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ABSTRACT

Distributed and renewable energy generation (DG) offers great potential in meeting
future global energy requirements. Distributed generation consists of small to medium
size generators cited close to the customer and spread across a power system. The
production of power from renewable energies will lead to a significant reduction in the
rate of environmental pollution in comparison with the production by fossil fuels, thus
gaining renewed attention due to advances in technology, environmental concerns and a
growing energy demand. Photovoltaic systems in particular have great potential when
compared to other renewable energies. The goals of this thesis are to perform a
systematic analysis, modeling and evaluation of the key subsystems or components of a
multiple-source renewable energy generation system and to develop an optimal tracking
and control strategy. It is desirable to achieve maximum power output at a minimum cost

under various operating conditions.



CHAPTER 1

Introduction

1.1  Objectives

The main challenge in replacing legacy systems with newer more environmentally
friendly alternatives is how to capture the maximum energy and deliver the maximum
power at a minimum cost for a given load. A combination of two or more types of energy
sources might offer the best chance of optimizing power generation by varying the
contribution from each energy source depending on the load demand. The goal is to
develop and optimize maximum power tracking and control of a future Multi-Source

Renewable Distributed Energy Generation (MRDEG) system.

At a subsystem level, solar power is a renewable energy source that might one day soon
replace fossil fuel dependent energy sources. However, for that to happen, solar power
cost per kilowatt-hour has to be competitive with fossil fuel energy sources. Currently,
solar panels are not very efficient with only about 12 ~ 20% efficiency in their ability to
convert sunlight to electrical power. The efficiency can drop further due to other factors
such as solar panel temperature and load conditions. In order to maximize the power
derived from the solar panel it is important to operate the panel at its optimal power
point. To achieve this, a type of charge controller called a Maximum Power Point Tracker

will be designed and implemented.

A solar cell is a non-linear power source and its output power depends on the terminal
operating voltage. The Maximum Power Point Tracker (MPPT) compensates for the
varying voltage vs. current characteristics of the solar cell. The MPPT tracks the output
voltage and current from the solar cell and determines the operating point that will deliver
the most power. The proposed MPPT must be able to accurately track the constantly-
varying operating point where the maximum power is delivered in order to increase the

efficiency of the solar cell.



1.2 Motivation

The finite global supply of recoverable fossil fuels implies that at some point in the
future, alternative sources of energy will become the primary source of energy to meet
global demand. Solar and fuel cells represent promising alternatives that will likely
initially supplement fossil fuel based energy supply, and eventually replace the fossil fuel
energy sources as the availability of the latter declines. There is therefore a need to
systematically analyze and understand how solar and fuel cells operate together as an

optimal system.

When compared to fossil fuels, solar and fuel cells are relatively untapped sources of
energy, thus there still remains a lot of work to be done to make solar and fuel cells as
efficient and reliable as possible. One approach to understanding and improving solar and
fuel cell efficiency is digital modeling and simulation. After successfully modeling and
simulating solar and fuel cells, it is possible to develop methods to optimizing the system
operation. The main objective of this research is to first model and simulate the solar cell
subsystem, then optimize the combined system operation based on both solar and fuel

cells to make it as efficient as possible, with a focus on the given solar subsystem.

1.3 Technology Overview

The primary source of fuel for a majority of current power systems are fossil fuels such
as crude oil and coal. These non-renewable forms of energy on earth are ultimately finite
sources of energy. Also burning of oil and coal in the process of conversion to electrical
power can be quite harmful to the environment. Over the past decades there has been a
lot of interest in alternative sources of energy and several approaches have been
suggested to replacing existing energy sources. Renewable energy sources like solar and

wind have shown promise as possible cost efficient alternatives to fossil fuels.



As the world energy supplies continue to tighten due to rapid global economic growth,
the scramble for limited available energy resources is fueling a rapid increase in the price
of crude oil and natural gas, the primary sources of energy around the world. The growth
in demand and the attendant increase in price have promoted the development of
alternative energy technologies. Distributed power generation based on renewable energy
is one of such alternative methods. These alternative energy technologies are now being

deployed to meet the world energy demand.

The bulk of electric power used in the world today comes from large central station
power plants, most of which utilize fossil fuel combustion to produce steam for driving
steam turbine generators. The existing large central generating units are not very efficient
as they covert less than 40% of the energy in their fuel to useful electric power [1]. In
comparison, small fuel cells and microturbines suitable for distributed generation have
been shown to have efficiency up to 40% [1]. While these higher efficiency claims are
not irrefutable, there seems to be little doubt that modern distributed generation units can

achieve efficiencies equal to or better than existing central station power plants.

The distributed power generation includes the application of small to medium size
generators, generally less than 15MW, scattered across a power system to supply
electrical power needed by customers. When generating stations are located far away
from the consumer, power has to be transmitted over long distances and there are
significant amounts of power losses as a result of transmission and distribution. By
locating generating stations close to consumers, distributed generation provides
advantages in efficiency and flexibility over traditional large-scale, capital-intensive

central-station power plants.

1.4 Thesis Organization
The thesis consists of six chapters, with the first chapter highlighting current
opportunities and challenges to renewable energy generation and distribution. The

motivation for conducting this research is discussed as well as the expected outcome. The



first chapter also gives an overview of some current technologies and compares the

possible advantages of one technology over the other.

Chapter 2 will provide a description of the proposed system and review the components
of the system. It will include a literature review on the photovoltaic subsystem, the solar
cell characteristics and cell operation. Charge application and MPPT controllers will also

be reviewed while the selected fuel cells and energy storage devices will be discussed.

Chapter 3 will focus on the analysis and modeling of the system and subsystems.
Mathematical and circuit models of the system will be established based on optimal
system architecture. The solar module will be modeled and simulated in PSpice. The

MPPT requirement will be determined and a design proposed.

Chapter 4 will include the discussion of the practical circuit elements and the testing and
verification of the MPPT model. Here the photovoltaic (PV) model will be validated
using the manufacturer supplied data. This chapter will also present some experimental

data which will be used confirm the theory on solar cell properties.

In chapter 5, the MPPT circuit model and operation will be validated. Control and
optimization methods for the MPPT will be highlighted. The use of microcontrollers and
artificial neural networks in controlling the MPPT operation will also be discussed. The
final chapter concludes the thesis with a look on the future development of this work. The

references and appendix will be attached at the end of the thesis.



CHAPTER 2

Multi-Source Renewable Distributed Energy Generation

2.1 Block Diagram of New MRDEG System

For the future Multi-Source Renewable Distributed Energy Generation system being
considered, multiple solar power subsystems based on photovoltaic cell (PVC) arrays will
be operated in parallel connection with fuel-cell arrays and high-density energy storage
components, including super-capacitors. A block diagram of the proposed MRDEG
system is shown in Fig 2.1. In order to achieve maximum energy capture and maximum
power output, the photovoltaic cells should be operated at certain optimal operating
points. The overall power captured by the PVC panels, and the DC or AC output power is
a function of the system’s operating points such as the voltages and currents of different

incoming sources to the energy storage capacitors.

Multi-Function Power
Converter

Integrated
DSP COntrol
System

Fig 2.1: Block diagram of proposed MRDEG system



2.2 Photovoltaic Subsystem

A photovoltaic (PV) system consists of solar panels that generate electricity by the direct
conversion of the sun’s energy into electricity. The solar panels consist mainly of
semiconductor material, with Silicon being the most commonly used. The components of
a PV system are the solar cells connected in a suitable form and the electronic devices

that interface the storage elements and the AC or DC loads.

One of the major tasks in controlling photovoltaic cells for power generation is
improving cell efficiency and maximizing energy extraction. This requires I-V (current-
to-voltage) measurements to characterize performance and determine the load impedance
that best matches the cell’s source impedance. The best match can then be determined on

a point on the I-V curve of the solar cell.

