacitor to discharge with green

colour respectively.

(b) Super-capacitor capacitance 5F
Figures 5.16 and 5.17 illustrates the power flow in the system, followed by the super-
capacitor electrical parameters behaviours, for capacitance of 5F . The results can be

explained as follows:
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* In the first period, from Os to 1s, the PV energy produced was equal to the load

requirement and the super-capacitor was in idle mode (disconnected)
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¢ In the second period, from 1s to 4s, the PV energy produced dropped slightly. As a
result, the super-capacitor delivered the power requirement in discharge mode.
* In the third period, from 4s to 7s, the PV energy produced returned to the same level

as the load and so the super-capacitor entered idle mode.

* In the fourth period, from 7s to 10s, the PV system didn’t produce any energy, mean-
while, the super-capacitor is fully discharged, as a result the load will be disconnected
(no power delivered to the load).

Figure 5.17 illustrates super-capacitor electrical parameters variation; the first graph

shows the current, followed by the voltage and the state of charge respectively.

5.4 Energy Recovery Snubber Circuit

The power level in a stand-alone PV system varies from a few watts to megawatts in range, depending
on the application. However, a further improvement to the system can be made at component level,
especially with regard to the converter where the energy losses of the switches (during switching)
can be recovered and recycled, either to the source or the load. These switching losses vary with the
switching frequency and the load type. Such an enhancement can significantly improve the overall

system reliability and efficiency.

5.4.1 Resistive Load

Figure 5.18 represents a3 kW boost converter, with a resistive load and without an energy recovery
snubber circuit. Figure 5.19 represents the same converter with an energy recovery snubber circuit.
The obtained result are based on an existing component data-sheet; please refer back to Appendix C

for MOSFET data-sheet.

The following graphs illustrate the results obtained from Figures 5.19 and 5.18. Figures 5.20 and
5.21 show the overall turn on/off process for the switch, with and without an energy recovery snubber
circuit respectively, in relation to the gate signal, the switch power losses, the current and the voltage
of the switch.

The switch gate signal is represented by the first sub-figure followed by the switch Power losses (turn

on, turn off and conduction losses ) and, lastly, the switch current and voltage. It is clear from the
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switch Power losses sub-figure for Figure 5.20 that the power losses are huge. At turn on transition,
the power loss in the switch is 900 W and, at turn off transition, the power loss in the switch is

approximately 750 TW. However, by implementing the energy recovery snubber circuit, the losses
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reduced dramatically to 60 W for turn on transition and 120 W for turn off transition, as can be

seen from Figure 5.21.
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Fig. 5.20: Switch Turn on/off without Snubber Circuit
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Fig. 5.21: Switch Turn on/off with Snubber Circuit

A zoom-in at the turn on transition period in Figures 5.20 and 5.21 is represented in Figure 5.22
and Figure 5.23 respectively. Figure 5.23 shows a reduction by 94.44% for the turn on transition
losses. However, the snubber circuit introduced a substantial ringing on the current and the voltage

wave form; as a consequence, the power losses wave form was also ringing.
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Fig. 5.22: Switch Turn on Transition zoom-in without Snubber Circuit
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Fig. 5.23: Switch Turn on Transition zoom-in with Snubber Circuit

A zoom-in at the turn off transition period in Figures 5.20 and 5.21 is represented in Figure 5.24

and Figure 5.25 respectively. Figure 5.25 shows a reduction by 92.86% for the turn off transition
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losses. However the same, substantial, ringing on the current and voltage wave forms and the power

losses wave form was also evident.
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Fig. 5.24: Switch Turn off Transition zoom-in without Snubber Circuit
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Fig. 5.25: Switch Turn off Transition zoom-in with Snubber Circuit

The substantial ringing was caused by the energy recovery snubber circuit and, in order to sup-
press the ringing, a resistor capacitor snubber were added across the diode, as shown in Figure 5.26.
This can be considered as being a trade-off to the design owing to the additional power losses ele-
ment (resistor). However, Figures 5.27 and 5.28 show a huge improvement in the wave form for both

transitions (on and off).
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Fig. 5.28: Switch Wave form Improvement at turn off Transition

5.4.2 Inductive Load

The transition time will be very short, comparing to turn on and off time interval, so there is very little
change in either the inductor current and the output voltage; and in order to capture the maximum
losses and simplify the design. The following simplifications are made: the input voltage source,
with the inductance, are represented by the current source and the output response is represented by
voltage source.

Figure 5.29 represents the boost converter with an inductive load (hard load) and without an
energy recovery snubber circuit. Figure 5.30 represents the same converter with an energy recovery
snubber circuit.

The following graphs illustrate the results obtained from Figures 5.29 and 5.30. Figures 5.31 and
5.32 shows the overall turn on/off process for the switch, both with and without an energy recovery
snubber circuit respectively, in relation to the gate signal, the current and the voltage of the switch.
The switch gate signal represented by the first sub-figure followed by the switch Power losses (turn
on and turn off losses) and, lastly, the switch current and voltage are shown. It is clear from the switch

power losses sub-figure in Figure 5.31 that the power losses are huge. At turn on and off transition,
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the power loss in the the switch is 3 kW . However, by implementing the energy recovery snubber

circuit, the losses reduced dramatically, to approximately 600 W for turn on transition and 50 W

for turn off transition, as can be seen in Figure 5.32.
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A zoom-in at the turn on transition period in Figures 5.31 and 5.32 is represented in Figure 5.33

and Figure 5.34 respectively. Figure 5.34 shows a reduction of 78.33% in the turn on transition losses.

A zoom-in at the turn off transition period in Figures 5.31 and 5.32 is represented in Figure 5.35

and Figure 5.36 respectively. Figure 5.36 shows a reduction of approximately 97.33% in the turn off

transition losses.

Note: The conduction losses for the switch are always fixed, regardless of the load type, as can be

seen in Figure 5.37.
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Fig. 5.37: Conduction Losses for the Switch

5.5 Summary

In this chapter, a novel power management in stand-alone PV system has been validated through
simulation. This management of power incorporated a super-capacitor to negate fast fluctuations in
the miss-match of power.

The results showed that a significant amount of power is wasted in a stand-alone PV system which did
not include a super-capacitor. However, when the super-capacitor was included, any fast fluctuations
that led to a miss-match in the energy between the load and the produced power were eliminated.

In addition, , a further enhancement of the system at the component level was implemented by
the introduction of an energy recovery snubber circuit. The energy lost during each switching event
was recovered and delivered back to the load.

As a result, huge thermal losses were avoided and the performance of the switch was enhanced.
However, the implementation of an energy recovery snubber circuit induced ringing in the voltage
wave form. This issue was eliminated by the addition of a RC snubber circuit; this can be considered

to be a trade-off in the design.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

Climate change, environmental pollution and the increased demand on energy and fossil fuel de-
pletion are amongst the issues discussed in the United Nations 21st conference of parties (COP-21)
meeting. Thus, a number of countries signed the Kyoto protocol that brings along with binding obli-
gations, such as the limitation of global warming to no more than 2 °C above pre-industrial levels
within the next 10 to 20 years.

Renewable energy technologies are essential contributors to the energy supply portfolio which
includes generating power from wind or solar sources. Photovoltaic (PV') panels convert solar energy
into electric power. Voltage and current at PV terminals have a complicated, non-linear, relationship
depending on the temperature and irradiance of the environment. To best regulate the available power
from the PV panels, several power electronic technologies have been developed in recent decades.
However, the stand-alone PV system uses batteries to provide support when the solar energy is
insufficient to satisfy load demand. The battery size is calculated for the average annual data, and
also for at least three days of island autonomy. Therefore, the daily quick changing in PV output is
not dependable and as a result, the battery life reduced dramatically.

The correlation between public awareness of climate change and the vital role of renewable ener-
gies in combating it, along with government subsidies and feed-in tariffs, has encouraged residential

users and investors to enhance PV system. In order to overcome the power issue in PV systems,
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a super-capacitor is introduced in this study to deal with the quick change between the produced
electrical power in relation to the consumption.

In order to fulfil the first objective in this thesis, an extensive literature review of the development
of PV systems through the years, a historical view and a classification of PV cell technology that
existed in the market was presented in Chapter 2. Moreover, a mathematical model of the PV cell
was presented, with its electrical presentation, in the same chapter. As the available power generated
by PV panels are varied by time and are dependent on circumstances, the power to load can fluctuate
considerably and so changes can occur within seconds or minutes. To balance the requirements from
fluctuating load and the intermittent source, energy storage is introduced into the PV system. The
PV design of the system, and the configuration, has been discussed in detail. Furthermore, the
electrical storage unit technology used in power system has been presented with regard to the specific
parameters and technology classifications with a detailed comparison between the storage types.

The storage units used in the stand-alone PV system mainly is electrochemical batteries. There-
fore, a detailed description of the battery technologies, with the types and the functionalities has been
demonstrated. Another storage technique, used for short lengths of time, is the electrical storage
systems, including the super-conducting magnetic and super-capacitor methodologies which are ex-
plained and discussed in details in Chapter 2. Moreover, to keep extracting maximum power at all
time with regard to the fluctuation, an overview of maximum power point tracking (MPPT) algo-
rithms definition, the purpose and the different techniques implemented, with comparisons between
them are also demonstrated.

To achieve the second and the fourth objectives of this thesis, a critical review and investiga-
tion of the main DC-DC converter topologies (buck, boost, buck-boost), functionality and the circuit
analysis supported by the circuit diagram, is delineated in Chapter 3. Additionally, an overview and
classification of the snubber circuit design and implementation in DC - DC converter has been pre-
sented with an in-depth explanation. This is followed by up-to-date super-capacitor mathematical
models and electrical representations, with the balancing techniques used when connecting several
super-capacitors together in order to obtain a specific voltage and capacitance.

This study proposed two system layouts for the placement of the super-capacitor. The first layout
presents a unidirectional topology, where the super-capacitor was placed in between two DC — DC'
converters; the first DC — DC' converter is used to step down the voltage for the super-capacitor

unit owing to its low operating voltage to control the charging requirement. The second DC —
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DC converter is used to step the voltage up and maintain it at a fix level for the load. The second
layout represents a bidirectional topology, where the super-capacitor is placed after a bidirectional
DC — DC converter. A critical analysis between the two layouts, for a stand alone PV systems,
was conducted as illustrated by the flow chart presented in the methodology in Chapter 4. The results
and discussion of the main important factors regarding both layouts were discussed in detail, such
as the capacitance of super-capacitors, converter efficiencies and load variations. From the results
obtained by the critical comparison, all the main parameters (storage capacitance, load and converter
efficiency) were significant to both topologies. Moreover, the longest served time when the load
was 10% of the produced mean power, the bidirectional layout required 43% less capacitance than
the unidirectional layout. When the load was 20% of the produced mean power, the bidirectional
layout required 25% less capacitance than the unidirectional layout. Furthermore, when the load
was 30% of the produced mean power, the bidirectional layout required 16% less capacitance than
the unidirectional layout, and this was so throughout the remaining results. This indicates that the
bidirectional layout performed better as it achieved the longest continuous load supply period (CLSP)
with less storage capacity compared to the unidirectional layout.

Having realised the good performance of the bidirectional over the unidirectional layout in re-
lation to the storage capacitance and the load supply, it was necessary to find the behaviour of both
layouts with regards to the efficiency of the system. To achieve this, a simulation was implemented
with different converter efficiency values. The results showed that, as the converter efficiency re-
duced, the energy delivered to the load was reduces with the longest served time for both layouts.
At low capacitance of the super-capacitor, a small difference between both layouts was noticed in
relation to the efficiency. However, the best result achieved by the bidirectional layout with regard to
the converter efficiency at high and low capacitance values.