2.2.1 Solar Cell Characteristics

Solar cells consist of a p-n junction fabricated in a thin layer of semiconductor. The
semiconductor electros can be located in either the valence band or conduction band.
Initially, all the electrons in the semiconductor fill up the valence band but when sunlight
hits the semiconductor, some electrons acquire enough energy to move from the valence
band to the conduction band [2]. The electrons in the conduction band then begin to move
freely creating electricity. The electron leaving the valence band leaves a positively
charged hole behind and now that the valence band is no longer full, it aids the current
flow. Most solar cells are doped to reduce the energy required for the electron to move

from the valence band to the conduction band [3].

The amount of energy from sunlight, called photons, that is absorbed by a solar cell
determines its efficiency. A photon can be reflected, absorbed or it can pass through a
semiconductor [4]. Since only the photons that are absorbed contribute to the electrical

energy, it is important to reduce the percentage of photons that pass through and that are



reflected. An anti-reflective coating is usually applied to the surface of the solar cell to
decrease the number of photons that are reflected. This reduces the percentage of photons
that are reflected but some photons are still able to pass right through the semiconductor

material.

The photons in sunlight have a wide range of wavelengths, and some photons at certain
wavelengths are able to pass through the semiconductor material. If a photon has energy
lower than the band gap energy of the semiconductor, the photon is unable to create an
electron-hole pair and the semiconductor will not absorb the photon [4]. On the other
hand, if a photon has more energy than the band gap of the semiconductor, the photon is
absorbed by the valence band electron and any excess energy is emitted as a form of heat
while the electron settles down in the conduction band. To reduce the percentage of
photons that pass through, some semiconductors are manufactured with several layers,

each having a different band gap to maximize the amount of photons that are absorbed.

There are several approaches to manufacturing solar cells, including the kind of
semiconductor used and the crystal structure employed, with each different factor
affecting the efficiency and cost of the cell. Other external factors such as the ambient
weather conditions like temperature, illumination, shading, etc also affect the solar
panel’s output. The aim is to design a system that will extract the most possible power

regardless of ambient weather conditions or solar cell efficiency.

2.2.2 Solar I-V Characteristics

The current-to-voltage characteristic of a solar cell is non-linear, which makes it difficult
to determine the maximum power point. It is straightforward to determine the maximum
power point on a linear curve as maximum power is transferred at the midpoint of the
current-voltage characteristic. A typical I-V characteristic of a solar cell is shown in

Fig. 2.2.
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Fig 2.2: Typical I-V characteristic of a solar cell in steady-state operation

For a solar cell, the non-linear relationship means the maximum power point has to be
determined by calculating the product of the voltage and output current. In order to
extract maximum power from the solar cell, the solar cell must always be operated at or
very close to where the product of the voltage and output current is the highest. This
point is referred to as the maximum power point (MPP), and it is located around the

‘bend’ or ‘knee’ of the I-V characteristic.

The operating characteristic of a solar cell consists of two regions: the current source
region, and the voltage source region. In the current source region, the internal impedance
of the solar cell is high and this region is located on the left side of the current-voltage
curve. The voltage source region, where the internal impedance is low, is located on the
right side of the current-voltage curve. As can be observed from the characteristic curve,
in the current source region, the output current remains almost constant as the terminal
voltage changes and in the voltage source region, the terminal voltage varies only

minimally over a wide range of output current.

According to the maximum power transfer theory, the power delivered to the load is
maximum when the source internal impedance matches the load impedance [5]. For the
system to operate at or close to the MPP of the solar panel, the impedance seen from the
input of the MPPT needs to match the internal impedance of the solar panel. Since the

impedance seen by the MPPT is a function of voltage (V =1 * R), the main function of



the MPPT is to adjust the solar panel output voltage to a value at which the panel supplies
the maximum energy to the load. However, maintaining the operating point at the
maximum power point can be quite challenging as constantly changing ambient
conditions such as irradiance and temperature will vary the maximum operating point.
Hence, there is a need to constantly track the power curve and keep the solar panel

operating voltage at the point where the most power is extracted.

Irradiance is a characteristic related to the amount of sun energy reaching the ground, and
under ideal conditions it is measured as 1000 W/m? at the equator. The sun energy around
the earth is highest around the equator when the sun is directly overhead. Some important
magnitudes related to irradiance include the spectral irradiance, irradiance, and radiation.
Spectral irradiance is the power received by a unit surface area at a particular wavelength,
while irradiance is the integral of the spectral irradiance extended to all wavelengths of
interest. Radiation is the time integral of the irradiance extended over a given period of

time.

In designing PV systems, the main concern is the radiation received from the sun at a
particular location at a given inclination angle and orientation and for long periods of
time. Since solar radiation is the energy resource of the solar panel, the output of the
panel is significantly affected by changing irradiance. The I-V characteristic of a solar

cell including the effects of irradiance is shown in Fig. 2.3.

The irradiance at any location is strongly dependent on the orientation and inclination
angles of the solar panel. Orientation is usually measured relative to the south in northern
latitudes while it is measured relative to the north in southern latitudes. On the other
hand, the inclination angle is measured relative to the horizontal. Using these two
parameters, the irradiation at any location can be determined. The irradiance information

for many sites worldwide is widely available on the internet.
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Fig 2.3: Typical solar cell I-V characteristic showing effect of irradiance

As can be observed from Fig. 2.3, the output power is directly proportional to the
irradiance. As such, a smaller irradiance will result in reduced power output from the
solar panel. However, it is also observed that only the output current is affected by the
irradiance. This makes sense since by the principle of operation of the solar cell the
generated current is proportional to the flux of photons. When the irradiance or light
intensity is low, the flux of photon is less than when the sun is bright and the light
intensity is high, thus more current is generated as the light intensity increases. The
change in voltage is minimal with varying irradiance and for most practical application,

the change is considered negligible.

Although irradiance is an important factor in determining the I-V characteristic of a solar
panel, it is not the only factor. Temperature also plays an important role in predicting the
I-V characteristic, and the effects of both factors have to be considered when designing a
PV system. Whereas the irradiance mainly affects the output current, the temperature
mainly affects the terminal voltage. A plot of I-V characteristic with varying temperature

1s shown below.
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Fig 2.4: Typical solar cell I-V characteristic showing effect of temperature

It is observed from Fig. 2.4 that the terminal voltage increases with decreasing
temperature. This is somewhat surprising as one would typically expect the solar panel to
operate more efficiently as temperature increases. However, one of the reasons the solar
panel operates more efficiently with decreasing temperature is due to the electron and
hole mobility of the semiconductor material. As temperature increases, the electron and
hole mobility in the semiconductor material decreases significantly [6]. The electron
mobility for Silicon at 25° C is about 1700cm?/volt-sec and will decrease to about a
fourth of this value as temperature increases to 225° C, and likewise the hole mobility
decreases from about 600cm*/volt-sec at 25° C to 200cm’/volt-sec as temperature
increases to 225° C. While the higher reference temperatures are not realistic operating
conditions for a solar panel, it does show that electron and hole mobility decrease with

increasing temperature.
The band gap energy of semiconductor materials also varies with temperature. An

increase in temperature will cause the band gap energy of the material to increase. With

higher band gap energy, the electrons in the valence band will require more energy from

11



the photons to move to the conduction band. This means that a lot more photons will not
have sufficient energy to be absorbed by the electrons in the valence band resulting in

fewer electrons making it to the conduction band and a less efficient solar cell.

It should be noted here that irradiance and temperature represent only two of the most
significant external factors that affect the efficiency of a solar cell; inclination, location,
time of the year are also factors that affect the efficiency of solar cells. Additional
parameters of a solar cell can be discussed by an illustration of the maximum power point

as shown in Fig. 2.5.