A super-capacitor was introduced as an attempt to manage the fast fluctuations in the generated
stand-alone PV energy. Based on the findings in Chapter 4, and in order to prove the enhancement
of the power management of the stand-alone PV system and to provide a validation for the obtained
results, the first part in Chapter 5 presented the validation results obtained for a stand-alone PV sys-
tem without a storage unit. The results for the proposed stand-alone PV system model, incorporating
the super-capacitor and a DC converter were derived using Matlab/Simulink.

A comparison between the available energy and the wasted energy in a stand-alone PV system

without implementing the super-capacitor, has shown that a significant amount of the power was
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wasted. The traditional design of the stand-alone PV system was not dependable owing to fast
fluctuations in both the supply power and the demands of the consumer. When the proposed system
with the super-capacitor was implemented, all of the wasted power was reused, either by storing it in
the super-capacitor when the produced energy was higher than the load requirement, or by delivering
it to the load when the produced energy was not sufficient. As a result, all of the miss-matched
energy, between the produced energy in the stand-alone PV arrays and the consumed energy by
the consumer, was been re-implemented to the system. This made the stand-alone PV system more
reliable and efficient with regard to energy management.

The bi-directional converter was used to connect and disconnect the super-capacitor unit to and
from the system in response to the availability of energy. Three cases were generated to validate
the proposed energy management algorithm. The first case, when the energy generated by the PV
arrays was lower than the energy required by the load, the super-capacitor entered a discharge mode
in order to deliver the required difference in the energy to the load. In the second case, when the PV
energy was the same as the required load, the super-capacitor went into idle mode and electrically
disconnected from the system. In the last case, when the generated energy by the PV arrays was
higher than the energy required by the load, the super-capacitor absorbed the surplus energy and store
it by going into a charging sequence. However, when the PV arrays did not produce any energy in
the system and the super-capacitor was fully charged, the energy requested by the load was delivered
by the super-capacitor.

A validation for the inclusion of the super-capacitor was carried out in Chapter 5. The results
showed that a significant amount of power is wasted for the stand-alone PV system without the
implementation a super capacitor. However, when including the super-capacitor all the wasted power
was reused, either by storing it in the super-capacitor when the produced PV energy was higher than
the consumed energy, or by delivering it to the load when the produced PV energy was less than the
required energy. Furthermore, the super-capacitor was disconnected when the produced PV energy
was equal to the load requested by the consumer.

A further enhancement on the stand-alone PV system, at the component level, was demonstrated
in Chapter 5 by the inclusion of an energy recovery snubber circuit. The results showed that, for the
resistive load, the switching loss energy recovery was 94.44% for the turn on transition and 92.86%
for the turn off transition. With regard to the inductive load, the switching loss energy recovery was

78.33% for the turn on transition and 97.33% for the turn off transition. However, the implementation
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of the energy recovery snubber introduced ringing in the wave form and, as a trade-off, an RC snubber
with small resistor was incorporated. In the meantime, the conduction losses were fixed, regardless

of the load type.

6.2 Future Work

Based on the proposed use of a super-capacitor to deal with fast fluctuations in the electrical power

produced by a PV stand-alone system, the following research points can be further investigated:

* Investigate the optimum super-capacitor value for each PV string in relation to the output power,

and the cost of the converter, with long-term cost savings.

* Further research could focus on a high switching frequency with the super-capacitor time re-
sponse; this would fix the optimum switching frequency for the super-capacitor charger without

sacrificing power efficiency.

* Implement a dynamic configuration, by changing the super-capacitor value in relation to the
weather conditions and the load, by developing a smart algorithm to select the optimum value

of the storage in any condition.

* Implement an optimum MPPT technique to work with the super-capacitor charger to establish

time variation compatibility.

* Further investigate this area, for example, by including energy storage in the trade-off optimisa-
tion for better integration of PV solar. An in-depth technical and economic analysis of different

algorithms for the energy storage technologies may also be undertaken.

* Further interesting research topics could include the application of different artificial intelli-
gence techniques, such as PSO, ANN, Neuro-Fuzzy and so forth, to optimize a storage system
that incorporates a super-capacitor. This would be considered to be an improvement to the

existing applied optimisation algorithms.
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Appendix A

Extra Storage types in Power System

1. Mechanical storage systems: This type of storage mostly combined with grid connection,

three types of storage can be illustrated under this category which are:

* Pumped hydro storage: Two water reservoirs been used at different elevations to pump
water during off-peak hours from the lower to the upper reservoir (charging). And when
required, the water flows back from the upper to the lower reservoir, powering a turbine
with a generator to produce electricity (discharging), The energy stored is proportional
to the volume of water in the upper reservoir and the height of the waterfall. However,
its efficiency between 70% & 85%, has very long lifetime and practically unlimited cycle
stability of the installation and has a large capacity comparing to other mechanical storage
system. Main drawbacks are the dependence on topographical conditions, large land use
and also is the need to wait prior to reversing direction from charge to discharge as a result
waiting period of several minutes every time the operating mode change. However, is the

most used technology for high-power applications [5, 151].

* Compressed air energy storage (CAES): Introduced in 1970 to provide load following
and to meet the electrical energy peak demand. Energy is stored in the form of compressed
air in an underground storage cavern, at pressures between 40 — 70 bar at near-ambient
temperature or to store the air in above-ground tanks [5]. When needed the compressed
air is mixed with natural gas, burned and expanded in a modified gas turbine. However,
this system able to produce electricity three times larger than a conventional gas turbine

for a same amount of fuel [75], and In addition, fast reaction time usually less than 10msin
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and capable to undertake frequent start-up and shut down [152]. In other-hand The overall
system coupled with other energy sources may increase the total cost of investment due
to the complexity of the large plant [153]. Due to the use of natural gas to heat the
incoming air before entering the turbine the technology is not free from producing carbon

footprint [67]. Fig(A.1) show this storage technique.