Current

Cell Voltage (Forward Bias)

Fig. 2.5: Tllustration of maximum power point

The cell’s short circuit current intersects the Y-axis at point B and the open circuit
voltage intersects the X-axis at point C. To achieve maximum energy transfer, systems
powered by solar cells should be designed to transfer energy to the load at point A on the
I-V curve. No energy should be delivered at points B and C, and most of the energy
should be delivered as the operating point approaches point A. In a solar panel array, it is
even more important that load impedance and source impedance are well matched. Once
the cells are matched by their I-V characteristics, they can be grouped into individual

arrays and each array is then made to operate at its maximum energy transfer point.

Majority of solar cells have high capacitance associated with their forward biased p-n
junctions because the charged carriers are much closer together. The unwanted
capacitance increases as the size of the solar cell and junction area increases. The I-V

curve of the solar cell can be determined by taking fast I-V measurements which is done

12



by applying a constant voltage and measuring the resulting current for the device being

tested. However the high capacitance makes it difficult to get fast -V measurements.

The shape of the I-V curve of the solar cell is governed by the cell’s high Thevenin
equivalent impedance [7]. The short circuit current is determined by the incident light
intensity and it is inversely proportional to the applied voltage. The total circuit voltage

and incident light determine the external circuit current.

2.3 Charge Application and MPPT Controllers

Solar panels are rarely connected directly to a load, but rather are used to charge energy
storage components, such as batteries or ultra-capacitors. In most cases, the battery
charging voltage determines the solar panel operating voltage. The battery charging
voltage is usually not the most efficient operating voltage for the solar cell and therefore
the most power is not being extracted from the solar cell. There also exists a possibility of
overcharging when the solar panel is connected directly to a battery and overcharging can
damage the battery. To avoid these potential problems, a charge controller is inserted
between the solar panel and the battery or ultra-capacitor. The most commonly used type
of charge controllers include basic charge controllers, Pulse Width Modulation (PWM)

charge controllers and Maximum Power Point Tracker (MPPT) charge controllers.

The simplest form of charge controllers is the basic charge controller. These are usually
designed to protect overcharging or undercharging of batteries which can cause damage
to the battery. Continually supplying a charging current to a fully charged battery will
increase the battery voltage causing it to overheat and damage. The basic charge
controller simply monitors the state of charge of the battery to prevent overcharge. This
form of charge controller regulates the voltage supply to the battery and cuts off supply
once the battery reaches it maximum charge state. Overcharging some batteries can lead

to explosions or leaking.

13



On the other hand, undercharging a battery for sustained periods will tend to reduce the
life cycle of the battery. The charge controller monitors the state of charge of the battery
to prevent it from falling below the minimum charge state. Once a battery reaches its
minimum charge state, the charge controller disconnects the battery from any load to
prevent the battery from losing any more charge. The basic charge controllers are usually
operated by a simple switch mechanism to connect and disconnect the battery from the

solar panel or load to prevent overcharging and undercharging.

While the basic charge controller is only able to connect or disconnect the battery from
the solar panel to prevent overcharging, PWM charge controllers are able to regulate the
charging current to the battery in order to optimize the charging time. As the battery
approaches its maximum charge state, the PWM charge controller switches the charging
on and off using pulse width modulation to slowly charge the battery. Slowly charging
the battery as it approaches maximum capacity optimizes the speed and efficiency at
which the battery is charged [8]. Both the basic charge controller and the PWM charge
controller control the charging current going into the battery but do not address the

operating efficiency of the solar panel.

The drawback of both the basic charge controller and the PWM charge controller is that
they operate the solar panel at the battery charging voltage. For a vast majority of solar
panel designs and applications, setting the solar panel voltage to the battery charging
voltage causes the solar panel to operate away from its optimal operating point. Since the
maximum operating point on the I-V curve of the solar panel varies with irradiance and
temperature, operating the solar panel at a fixed point as the basic and PWM charge
controllers do will guarantee that the solar panel will mostly operate away from its

maximum power point.

Maximum Power Point Tracker charge controllers optimize the power output of the solar
cell while also charging the battery to its optimal state. The MPPT constantly tracks the
varying maximum operating point and adjusts the solar panel operating voltage in order

to constantly extract the most available power. The MPPT charge controller maximizes
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solar cell efficiency while also controlling the charging state of the battery. The MPPT
charge controller is basically a DC-DC converter that accepts a DC input voltage and
outputs a DC voltage higher, lower or the same as the input voltage. This capability of the
converter makes it ideal for converting the solar panel maximum power point voltage to
the load operating voltage. Most MPPT charge controllers are based on either the buck

converter (step-down), boost convert (step-up) or buck-boost converter setup [9].

2.4 Fuel Cells

Fuel cells are electrochemical devices that generate electrical energy by harnessing the
energy produced during a chemical reaction. Fuel cells convert hydrogen and oxygen into
water and in the process generate electricity. There are several different approaches to
designing fuel cells, and they vary by chemistry. However, fuel cells are usually
classified by the type of electrolyte that is used in the chemical process. The proton

exchange membrane fuel cell (PEMFC) is one of the most promising technologies [10].

The fuel cell unit selected for the MRDEG system, the IdaTech FCS1200, is a proton
exchange membrane type of fuel cell. The IdaTech FCS1200 uses a methanol and de-
ionized water mix to generate high purity hydrogen, which is then stripped of electrons to
create the hydrogen ion [11]. The hydrogen ion passes through the PEM and in the
process electricity is generated. The hydrogen ion, stripped electrons and oxygen in air
combine to form water. The fuel cell has a peak power of 2000W for sixty seconds at DC
and it is able to continually output 1000W.

Additional specification about the IdaTech FCS1200 fuel cell including the

manufacturer’s Data Sheet is provided in the appendix.
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2.4 Energy Storage Devices

Ultra-capacitors are used in parallel with battery banks to store the energy produced by
the PV module. The ultra-capacitor is an electrochemical capacitor that is able to store a
very large amount of energy relative to its size and weight. The ultra-capacitor is used as
the main energy storage element since it provides much faster charge and discharge times
and it also has a much longer life cycle than batteries. The high-energy battery bank is

included in the system for reduced cost.

The ultra-capacitor and battery operating voltage is assumed to be 12V for our system,
which is typical for many DC applications. The PV module initially charges the ultra-
capacitor to the operating voltage and once the ultra-capacitor is fully charged, the battery
bank begins to charge. A blocking diode is placed between the ultra-capacitor and the
battery in order to prevent damage to the battery that might arise due to excessive
currents between the two components. The blocking diode ensures that the current flows

in only one direction: from the ultra-capacitor to the battery.

The Maxwell BOOSTCAP ultra-capacitor is selected for the project and additional

specification about the ultra-capacitor is provided in the appendix.
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CHAPTER 3

Analysis and Modeling of MRDEG System and MPPT Circuit

3.1 System Architecture and Description

Solar and fuel cells will be the main energy source for a future Multi-Source Renewable
Distributed Energy Generation (MRDEG) System. Multiple solar photovoltaic cell (PVC)
arrays will be operated as subsystems in parallel connection with fuel cell arrays and
high-density energy storage components, including super-capacitors. All the components
of the proposed MRDEG system are arranged in such a way as to achieve maximum

power output at a minimum cost under various operating condition.

This new system also consists of a multi-function power converter supporting multi-
source renewable distributed energy units (MSREU). The PV modules act as the primary
source of energy and consist of single solar panels arranged in series and parallel to
match the voltage and power output requirement. The fuel cell modules act as backup in
periods of no sunlight and when the energy storage devices are discharged. A block

diagram of the optimal architecture for the system is shown in Fig. 3.1 below.

PV DCIDC Bulk Ultra Battery
Modules > Converter Capacitor Bank

y

Multi Function
Fuel Cells Power DC Load
Converter

r

AC Load

Fig 3.1: Block diagram showing optimal layout of MRDEG system
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One of the core technologies of the MRDEG system is the advanced multi-function
power converter that also provides an integrated system control to manage the power

flow between supply components and AC or DC load.