External External
Grid ]‘ Exhaust Grid
; 1] T

Waste heat

Power
injected

Power Air = —

J,labsorbed L Tl
Motor D 1 |T b (I =|<I =1 Generator

\ b
Compressor Recuperator | High- Low-
| pressure | pressure
l T | turbine | -~ turbine
Underground et B | VA AV A AP AV A, i\ B gl i
/ Compressed \ S B T
i s ) When electricity is needed, compressed
\ 8 Cavem// air is used to run a gas-fired turbine

generator

Fig. A.1: The operating principle of compressed air energy storage [5]

» Flywheel energy storage: Is a method of storing mechanical kinetic energy by accelerated
rotor , to a massive rotating cylinder at a very high speed. It made up of a central shaft
that holds a rotor and a flywheel. This central shaft rotates on two magnetic bearings
to reduce friction. These are all contained within a vacuum to reduce aerodynamic drag
losses. However, The energy is maintained in the flywheel by keeping the rotating body at
a constant speed. An increase in the speed results in a higher amount of energy stored and
decreases of the speed stored energy is distracted to the load. Furthermore, The energy
capacity of the system is thus limited by the maximum and minimum operating speeds of
the flywheel and the power capacity is limited by the maximum torque produced at the
shaft of the electrical machine, which is directly translated into an electric current as the
Fig(A.2) illustrated. However, The main advantage of flywheels are the excellent cycle
stability and a long life cycle (up to 107 cycles, low maintenance costhigh efficiency
(around 90% at rated power), high power density, free from depth of discharge effects,
wide operating temperature and the use of environmentally inert material.In other-hand,
flywheels have a high level of self-discharge due to air resistance and bearing losses and

suffer from low current efficiency [154—157].
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1 5 1 9 o
Efw = 5‘](’“) = §mfvcircular = ’I?’Lf; (A.)
where J[kgm?] is the inertia of the rotating parts, that is, the flywheel itself and the rotor
of the machine to which it is connected and w(rad/s] is the rotational speed, m ¢ is mass

of the flywheel in kg, o the specific strength of the material in Nm/kg, p of the material

in kg/m?, Veireutar is the circular velocity of the flywheel in m,/s2.

WVacuum housing

Magnetic
bearing

High-strength but
lightweight
composite ring

High-speed
permanent magnet
motor

Magnetic
bearing

Fig. A.2: The illustrative topology of a flywheel-based ESS

2. Thermal storage systems: Store available heat by different means in an insulated repository
for later use in different industrial and residential applications, such as space heating or cooling,
hot water production or electricity generation [158]. This storage system is convenient for

plants primarily produce heat, and this can be stored easily before conversion to electricity.

3. Chemical energy storage: The main purpose of such a chemical energy storage system is to
use surplus electricity to produce hydrogen via water electrolysis. Once hydrogen is produced

different ways are available for using it as an energy carrier, either as pure hydrogen or as
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synthetic natural gas. Although the overall efficiency of hydrogen and synthetic natural gas is
low compare to other storage techniques, cell voltage of around 0.8V, efficiency 42%, storage

systems 100M W h/10MW.
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Appendix B

Super-Capacitor Model In MATLAB



Supercapacitor

Implement generic supercapacitor model

Library

Electric Drives/Extra Sources

Description

Al

The Supercapacitor block implements a generic model parameterized to represent most popular types of
supercapacitors. The figure shows the equivalent circuit of the supercapacitor:

o - ise{f'_dr'.s
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The supercapacitor output voltage is expressed using a Stern equation as:
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To represent the self-discharge phenomenon, the supercapacitor electric charge is modified as follows (when is¢c = 0):

QT = / iself_disdt
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The constants a7, a2, and a3 are the rates of change of the supercapacitor voltage during time intervals (toc, t3), (t3,
t4), and (4, t5) respectively, as shown in the figure:

Ve (V) . Isc (A)
[
i
I
|
Vg i
0 ' 0
ts
time (s)
Variable Description
A Interfacial area between electrodes and electrolyte (mz)
c Molar concentration (mol/m3) equaltoc= 1/(8NAr3)
r Molecular radius (m)
F Faraday constant
isc Supercapacitor current (A)
Ve Supercapacitor voltage (V)
Ct Total capacitance (F)
Rsc Total resistance (ohms)
Ne Number of layers of electrodes
Na Avogadro constant
Np Number of parallel supercapacitors
Ns Number of series supercapacitors
Qr Electric charge (C)
R Ideal gas constant
d Molecular radius
T Operating temperature (K)
€ Permittivity of material
€ Permittivity of free space

Dialog Box and Parameters

Parameters Tab



& Block Parameters: Supercapacitor

Supercapacitor {mask)

Implements a generic supercapacitar model which allaws the simulation af Electric
Double Laver Capacitors (EDLCs)

Parameters | Stern | Self-discharge |

Rated capacitance (F)

995 |

Equirvalent DC series resistance (Ohms)

8.9-3 |

Rated volkage (4
48 |

Mumber of series capacitars

18 |

Mumber of parallel capacitors

E |
Initial waoltage ()

0 |

Dperating kemperature (Celsios)

25 |

[ Ok J[ Cancel H Help apply

Rated capacitance (F)

Specify the nominal capacitance of the supercapacitor, in farad.

Equivalent DC series resistance (Ohms)

Specify the internal resistance of the supercapacitor, in ohms.

Rated voltage (V)

Specify the rated voltage of the supercapacitor, in volts. Typical rated voltage is equal to 2.7 V.