Ultra-capacitors are used in parallel with batteries to store the energy produced by the PV
modules. Ultra-capacitors are used because they provide much faster charge and
discharge times and also a much longer life cycle than batteries [12]. The PV modules
directly feed the DC-DC buck converter. A blocking diode is placed between the ultra-
capacitor and the battery to prevent excessive currents between the two components. The
buck converter is operated by a feedback PWM controller that monitors the incoming
voltage and current levels and controls the buck converter accordingly [13]. The ultra-
capacitors and batteries then feed AC and DC loads through the power converter during

sunlight hours and at nighttime.

3.2 Modeling of Key Components and Subsystems

To properly model a solar cell and subsystems, it is important to understand how solar
cells operate and how a simple PSpice model can be generated. Solar cells are primarily
made of semiconductor material that when exposed to light induce a process of photon
reflection and absorption, generation of free carriers and lastly charge separation, which
creates an electric field. The semiconductor properties determine how effectively this
process occurs. Some of the most important properties include the absorption coefficient,
the reflectance of the semiconductor surface, drift-diffusion parameters and surface

recombination velocities.

The absorption coefficient depends on the value of the bandgap of the semiconductor
material and the nature of the bandgap. Absorption coefficient values for the most
commonly used semiconductor materials are widely available. The reflectance of the

semiconductor surface depends on the surface finishing, particularly the shape and
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antireflection coating. Drift-diffusion parameters control the migration of charge towards
the collecting junction; the parameters are carrier lifetimes, and mobilities for electron
and holes. It is also important to know the surface recombination velocities at the surface
of the solar cell where minority carriers recombine. These factors effectively determine
how much of the sun’s energy a solar cell can capture and successfully convert to

electrical energy.

For practical power applications, the voltage produced by one solar cell is usually not
sufficient to power most equipment. An array of between 20 to 80 solar cells connected
in series to form a “Solar Module” is usually necessary to provide the required voltage.
Solar cell manufacturers can provide some key parameters of a solar module in their Data
Sheet. The output power is given in W, (Watt peak), which means the module was rated
at Standard Test Conditions (STC). The STC are an illumination level of 1000 W/m®
(bright sunshine), a spectrum equivalent to AM 1.5 and 25°C module temperature at the test.
The manufacturer’s data sheet also provides the short circuit current, the current produced
when the output voltage is zero, and the open circuit voltage, the voltage across the output

terminals when there is no current flowing in the cell.

A simplified equivalent circuit of a solar cell consists of a diode and a current source which are
switched in parallel. The photocurrent generated when the sunlight hits the solar panels can be
represented with a current source and the p-n transition area of the solar cell can be represented

with a diode.

4

O

Fig 3.2: Simplified equivalent circuit of solar cell
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The voltage and current relationship of the simplified solar cell can be derived from Kirchoff’s
current law. According to Kirchoff’s current law, all currents entering and leaving a node add

up to zero.

Thus,

Izlph_lozlph_ls'|:eXP( )_1} (3.1

m-V;
where

I ,,, is the photocurrent

I, is Diode current

I 5 is Diode reverse saturation current

m is Diode ideal factor

V; is Thermal voltage (25.7mV at 25°C)

This simplified equivalent circuit, however, does not give an accurate representation of the
electrical process at the solar cell. On real solar cells, voltage losses occur at the boundary and
external contacts and leakage currents occur throughout the cell; these losses can be represented
with a series resistance Rs and a parallel resistance Rp respectively. The equivalent circuit of the

solar cell showing the series and parallel resistance is shown below

Rs I;

VWN——

Fig 3.3: Equivalent circuit of solar cell showing ext resistances
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The voltage and current relationship can also be derived from Kirchoff’s current law:

L Vo VIR (32)
"R, R,

V+l-R V+I-R (3.3)
Loy — I - (exp(———) — ) - ———=— 1 =0
pn — I - (exp( m-V, )-1) R,

As an example, a practical solar module selected for our lab experimental system is the Sharp
NE-80EJEA solar cell. The solar module is able to output a maximum power of 80W. The
specifications of the solar module and I-V characteristic curves as well as the maximum power
operating curves are supplied by the manufacturer’s data sheet as shown in Fig. 3.4 and Fig.

3.5.

Cell Poly-crystalling silicon
No. of Cells and Connections 36 in series

Open Circuit Voltage (Voc) 21.6V

Maximum Power Voltage (Vpm) 17.3V

Short Circuit Current (Isc) 5.16A

Maximum Power Current (Ipm) 4.63A

Maximum Power (Pmax)’ 80W (+10% / -5%)
Module Efficiency (nym) 12.40%

Maximum System Voltage 600YDC

Series Fuse Rating 104

Type of Qutput Terminal Junction Box

Fig 3.4: Electrical characteristics of Sharp NE-80EJEA solar cell
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Cell Temperature: 25°C
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Fig 3.5: I-V characteristic curve of Sharp NE-80EJEA solar cell

3.2.1 Solar Cell Math Model

A math model of the selected PV module will be given in this section. It can be used in the
determination of the voltage and current at which the maximum power is extracted from the
solar cell.

The current through the solar cell can be derived from

\Y

=1 -1, (34)

Note that this expression is a simplified form of the equation provided earlier as it does not

include the diode ideal factor, essentially ignoring the recombination in the depletion region. The
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photocurrent, | ,,, is assumed to be independent of applied voltage and |4 is the saturation current

ph >

of the diode.

The short circuit current, |

s lsco

is the current with no voltage applied and equals

Isc =1 ph (3-5)
The open circuit voltage,V . , 1s the voltage with zero current and equals
(3.6)
I oh I oh
Ve =V; In(—+1) =V; In—
s I
The total power dissipated equals
v
P=VxI=IV(E"-D)-1,V (3.7)

o . dP - . .
By taking into account that maximum power occurs whenW =0, 1t is possible to derive the

maximum voltage point,V, , and the maximum current point, | _, as

v A

dP v IV, v
—=0=1 (" -)—1 , +-—>"e" (3.8)
dV S ph VT

At the maximum power point equation can be rewritten as
Vm
V, =V, —V; In| 1+ (3.9
VT
V,, can be calculated by solving the transcendent equation above provided V. is known.

V,

m

| =1-1,6" -1) (3.10)

The maximum power, P, canbe approximated by

V Vv
Py = I X Vi & =1 (1= S0V, =Vy In(l+ =2 ) (3.11)
YA V;
Vv V.V
P, ~-I -V, In(1 + ) ——2&-T
m ph (Voc T ( VT) Vm (312)
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For the Sharp NE-80EJEA solar cell, the following parameters are determined by the

manufacturer as:

V. =173V,

I, =4.63 A

m

P~V x1, =8001W

Another interesting parameter of a solar cell math model is the fill factor (FF). The fill

factor is defined as the ratio between the maximum power P, and the 1. V,, product; the

conversion efficiency is defined as the ratio between the solar cell output power and the

solar power impinging the solar cell surface

FF :lem (3.13)
lem VOCI C
n=—g=FF == (3.14)

For our lab prototype solar cell the fill factor is 0.718.

3.2.2 Solar Cell Circuit Model

A model of the Sharp NE-80EJEA solar cell is implemented in Pspice. From the electrical
characteristics of the solar cell, it is apparent that the solar cell is a non-linear device. One
approach to handling non-linear circuits in Pspice is to define subcircuits for the main blocks.
Using subcircuits to model the solar cell is particularly helpful when connecting several solar

cells in series or in parallel as required for the application.
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The Pspice model of the subcircuit of an ideal solar cell is the circuit representation of the
current equation (3.4) of a solar cell. The short circuit current is proportional to the irradiance
that the solar cell receives, and in order to implement this relationship in Pspice, the value of the
short circuit current is assigned to a voltage-controlled current source (known as a G-device in

Pspice). The G-device used is named ‘gsource’ and is given by
J. A
source =——G 3.15
g 1000 3.15)

Where A is the solar cell surface area, J is the short-circuit current density under

standard (AM1.5G, 1000 W/m?, 25 °C cell temperature), and G is the value of the
irradiance in W/m”. The above equation gives the value of the short circuit current at any
irradiance value G, so long as the proportionality between irradiance and short circuit

current holds.