Number of series capacitors

Specify the number of series capacitors to be represented.

Number of parallel capacitors

Specify the number of parallel capacitors to be represented.

Initial voltage (V)

Specify the initial voltage of the supercapacitor, in volts.

Operating temperature (celsius)

Specify the operating temperature of the supercapacitor. The nominal temperature is 25° C.

Stern Tab



¥ Block Parameters: Supercapacitor E|

Supercapacitor (mask)

Implements a generic supercapacitor model which allows the simulation of Electric
Double Laver Capacitors (EDLCS)

| Parameters | Skern | Self-discharge |

Stern parameters

[ ] use predetermined parameters

[ ] Estimate using kest data (requires the Optimization Toolbox)

Mumber of layvers

E |
Molecular radius {m)

1e- |

Permittivity of electralyte material (Fim)

|6.0208e-10 |

Test Daka

Charge current (&)

10 |

Voltage @ 0 s, 205, and a0 s [V_0, ¥ _1, ¥_2] (V)

0,161 2.7 7.8] |

[ Ok H_ Cancel H Help Apply

Use predetermined parameters

When this check box is selected, loads predetermined parameters of the Stern model into the mask of the block.
These parameter values have been determined from experimental tests, and they can be used as default values to
represent a common supercapacitor. Experimental validation of the model has shown a maximum error of 2% for
charge and discharge when using the predetermined parameters.

When this check box is selected, the Number of layers, Molecular radius (m), Permittivity of electrolyte material
(F/m), and Estimate using test data parameters appear dimmed.

Estimate using test data

When this check box is selected, you provide test data required for the estimation of the Stern model parameters.
This parameter is available only if the Optimization Toolbox™ of MATLAB® is installed.

When this check box is selected, the Charge current (A) and Voltage @ 0s,20s,and60s [V_0,V_2,V_3] (V)
parameters are enabled. The Use predetermined parameters, Number of layers, Molecular radius (m), and
Permittivity of electrolyte material (F/m) parameters appear dimmed.

Number of layers
Specify the number of layers related to the Stern model.
Molecular of radius (m)

Specify the molecular radius related to the Stern model, in meters.

Permittivity of electrolyte material (F/m)

Specify the permittivity of the electrolyte material, in farad/meter.



Charge current (A)
Specify the charge current during a constant current charge test, in amperes.
Voltage @ 0s,20s,and60s [V_0,V_2,V_3] (V)

Specify the supercapacitor voltage, in volts, at 0 s, 20 s, and 60 s, when the supercapacitor is charged with a
constant current equal to the value provided in the Charge current (A) parameter.

Self-discharge Tab

¥ Block Parameters: Supercapacitor E|

Supercapacitor (mask)

Implements a generic supercapacitor model which allows the simulation of Electric
Double Laver Capacitors (EDLCS)

| Parameters | Stern | Self-discharge

Discharge
Simulate self-discharge
Current prior apen-circuit (40

10 |

Moltage @ O s, 105, 1005, and 1000 s [W_oc, W_3, ¥_4, ¥_5] (W)
[48 47.8 47.06 44.65] |

Charge

[] Plat charge characteristics

Charge current [i_1, i_2,i_3, ...] (&)

[10 20 100 S00] |

Time units |se-: V|

Ok H_ Cancel H Help Apply

Simulate self-discharge

When this check box is selected, you provide test data required for modeling the self-discharge phenomenon.
Current prior open-circuit (A)

Specify the current prior to an open-circuit event, in amperes.
Voltage @ 0s,10s,100s,and 1000 s [V_oc,V_3,V_4,V_5] (V)

Specify the supercapacitor voltage, in volts, at0 s, 10 s, 100 s, and at 1000 s, when the supercapacitor is open-
circuit. The corresponding current prior to open-circuit is given in the Current prior open-circuit (A) parameter.

Plot charge characteristics

When this check box is selected, the block plots a figure containing the charge curves at the specified charge
currents and time units.

Charge current [i_1,i_2,i_3,..] (A)

Specify the charge currents, in amperes, used to plot the charge characteristics.



Time units

Specify the time units (seconds, minutes, hours) used to plot the charge characteristics.

Inputs and Outputs

m

Outputs a vector containing measurement signals. You can demultiplex these signals using the Bus Selector block.

Signal Definition Units Symbol
1 The supercapacitor current A Current
2 The supercapacitor voltage \% Voltage
3 The state of charge (SOC), between 0 and 100 % S0C

The SOC for a fully charged supercapacitor is 100% and for an empty supercapacitor is 0%. The SOC is calculated
as:

t
Qinit - /i(r)dr

SOC=——0 %100
QT

Model Assumptions

Internal resistance is assumed constant during the charge and the discharge cycles.
The model does not take into account temperature effect on the electrolyte material.
No aging effect is taken into account.

Charge redistribution is the same for all values of voltage.

The block does not model cell balancing.

Current through the supercapacitor is assumed to be continuous.

Example

The parallel battery SC_boost_converter example shows a simple hybridization of a supercapacitor with a
battery. The supercapacitor is connected to a buck/boost converter and the battery is connected to a boost converter.
The DC bus voltage is equal to 42V. The converters are doing power management. The battery power is limited by a
rate limiter block, therefore the transient power is supplied to the DC bus by the supercapacitor.