The solar cell subcircuit is connected to an external measurement circuit in order to
obtain the I-V characteristic. The external circuit includes a DC bias voltage source
which is swept from Ov to 600mV. A PSpice model of the solar cell is shown below in
Fig. 3.6. The single solar cell is successfully modeled and simulated and the I-V

characteristic is shown in Fig. 3.7.

PARAMETERS: Re
E = 'U'll'l?a

vimad = 1000 W o
vhizs = -0.1 D 0 0f

rs=0.00010.001 001011

W Al § Rsh

@ & W Ol v 2 .
Ot H4002 Ot H4002

PARAMETERS:
G1 = (=emi1000™1)
iscm = 516
pmaxm=80 ns=1 | 1
veem=216 nd=1 o = =
wacnom = woemAnd ns"uwet )
et = 8 GGe-5r+d 73

Fig 3.6: PSpice circuit model of solar cell
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Fig 3.7: I-V characteristic for a single solar cell

The intersection of the graph with the y-axis gives the value of the short circuit current of
the solar cell, which in this case corresponds to 5.16A. The open circuit voltage for each
cell can also be derived from the I-V plot. The crossing of the I-V curve with the voltage
axis is the open circuit voltage, which corresponds to almost 600mV for each individual
solar cell. According to the specifications supplied in the Manufacturer Data Sheet
(MDS) of the Sharp NE-80EJEA, there are 36 cells connected in series, hence the total
open circuit voltage is 600mV x 36 =21.6V.

From the equation of the open circuit voltage (3.6), it is observed that the value of the

open circuit voltage depends logarithmically on the |, /I ratio. This implies that under

constant temperature the value of the open circuit voltage scales logarithmically with the
short circuit current, but since the short circuit current scales linearly with irradiance, it
means the open circuit voltage is logarithmically dependent on the irradiance. This
important relationship indicates that the effect of irradiance is much larger in the short

circuit current that in the open circuit voltage value.

26



The selected solar module represents 36 identical solar cells connected in series, with the
same irradiance value. The I-V characteristic of the solar module is expected to have the
same short circuit current as a single solar cell while the voltage drop is 36 times the

voltage drop in one solar cell. The I-V characteristic of the solar module is shown below

in Figure 3.8.
6.0A i . . T T I .
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Fig 3.8: I-V characteristic of solar module consisting 36 individual solar cells

The output power of the solar cell is the product of the output current delivered to the load and
the voltage across the cell. The power at any point of the I-V characteristic is given by
equation (3.7). There is no power output at the short circuit point where the voltage is zero and
also at the open circuit point where the current is zero. Power is generated between the short
circuit point and the open circuit point on the I-V characteristic. Somewhere on the
characteristic, between the two zero points, there exist a point where the solar cell generates the
most power. The point is called the maximum power point (MPP). A plot of the I-V

characteristic including the output power of our solar cell is shown in Fig. 3.9.
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Fig 3.9: I-V characteristic and output power for the Sharp NE-80EJEA solar cell

3.3 MPPT Requirements and Circuit Description

The Maximum Power Point Tracker (MPPT), a type of charge controller, is an electronic
system that operates the PV module in a way that allows the module to produce the maximum
power. Without an MPPT charge controller, the operation of a solar module with a
conventional (non-MPPT) charge controller is as follows: for a conventional controller
charging a load, e.g. battery, the solar modules are connected directly to the load. This forces
the modules to operate at the load voltage, say 12V for the battery, but this is typically not the

optimal operating voltage at which the modules are able to produce their maximum power.

For example, the PV module I-V/power characteristic for our prototype solar cell in Fig 3.8
shows that for a solar module connected directly to a battery load, the operating voltage of the
solar module is clamped to the battery charging voltage of V, <12V . By forcing the solar

module to operate at V, <12V, the power produced is artificially limited to less than

approximately 60W, but the solar module is actually capable of delivering a maximum of 80W.
Hence the solar module is operating 33% less efficiently than if it were able to produce its

maximum power.
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Introducing an MPPT charge controller will allow more power to be produced by the solar
module [13]. First, the operating voltage at which the solar module produces the most power
must be determined. Then a high efficiency DC-DC power converter is used to adjust the solar
module maximum power voltage at the converter input to the battery charging voltage at the
converter output. From the I-V/Power characteristic of our solar module, the maximum power
point is estimated at 17V. The MPPT system is made to operate the solar module at 17V, thus
extracting the full 80W, regardless of the load voltage. Assuming an ideal system, the battery
charging current would now be a ratio of the module operating voltage and the battery charging
voltage multiplied by module operating current (17V +12V x4.7A = 6.66A). This represents
a charge current increase of about 1.5A or 29% that would have been wasted using a
conventional charge controller. This gain will be somewhat smaller under normal operating

conditions due to non-ideal power losses associated with the system.

Apart from improving charging efficiency for battery loads and other energy storage elements,
MPPT charge controllers are particularly useful in applications where the life of the load can be
strongly reduced when forced to work in extreme conditions [14]. A solar module’s operating
condition may vary as the weather outside becomes hot or due to partial shading of the solar
panels. The MPPT ensures that applications such as DC motor water pumps are not forced to

work outside their safe operating area (SOA).

The main component of the MPPT in this example system is the DC-DC buck converter that
steps down the solar panel output voltage to the desired load voltage. To ensure that the solar
module operates at the maximum operating point, the input impedance of the DC-DC converter
must be adapted to force the solar module to work at its maximum power point [15].
Depending on the load requirement, other types of DC-DC converters can be employed in the
MPPT design. For example, the boost converter is able to output a higher voltage from a
nominal input voltage; other types of DC-DC converter include the buck-boost converter, Cuk
converter and full-bridge converter [16].

The buck converter uses energy storage components such as inductors and capacitors to control

the energy flow from the solar module to the load by continuously opening and closing a
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switch. The switch is usually an electronic device that operates in two states: in the conduction
mode (on), the output of the solar cell in connected to an inductor while in the cut-off mode
(off), the output of the solar module is disconnected from the inductor. The buck converter also
contains a forward biased diode that provides a return path for the current in the cut-off state.

The basic circuit for the buck converter is shown below in Figure 3.10.

L
e Y\
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T i(t) -

Fig 3.10: Basic circuit of a buck converter

The switch is actually a MOSFET that is controlled by a PWM signal. The switch conducts on
and off to control the voltage level at the inductor. The voltage at the inductor has a rectangular
waveform that is later filtered by the LC combination to produce a quasi-continuous voltage at
the output. The average value of the rectangular waveform can be adjusted to control the length
of the conduction and cut-off states of the switch. The on time of the switch is related to its time

period such thatt , = DT , where D is the duty cycle. In the ON state, current flows from the

module through the inductor causing the inductor to store energy. In this state the diode is in
reverse bias and no current flows through it. In the OFF state, the off time is given by

t« =(1—D)T and the current in the inductor causes the diode to become forward biased. The

diode turns ON and provides a path to maintain the continuity of current through the inductor.

The duty cycle can be adjusted to set the output voltage of the converter to the desired value.
For an ideal DC-DC converter, the duty cycle is the ratio between the output voltage and the
input voltage, D =V, /V, = I,/I, . For our system, the DC-DC converter is used as a DC

power supply, where the input voltage varies with temperature and insolation conditions, but

the output voltage is maintained at a desired value. This allows the duty cycle to be set such that
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the input voltage to the DC-DC converter is always set at the solar module’s maximum power
point voltage. The duty cycle is set by means of a pulse width modulation (PWM) signal used
to control the MOSFET on and off states.

3.3.1 MPPT System Analysis

The buck converter contains two energy storage elements, the inductor and capacitor. The two
elements result in a second order differential equation for both the inductor current and the
capacitor voltage. The differential equation for the capacitor voltage, in the ON state, is given
by

d*Ve(®) , L dVe(®)

LC
dt? R dt

+Ve () =V, (3.16)

Assuming that the voltage across the load, and thus the capacitor, is constant, then the
differential equation above can be simplified and can be written for the current through the
inductor as

di, (t)
L—L2 =V -V
" i =V (3.17)

If the circuit has been on for some time and is now in steady state, the solution for the current

through the inductor yields
V, -V

0

i (1) = t+1,, (3.18)

Where |, is the current in the inductor just before the switch is turned on. The inductor

current increases linearly with time and attains it final value, | ,as t >t = DT

V, -V
== DT+, (3.19)

I

The difference between the final and initial value of the inductor current is called the

peak-to-peak current ripple Al , and is given by
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Al =1 —1 = DT (3.20)

The current ripple is directly proportional to the duty cycle, D, and inversely proportional
to the inductance, L. Thus, the current ripple can be controlled by the duty cycle or with
proper selection of the inductor.
For the OFF state, the inductor current flows through the diode and the first order
differential equation is given by

di, (t)
L =y
N 0 (3.21)

The solution of the differential equation yields
_V0
L

i, (t)=—"t+1, (3.22)

Here | is the value of the current in the inductor just as the switch is opened. The

inductor current decreases to its minimum value, 1 _,,as t >t =(1-D)T
Vy
I o= —T(l— DT +1, (3.23)
The equation gives a peak-to-peak current ripple equation
VO
AIL=IL—IL,0:T(I—D)T (3.24)

The above equation can be simplified to
V, =DV, (3.25)

The waveform of the inductor current is shown below

LiL{ﬂ
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Fig 3.11: Waveform of inductor current
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The average current in the inductor is equal to the DC current through the inductor

— I 0

hm—o=3 (3.26)

Using the equation above, the maximum current through the inductor is

Al V V
L,avg+ 7 R

I, =1 S (1-D)T (3.27)

And the minimum current through the inductor is

Al V_V

R T

(1-D)T (3.28)

Assuming all the components are ideal and there is no power loss, the average power supplied

by the source is equal to the average power delivered to the load [17], that is

Vil, =V, I, =DV|l, (3.29)
Using the above equation, the average load current may be expressed in terms of the source
current as

I, =DI, (3.30)
The difference between the inductor current and the load current is the time-varying current

through the capacitor. The maximum and minimum current through the capacitor are

AL
2

_‘Z’_OLa_ DT (3.31)

Y
|, =—t = Yo _DyT 3.32
c.0 2I_( ) (3.32)

The waveform for the current through the capacitor is shown below
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Fig 3.12: Waveform of the current through the capacitor
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The average current through the capacitor is zero. During one-half cycle, the current is charging

the capacitor and the increase in charge is given by

LAILT 1
A = — L—:—AI T 3‘33
Q 5 7 gt (3.33)

The increase in capacitor voltage is

av, =2R_ 12Dy g2 1_D2v0
C 8LC 8LCf

(3.34)

The capacitor ripple is the ratio of the increase in capacitor voltage to its average value and is
given by
AV 1-D

0

V. 8LCf’

(o]

(3.35)

To ensure that the buck converter operates in continuous conduction mode (CCM), i.e. the

minimum current can be zero at the time of switching, a minimum value of the inductor is

determined by
\Y \Y
—2-—2—-(1-D)T =0 3.36
n 2me( ) (3.36)
L, =—Prr=1-Dp (3.37)
2 2 f

3.3.2 Design of a MPPT System

A high frequency DC-DC buck converter consisting of two simple conversion stages is
proposed for the maximum power point tracker. Each stage of the converter will be designed
according to the MPPT system equations. The first stage of the converter, which maintains the
output voltage of the solar module at the maximum power point, has a target output of
approximately 17.3V. Since the actual power delivered by the solar module will vary with
temperature and insolation conditions, it is necessary to initially assume a fixed operating

voltage in determining the parameters of the devices to be used.
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For our case, an open-circuit voltage of 20V has been selected. This operating voltage is used
to select an initial duty cycle for the MOSFET and also choose appropriate element values.
Once the device parameters have be chosen, the feedback mechanism of the MPPT will
dynamically adjust the duty cycle according to the actual operating condition of the solar
module. Thus, the fist stage of the buck converter has the following properties:

The duty cycle, from equation (3.24), is

D= 17.3 =0.865
20
The time period is
1 1
T=—=—-—-=303
f 33000 #

The on and off times for the switch are

t,, = DT =0.865x30.3x 10°° =262
t =(1-D)T =(1-0.865)(30.3x10°°) = 4.09s
The equivalent resistance is
R Ve 173
P

The minimum value of the inductor for CCM, from equation (3.37), is

_1-D_(1-0865
mn oo f 2 x33,000

=3.74Q

j(3.74) =7.65uH

Assuming a voltage ripple of 1%, the value of the capacitor is

1-D 1-0.865
gL AV, <2 8x7.65x107° x0.01x 33,000
Vv

0

C:

= 2024F

Similarly for the second stage of the buck converter, which maintains the output voltage at 12V

regardless of load variations, the properties are as follows:

35



The duty cycle is
12

D=—-=0.694
17.3
The time period is
1 1
=—=——=303
f 33000 #

The on and off times for the switch are

t, =DT =0.694x30.3x10"° =21us
t =(1-D)T =(1-0.694)(30.3x107°)=9.27 15

The equivalent resistance is

V 2 2
== & =1.8Q2

P 80
The minimum value of the inductor for CCM, from equation (3.37), is
_1-D _[ 1-0.694

L. =— —R=|—""|1.8)=835uH
2><33,()()0]( ) #

min 2 f

Assuming a voltage ripple of 1%, the value of the capacitor is

1-D 1-0.694

AV, (> 8x8.35x10x0.01x33,000°
Y

0

C=

= 420 4F
8L

3.3.3 MPPT Circuit Model in PSpice

The MPPT circuit model consists of two power conversion stages; the first stage matches the

input of the converter to the maximum power point voltage of the solar module while the

second stage matches the output load voltage. Therefore, two different control references are

required to control the length of the conduction and cut-off times for each stage. As with the

solar cell circuit model, the MPPT circuit is implemented in Pspice. Each stage of the power

converter will consist of (i) an error amplifier to measure the difference between the output
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voltage and the desired reference voltage, and (i1) a PWM generator to control the MOSFET

switch of the converter.

The error amplifier is an essential part of the feedback loop since it is able to adjust the input
voltage to drive the buck converter to the desired output. The error amplifier measures how

close the output voltage is to the desired voltage. The measurement of error is the difference
between the output voltage and the reference voltage, Veam, = k(V0 =V, ) In PSpice, the

error amplifier is modeled with an operational amplifier that generates a voltage equal to the
difference between the output voltage and the reference voltage. The error then drives the

PWM circuit. The PSpice circuit diagram of the error amplifier is shown below
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Fig 3.13: PSpice circuit schematic of error amplifier

A capacitor is added to model the bandwidth limit of the error amplifier. A low pass RC filter
combination is also included to limit the high frequency gain of the amplifier; this is necessary
to prevent wild ringing or oscillations [18]. Finally, a diode is added to clamp the error voltage
to an appropriate range. The logic behind the error amplifier is as follows: (i) when the
difference between the output voltage and the reference voltage is positive, the duty cycle is
increased; (ii) when the difference is negative, the duty cycle is decrease; while the duty cycle

is maintained when the difference between the output and reference voltage is zero.
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A pulse width modulation signal is used to drive the MOSFET, which controls the power flow
from the input to the output of the converter. Two main components are used to model the
PWM: a triangle wave and a comparator. Pspice does not have a triangle wave
generator/source, but a triangle wave can be achieved with a square wave generator with long
rise and fall times. The comparator is achieved by the use of an operational amplifier and the
TABLE function in Pspice. As the output of the error amplifier varies between zero and its
maximum value, the PWM output changes from 0% to 100% duty cycle. The output of the
PWM then drives the MOSFET switch. Since there are two stages in the MPPT design, each
stage will require a unique PWM signal. The PSpice circuit diagram of the PWM is shown in
Fig. 3.14 below

g
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Fig 3.14: PSpice circuit schematic of PWM