References
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NESSCANP

ULTRACAPACITORS

FEATURES

Datasheet - 2.7V / 3000F Cell

High performance product with low RC time constant

Long lifetimes with over 1,000,000 duty cycles

Rated capacitance of 3000F

Threaded terminals for easy integration
Compliant with RoHS and REACH requirements

SPECIFICATIONS

* Image is not to scale

Electrical ESHSR-3000C0-002R7A5T
Rated Voltage (VR) at 65°C 2.7VDC
Surge Voltage" 2.85 VDC
Rated Capacitance” 3000 F
. Max. -0% / +20%
Capacitance Tolerance 73
Avg. +5% / +12%
DC-ESR, Initial’ Max. 0.26 mQ
Avg." 0.14 mQ
Max. Leakage Current’ 5.2 mA
. ) at AT = 15°C 148 A
Maximum Continuous Current
at AT = 40°C 243 A
Maximum Peak Current, Non-repetitive6 2,270 A
Max. Stored Energy (Emax) at Vi’ 3.03Wh
Usable Specific Power’ 6.28 kW/kg
Impedance Match Specific Power’ 13.10 kW/kg
Max. Gravimetric Specific Energy7 5.67 Whikg

Temperature

Operating Temperature Range

(ACAP<5% and AESR<100% of initial value measured at 25°C,

-40 ~ 65°C (up to 85°C with de-rated voltage)

with linear voltage de-rating to 2.3V @ 85°C)

Storage Temperature Range

-40 ~ 70°C (storage without charge)

Life

Endurance (at 65°C, 2.7V)"’ 2,500 hours
Room Temperature (at Vg and 25°C)° 10 years
1,000,000 cycles

Cycle Life (at 25°C)8 (Cycled from Vg to 1/2Vr using 100mA/F constant current

with 10 second rest between charge and discharge steps)

2 years
(Stored without charge at or under 70°C and under 40% RH)

Shelf Life

Safety & Certification

RoHS Compliant
REACH Compliant
UL Complies to 810A, Certificate No.: BBBG2.MH46340

Copyright © 2014 Nesscap Co., Ltd. All Rights Reserved Page: 1
20140415 Rev. 2



NESSCAP Datasheet - 2.7V / 3000F Cell

ULTRACAPACITORS

THERMAL
Characteristics ESHSR-3000C0-002R7A5T
Typical Thermal Resistance, Ry, (Housing) 2.6 °C/W
Typical Thermal Capacitance, Cn 580 J/°C
Cont. Currentto AT =15°C 148 A
Cont. Currentto AT =40°C 243 A
PHYSICAL
Drawing
4.0 MAX 4.0 MAX
UNTHREADED LENGTH UNTHREADED LENGTH
2
>
o
- =
o X +Ht+————<+41 |z

See Note on Mounting '’

Dimensions ESHSR-3000C0-002R7A5T
D (+0.2) 60.2 mm

L (£0.3) 139.0 mm

H (£0.125) 13.0 mm

Nominal Weight 5359

Shock & Vibration

Shock Specification SAE J2464
Vibration Specification I1SO 16750 (Table 14)

Copyright © 2014 Nesscap Co., Ltd. All Rights Reserved Page: 2
20140415 Rev. 2




() NESSCAP P
\ Datasheet - 2.7V / 3000F Cell
ULTRACAPACITORS MOVE
NOTE
1. Surge Voltage 6. Max. Current
> Absolute maximum voltage, not repeated and for no longer . .
than 1 second. > Current for 1sec discharging from rated voltage to half
rated voltage under constant current discharging mode.
2. Rated Capacitance I (A) = VR
> Constant current charge with 10mA/F to Vg Max. At /C+Rgq
> Constant voltage charge at Vg for 5min
> Constant current discharge with 10mA/F to 0.1V Where At is the discharge time (sec) and At is 1 sec in this case;
C is the capacitance (F);
5 min Ry is the ESRpc (Q);
Ve Vg is the rated voltage (V).
Wi |prmsessespsossmnonas
% : > Max. Current should not be used in normal operation and is only
£ : provided as a reference value.
> |
W |peegfieemesmesesasaaliatieaaad
7. Energy & Power
Time rln tz %CVRZ
> Max. Stored Energy at Vg =
.- % (t5= t1) 3600
V11—V Where C is the capacitance (F);

Vg is the rated voltage (V).
Where v, is the measurement starting voltage, 0.8 x Vg (V);

v, is the measurement end voltage, 0.4 x Vg (V); 0.12-V2
t; is the time from discharge start to reach v; (s); > Usable Specific Power, IEC 62391-2 (W/kg) = ———
t, is the time from discharge start to reach v, (s); ESEpGliass
I is the absolute value of the discharging current (A). AT
> Impedance Match Specific Power (W/kg) = ESRpg-Mass
3. ESR (Equivalent Series Resistance)
> ESRpc ) ) - EMax.
- Constant current charge to Ve > Gravimetric Specific Energy (Wh/kg) = Weight
- Constant voltage charge at Vg for 5min
- Constant current discharge to 0.1V
8. Lifetime
o~ > End-of-Life Conditions
Ve - Capacitance: -30% from rated min. value
< - ESR: +100% from max. ESR value
s
3
> 9. Endurance
> Conditions
- Temperature: 65+ 2°C
Time - Test duration : 2500 (+48/-0) h
- Applied voltage: Vg +0.02V
AD - Capacitance and ESR measurement are made at 25°C
Ry = 7
. 10. Mounting
Where Ry is the ESRpc (Q);
A v is the voltage drop for 10ms (V); > Mounting should be designed in such a way as to not place undue
I is the discharge current (A). mechanical stress on the terminals
> Do not exceed the max torque value of 8Nm when assembling threaded
A type cells.
4. Average (or Typical) > Provide adequate spacing in between cells to ensure required insulation

> Percentage spread that may be present in one shipment strength for the application.