The MPPT control circuit has implemented and evaluated by digital simulation in Pspice. The
output of the error amplifier and the PWM are shown in Fig. 3.15. The complete schematic of
the MPPT showing both stages of the power conversion is shown in Fig 3.16. For a convenient
collation of the results, the maximum power point of the solar cell is assumed to be 80% of the
open circuit voltage [19], V., in our case 21.6V x0.8 =17.28 V. Thus, the solar module is

oc ?
represented with discrete DC voltage sources ranging from 16V, under unfavorable weather

conditions, to 21.6V, the open circuit voltage.
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in PSpice

f two-stage MPPT
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CHAPTER 4

Discussion of Practical Circuit Elements

4.1 Component Selection

There are several factors to be considered when selecting the key devices or components to be
used in the circuit of the maximum point power tracker, but one of the most important is the
power loss associated with each device. Since the objective of the tracker is to deliver
maximum power from the solar module to the load, power losses associated with the tracker
itself should be minimal. The primary parts of the MPPT are simple and readily available
components and they include the MOSFET, diodes, operational amplifiers, inductors,
capacitors and resistors. Each component has some power loss associated with it. A power loss

comparison is used to select the specific type of element that is best suited for the design.

There are three main types of power losses associated with the MOSFET: the first is due to the
small internal resistance when in the conduction state, the second is due to the small internal
capacitance at the gate of the MOSFET, and the third is due to the rise and fall times of the
switch [20]. The on-resistance (I,s) and gate-to-source charge (Qgs) constitute a majority of the

loss; the lower the 1ps and Qgs values, the lower the power loss. The conduction loss due to the

on-resistance of a MOSFET is a function the current passing through it: P, = 1°R.

The gate-to-source charge is the amount of charge required to close the MOSFET switch. A
capacitor connected between the gate and the source of the MOSFET stores the charge and
once enough charge has accumulated, the switch is closed allowing current to flow from the
drain to the source. The charge stored in the capacitor dissipates once the switch is closed and
this results in some power loss; the relationship between the amount of charge stored and the

power loss is P, = QgsV¢s . This power loss is dependent on the switching frequency.
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The third form of power loss associated with the MOSFET is due to the rise and fall times of
the device. When the MOSFET switches on, the switch is not instantaneous and there is some
delay as the current begins to flow and the voltage drop decreases to zero. Similarly, when the
MOSFET is switched off, the current reduces to zero and the voltage drop increases to its

maximum value. During the delay, as the voltage drop increases or decreases, there is still some

1 .
current and as such some power loss: Py, = —V | x f . Here, the power loss of P, is also a
2

function of frequency. The overall power loss in the MOSFET is the sum of the three types of
power losses. After an evaluation, the IRF150 power MOSFET is selected due to its suitable
ratings for this design.

The diode is one of the components of the MPPT with the highest power loss. The power loss
is mainly due to the forward voltage drop of the diode, which can be significant for some
diodes. The forward voltage drop is the voltage required before the diode is turned on and
current is allowed to flow. The Schottky diode has the lowest on voltage (0.2 — 0.9V) when
compared to other silicon general purpose and fast recovery diodes (0.7 — 2.5 V). There is a
trade-off between the recovery speed, the breakdown voltage and the forward voltage drop. In
our case, the lower forward voltage drop is preferable to the fast recovery speed and therefore

the Schottky diode is suitable for the design.

Another component whose power loss varies as a function of frequency is the inductor. All
inductors have some internal resistance, and the power loss is due to this resistance. Hence, the
lower the internal resistance of an inductor, the lower the power loss will be. The internal
resistance varies inversely with the wire gauge [21]; i.e. as the wire gauge increases, the internal
resistance decreases. In general, a bigger inductor will have less internal resistance than a
smaller inductor as more current passes through the bigger inductor. The drawback is the size
and cost of the bigger inductor. Therefore, when selecting an appropriate inductor, it is
important to strike a balance between a low internal resistance and the size and cost of a bigger

mductor.
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The power loss associated with the capacitor is similar to what obtains in the inductor. The
parasitic series resistance causes heat to be dissipated resulting in power loss. When choosing
the appropriate capacitor, a lower equivalent series resistance (ESR) should result in lower
power loss. However, if the ESR is too low, arcing or welding can occur at the contacts,

especially for non-solid state capacitors.

4.2  Voltage Sensing

Voltage measurements are required at several points in the circuit, particularly at the solar
module output, and at the buck converter output. At the PV output, the voltage is measured
with no current flowing to determine the open circuit voltage of the PV module. A fraction
(80%) of the open circuit voltage is then used to determine the maximum power point voltage.
Another point where the voltage measurement is required is the output of the first stage of the
buck converter. The voltage at this point is the maximum power point voltage of the PV
module. This desired MPP voltage is compared to the measured voltage and the difference is
fed into an error amplifier that controls the PWM to achieve the necessary duty cycle needed to

control the MOSFET switch.

The voltage at the output of the first stage of the converter is also the input voltage to the
second stage of the converter. A measurement of the voltage at the output of the second stage
of the buck converter is required to adjust the error amplifier and PWM to control the duty
cycle, which then matches the desired load voltage. These voltage measurements are
continuously collected and used in a dynamic feedback loop to maintain the solar module
output and the load voltage at the desired levels. The voltage measurements can be achieved

with the use of a high-impedance voltage sensing circuit [22].
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4.3 Current Sensing

To measure the current through certain elements in the circuit, a small precision resistance
(0.01Q2) connected in series with the elements can be used. The voltage drop across the resistor
is directly proportional to the current through the element. The current measurements are
necessary to ensure that the current through each element is within the device rating and the
current supplied to the load is within the safe operating area of the load. The current
measurements are particularly important in determining the power loss due to each element. In

PSpice, the measurements are achieved by using the PROBE function of the software.

4.4 Testing and Verification

The circuit models of the solar cell and the maximum point power tracker have been simulated
in PSpice. The solar cell and MPPT models must closely match the actual solar cell and desired
operation of the MPPT so as to be able to accurately predict the performance of the system
under varying atmospheric and load conditions. The circuit model of the solar cell is used to
evaluate the effect of varying irradiation and temperature conditions on the output of the PV
module. The MPPT circuit model is used to evaluate the effect of a feedback loop in the
operation of the PV system.