> Provide clearance above the safety vent and do not position anything

5. Leakage Current above the safety vent that may be damaged by vent rupture.
> The capacitor is charged to the rated voltage at 25°C. > Welding recommendation for weldable cells available on
> Leakage current is the current at 72 hours that is required to www.nesscap.com under Support > Download.

keep the capacitor charged at the rated voltage

The contents of this document are subject to change without notice. Values presented are thought to be accurate at the time of writing. Nesscap does not
guarantee that the values are error-free, nor does Nesscap make any other representation, warranty or guarantee that the information is accurate, correct,
reliable or current. For more information, you can reach us at one of following contacts
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Nesscap Energy Inc. Nesscap Energy Inc. Nesscap Co., Ltd. Nesscap China Nesscap Energy Nesscap Energy GmbH
EASTERN EUROPE
Suite 3800, Royal Bank Plaza, $24040 Camino Del Avion 17, Dongtangiheung-ro 681beon-gil, Room 1608, Block N, Cangson Beerengarten 4
South Tower, 200 Bay Street, #A118, Monarch Beach, Giheung-gu, Yongin-si, Gyeonggi-do Building, Chegonmiao, 10A, prospect 60-letiya D-86938 Schondorf
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MOSFET Datasheet



IRFP450, SiHFP450
Vishay Siliconix

Power MOSFET

FEATURES
PRODUCT SUMMARY . .
Vos (V) 500 * Dynamic dV/dt Rating
RDS @ v 0V 020 * Repetitive Avalanche Rated Available
DS(on) S ' * Isolated Central Mounting Hole RoHS*
Qg (Max.) (nC) 150 « Fast Switchi COMPLIANT
Qge (0) 20 ast Switching '
Qqq (nC) 80 » Ease of Paralleling
Configuration Single  Simple Drive Requirements
o ¢ Lead (Pb)-free Available
TO-247 DESCRIPTION
Third generation Power MOSFETSs from Vishay provide the
designer with the best combination of fast switching,
G OJ ruggedized device design, low on-resistance and
cost-effectiveness.
The TO-247 package is preferred for commercial-industrial
DS applications where higher power levels preclude the use of
G S TO-220 devices. The TO-247 is similar but superior to the
N-Channel MOSFET earlier TO-218 package because its isolated mounting hole.
It also provides greater creepage distances between pins to
meet the requirements of most safety specifications.
ORDERING INFORMATION
Package TO-247
IRFP450PbF
Lead (Pb)-free SiHFP450-E3
IRFP450
P
SnPb SIHFP450
ABSOLUTE MAXIMUM RATINGS T: = 25 °C, unless otherwise noted
PARAMETER SYMBOL LIMIT UNIT
Drain-Source Voltage Vps 500 v
Gate-Source Voltage Vas +20
Tc=25°C 14
Continuous Drain Current Vgsat10V c Ip
Tc=100°C 8.7 A
Pulsed Drain Current2 Iom 56
Linear Derating Factor 1.5 W/°C
Single Pulse Avalanche Energy® Eas 760 mJ
Repetitive Avalanche Current?® AR 8.7 A
Repetitive Avalanche Energy? Ear 19 md
Maximum Power Dissipation | Tc=25°C Pp 190 w
Peak Diode Recovery dV/dt¢ dV/dt 3.5 Vins
Operating Junction and Storage Temperature Range Ty, Tstg -55t0+ 150 oc
Soldering Recommendations (Peak Temperature) for10s 3004
’ 10 Ibf - in
Mounting Torque 6-32 or M3 screw
1.1 N-m
Notes

a. Repetitive rating; pulse width limited by maximum junction temperature (see fig. 11).
. Vpp =50V, starting Ty =25 °C, L =7.0 mH, Rg =25 Q, Iag = 14 A (see fig. 12).

Isp < 14 A, dI/dt < 130 A/us, Vpp < Vps, Ty <150 °C.

1.6 mm from case.

coo

* Pb containing terminations are not RoHS compliant, exemptions may apply
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THERMAL RESISTANCE RATINGS
PARAMETER SYMBOL TYP. MAX. UNIT
Maximum Junction-to-Ambient Rihga - 40
Case-to-Sink, Flat, Greased Surface Rincs 0.24 - °C/W
Maximum Junction-to-Case (Drain) Ringc - 0.65
SPECIFICATIONS T, = 25 °C, unless otherwise noted
PARAMETER SYMBOL TEST CONDITIONS | MiN. | TYP. | MAX. | UNIT
Static
Drain-Source Breakdown Voltage Vps Vgs =0V, Ip =250 pA 500 - - \Y
Vps Temperature Coefficient AVps/Ty Reference to 25 °C, Ip = 1 mA - 0.63 - V/°C
Gate-Source Threshold Voltage Vasith) Vps = Vas, Ip = 250 pA 2.0 - 4.0 \
Gate-Source Leakage lgss Vgs==x20V - - +100 nA
Vps =500V, Vgs=0V - - 25
Zero Gate Voltage Drain Current Ibss MA
Vps =400V, Vgs=0V, Ty=125°C - - 250
Drain-Source On-State Resistance Rbs(on) Vgs=10V Ip = 8.4 Ab - - 0.40
Forward Transconductance Ofs Vps =50V, Ip=8.4AP 9.3 - - S
Dynamic
Input Capacitance Ciss Vas =0V, - 2600 -
Output Capacitance Coss Vps=25V, - 720 - pF
Reverse Transfer Capacitance Crss f=1.0MHz, see fig. 5 - 340 -
Total Gate Charge Qq - - 150
_ Ib=14 A, Vps =400V, _ N
Gate-Source Charge Qqgs Vgs=10V see fig. 6 and 13 20 nC
Gate-Drain Charge Qg - - 80
Turn-On Delay Time td(on) - 17 -
Rise Time t Voo = 250 V, Ip = 14 A, - 47 - s
Turn-Off Delay Time td(of) Rg =6.2Q, Rp =17 Q, see fig. 10b - 92 -
Fall Time t - 44 -
. Between lead ;
Int ID Induct L ’ - 5.0 -
nternal Drain Inductance D 6 mm (0.25") from |
package and center of . n
Internal Source Inductance Ls die contact - 13 -
Drain-Source Body Diode Characteristics
Continuous Source-Drain Diode Current Is MOSFET symbol ° - - 14
showing the
integral reverse . A
Pulsed Diode Forward Current? Ism p - n junction diode g - - 56
Body Diode Voltage Vsp Ty=25°C,lg=14 A, Vgg=0 VP - - 1.4 Vv
Body Diode Reverse Recovery Time te - 540 810 ns
- Ty=25°C, Ir = 14 A, dI/dt = 100 A/usP
Body Diode Reverse Recovery Charge Qy - 4.8 7.2 uc
Forward Turn-On Time ton Intrinsic turn-on time is negligible (turn-on is dominated by Lg and Lp)
Notes
a. Repetitive rating; pulse width limited by maximum junction temperature (see fig. 11).
b. Pulse width <300 ps; duty cycle <2 %.
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TYPICAL CHARACTERISTICS 25 °C, unless otherwise noted
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t Test Circuit
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Fig. 14 - For N-Channel

Vishay Siliconix maintains worldwide manufacturing capability. Products may be manufactured at one of several qualified locations. Reliability data for Silicon
Technology and Package Reliability represent a composite of all qualified locations. For related documents such as package/tape drawings, part marking, and

reliability data, see http://www.vishay.com/ppg?91233.
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TO-247AC (High Voltage)
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- Planting (b1, b3, bS) Base metal
Lead Assignments : \
1. Gate D DE | E
2. Drain | : A ©

2. [S)cr.)qrce | T i C ci
. ain |
|
le— (b, b2, b4) —»-
@)
View B SectionC-C,D-D.E-E
MILLIMETERS INCHES MILLIMETERS INCHES
DIM. MIN. MAX. MIN. MAX. DIM. MIN. MAX. MIN. MAX.
A 4.58 5.31 0.180 0.209 D2 0.51 1.30 0.020 0.051
Al 2.21 2.59 0.087 0.102 E 15.29 15.87 0.602 0.625
A2 1.17 2.49 0.046 0.098 E1 13.72 - 0.540 -
b 0.99 1.40 0.039 0.055 e 5.46 BSC 0.215 BSC
b1 0.99 1.35 0.039 0.053 Jk 0.254 0.010
b2 1.53 2.39 0.060 0.094 L 14.20 16.25 0.559 0.640
b3 1.65 2.37 0.065 0.093 L1 3.71 4.29 0.146 0.169
b4 2.42 3.43 0.095 0.135 N 7.62 BSC 0.300 BSC
b5 2.59 3.38 0.102 0.133 agP 3.51 3.66 0.138 0.144
c 0.38 0.86 0.015 0.034 J P1 - 7.39 - 0.291
! 0.38 0.76 0.015 0.030 Q 5.31 5.69 0.209 0.224
D 19.71 20.82 0.776 0.820 R 4.52 5.49 0.178 0.216
D1 13.08 - 0.515 - S 5.51 BSC 0.217 BSC
ECN: X13-0103-Rev. D, 01-Jul-13
DWG: 5971
Notes
1. Dimensioning and tolerancing per ASME Y14.5M-1994.
2. Contour of slot optional.
3. Dimension D and E do not include mold flash. Mold flash shall not exceed 0.127 mm (0.005") per side. These dimensions are measured at
the outermost extremes of the plastic body.

4. Thermal pad contour optional with dimensions D1 and E1.

5. Lead finish uncontrolled in L1.

6. @ P to have a maximum draft angle of 1.5 to the top of the part with a maximum hole diameter of 3.91 mm (0.154").

7. Outline conforms to JEDEC outline TO-247 with exception of dimension c.

8. Xian and Mingxin actually photo.

MINGXIN
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For technical questions, contact: hvm@vishay.com
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VISHAY. Legal Disclaimer Notice
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Disclaimer

ALL PRODUCT, PRODUCT SPECIFICATIONS AND DATA ARE SUBJECT TO CHANGE WITHOUT NOTICE TO IMPROVE
RELIABILITY, FUNCTION OR DESIGN OR OTHERWISE.

Vishay Intertechnology, Inc., its affiliates, agents, and employees, and all persons acting on its or their behalf (collectively,
“Vishay”), disclaim any and all liability for any errors, inaccuracies or incompleteness contained in any datasheet or in any other
disclosure relating to any product.

Vishay makes no warranty, representation or guarantee regarding the suitability of the products for any particular purpose or
the continuing production of any product. To the maximum extent permitted by applicable law, Vishay disclaims (i) any and all
liability arising out of the application or use of any product, (i) any and all liability, including without limitation special,
consequential or incidental damages, and (iii) any and all implied warranties, including warranties of fitness for particular
purpose, non-infringement and merchantability.

Statements regarding the suitability of products for certain types of applications are based on Vishay’'s knowledge of
typical requirements that are often placed on Vishay products in generic applications. Such statements are not binding
statements about the suitability of products for a particular application. It is the customer’s responsibility to validate that a
particular product with the properties described in the product specification is suitable for use in a particular application.
Parameters provided in datasheets and / or specifications may vary in different applications and performance may vary over
time. All operating parameters, including typical parameters, must be validated for each customer application by the customer’s
technical experts. Product specifications do not expand or otherwise modify Vishay’s terms and conditions of purchase,
including but not limited to the warranty expressed therein.

Except as expressly indicated in writing, Vishay products are not designed for use in medical, life-saving, or life-sustaining
applications or for any other application in which the failure of the Vishay product could result in personal injury or death.
Customers using or selling Vishay products not expressly indicated for use in such applications do so at their own risk.
Please contact authorized Vishay personnel to obtain written terms and conditions regarding products designed for
such applications.

No license, express or implied, by estoppel or otherwise, to any intellectual property rights is granted by this document
or by any conduct of Vishay. Product names and markings noted herein may be trademarks of their respective owners.

© 2017 VISHAY INTERTECHNOLOGY, INC. ALL RIGHTS RESERVED
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