4.4.1 Validation of PV Model

The PV panel is modeled as described in Section 3.3.2, using the electrical characteristics of the
Sharp NE-80EJEA provided by the manufacturer’s datasheet. The open circuit voltage is 21.6V
while the short circuit current is 5.16A. The maximum power delivered is 80W, and the
maximum power voltage and current occur at 17.3V and 4.63 A respectively. The PV module is
initially modeled under varying irradiation conditions with the solar cell temperature set to
25°C. The I-V characteristic of the solar cell for irradiance values of 600, 800, and 1000 W/ m’

are is shown in Fig. 4.1.
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Fig 4.1: I-V characteristic at 600, 800, 1000 W/m? irradiation levels

Operating temperature affects the electrical output of the solar module. The I-V characteristic
with varying operating temperature is shown in Figure 4.2. The module is set to operate with an
irradiance value of 1000 W/ m”. The operating temperatures are set at 20°C, 25°C, 40°C, and

55°C. The x-axis is the module’s voltage while the y-axis is the module’s current.
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Fig 4.2: I-V characteristic at 20°C, 25°C, 40°C, and 55°C operating temperature
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It should be noted that the short circuit current of the cell depends linearly on irradiation while
the open circuit voltage depends logarithmically on irradiation. Therefore it would seem that
the output voltage should increase as the irradiation level increases. However this is not
necessarily so, since the cell temperature is likely to rise as the irradiation level increases. As
discussed in chapter 2, an increase in cell temperature will generally lead to a reduction of the
output voltage. This makes it imperative to consider the effect of temperature on the cell output
voltage as illustrated in Fig. 4.2. Overall, there is a reduction of the voltage at higher irradiances
due to the accompanying higher cell temperature [23]. A reduction in the terminal voltage or
current will lead to a decrease in the output power since both the voltage and current are
directly proportional to the output power, P =V x| . The effect of irradiance and temperature

on the output power of the solar cell is shown in Fig. 4.3 and Fig. 4.4.
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Fig 4.3: Output power at 600, 800, 1000 W/m?® irradiation levels

The solar cell terminal voltage is located on the x-axis while the module‘s current and output

power are located on the y-axis.
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Fig 4.4: Output power at 20°C, 25°C, 40°C, and 55°C operating temp

The PV model’s I-V characteristic closely matches the I-V characteristic provided in the
manufacturer’s data sheet and shown in Figure 3.5. The effect of decreasing irradiation level is
demonstrated. It mostly affects the module’s current and has only a slight effect on the
module’s voltage. The effect is greater on the module’s current since the current decreases
linearly with decreasing irradiance while the module’s voltage only decrease logarithmically
with decreasing irradiance. It is also observed that an increase in the operating temperature of
the module has a reducing effect on the output voltage. Increasing module temperature causes a
reduction of the output voltage and thus the output power of the solar module. If the

temperature rises too much the cell may also be damaged by ‘hot spots’ [24].

4.4.2 Experimental Data

The example solar module was setup in the lab to verify the manufacturer’s data and observe
the effect of irradiance and temperature on the module’s output voltage and current. The
example solar module is shown in Fig. 4.5. The experimental setup involved measuring the

output voltage and current under various illumination conditions.
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Fig 4.5: Sharp NE-80EJEA solar module used in experiment

The experiment was performed in both indoor and outdoor environments. The outdoors setup

involved taking measurements under bright sunshine, slightly cloudy and very cloudy

conditions. This allows for the observation of the solar module’s response to varying irradiance

levels. The indoor setup involved taking measurements under two artificial lighting conditions.

The artificial lighting was achieved by using the laboratory’s fluorescent lighting and an

incandescent lamp. The different ambient temperature between the outdoor setup and the

indoor setup allows for the observation of the module’s response to varying temperature

conditions. The results are presented in Tables 4.1 and 4.2.

Table 4.1:

Solar module measurements outdoor conditions:

Load Temp. | Bright Sunshine | Slightly Cloudy | Very Cloudy | Partial Shadow
Resistance Output Voltage | Output Voltage | Output Voltage | Output Voltage
(0] O V) V) V) V)
0 (Voe) 41.5 19.54 17.81 8.00 18.4
49 41.5 18.7 17.44 4.14 13.6
10.5 41 18.6 16.14 7.64 11.2
17 40 18.1 16.06 6.40 14.4

47




Table 4.2:

Solar module measurements under indoor conditions:

Load Temp. Fluorescent Light Incandescent Lamp
Resistance Output Voltage Output Voltage
(0) °C) \2) \2)
0 (Vo) 25 7.83 13.75

As predicted from the PV model derived in chapter 3, the general trend for the solar module
used in the experiment is a decrease in the output voltage and current as the module’s exposure
to the sun is reduced due to the presence of clouds. The output voltage is highest under bright
sunshine and the output decreases under very cloudy conditions to less than half the output
under bright conditions. The difference between the measured open circuit output voltage
(19.54 V) and the manufacturer’s specified open circuit voltage (21.6 V) may be attributed to
the higher module temperature of 41.5 °C in the outdoor environment of our test case. The
effect of partial shadow on the output voltage is also investigated and it is observed that a

partial shadow on any part of the solar module will lead to a reduction of the output voltage.

The experiment was also performed under indoor conditions where the ambient temperature is
25 °C, the same temperature as the manufacturer’s test conditions. The illumination indoors
was significantly less than the illumination outdoors, but the output voltage in both indoor
illumination conditions is higher than the output voltage under very cloudy outdoor conditions.
The much lower indoor module temperature may be responsible for this and it demonstrates
that higher irradiation levels do not necessarily lead to a higher output voltage because of the

accompanying increase in temperature.
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5.1

CHAPTER S

Validation of MPPT Circuit Operation and Optimization

Validation of MPPT Circuit Modeling and Operation

The function of the MPPT is to maintain the output voltage of the solar module at it maximum

power point regardless of variations in load demand. The MPPT also includes a second voltage

regulation stage that maintains a steady output regardless of variations in the load demand. The

validation of the MPPT circuit modeling and operation is performed in two stages: first the

MPPT will be simulated with varying solar module output voltage, and then it will be verified

via digital simulation by varying the load conditions.

For the first stage the supply’s output voltage is at the maximum power point voltage of the

solar module which was estimated earlier at 17.3V. For ease of simulation the output voltage of

the solar module is assumed to be discrete DC voltages ranging from the open circuit voltage

(21.6V) to 75% of the open circuit voltage (16V). The simulation results for the first stage of

the MPPT at different input voltages are shown in Figures 5.1, 5.2, 5.3 and 5.4.
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Fig 5.1: 1* stage of MPPT operating at 17.3V with PV output at 21V
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Fig 5.2: 1* stage of MPPT operating at 17.3V with PV output at 20V
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Fig 5.3: 1" stage of MPPT operating at 17.3V with PV output at 18V
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Fig 5.4: 1* stage of MPPT operating at 15.9V with PV output at 16V

As shown in Fig. 5.1 — 5.4, for the first three simulations with the PV output voltage greater
than 17.3V, the MPPT is able to maintain the output at the maximum power point of 17.3V.
However in Figure 5.4, where the PV output voltage is only 16V the MPPT can only sustain an
output voltage equal to the output voltage of the PV module. This is somewhat expected as the
MPPT is of the buck converter type which is only able to output a voltage smaller than the
input voltage. Therefore if the solar output falls below 17V due to temperature or atmospheric
conditions, then the MPPT can only output a voltage equal to the voltage produced by the PV

module.

Under normal operating conditions, with proper illumination, the PV module’s output voltage
is expected to vary only a couple of volts as temperature and irradiation conditions change [25].
Thus, the buck converter should work well for our design under most conditions. A more
complex design of the MPPT implementing either the buck-boost or Cuk converter type [26]
will solve the problem of low PV output voltage as both converter types can either reduce or

increase the output voltage from a nominal input voltage.

51



The second stage of the MPPT is the output voltage regulation stage. The MPPT is able to
maintain a constant charging voltage of 12V to the ultra-capacitor or battery regardless of
changes in load conditions. A simulation of the second stage of the MPPT is shown below in

Fig. 5.5.

2au

I .P"'-.'-‘"i'OUtFTU't""""i""i""*.""i """" e e S

__________________________________________________________________________________________

10U

ay

s 1. 8ms 2 .8ms 3.8ms 4. _8ms
U{12y <« U{15) u{1)
Time

Fig 5.5: 2™ stage of MPPT with PV output at 17.3V and MPPT output at 12V

Now to check if the feedback loop can maintain the output voltage at the required 12V in
steady-state that is required to charge the ultra-capacitor and/or battery bank. A transient load is
applied to observe the tracking response of the MPPT against any load variation. The transient
load is achieved by using a pulsed current source to add a 1A increase in load demand between
1.0 ms and 2.0 ms. A second simulation is performed with the pulsed load added between

2.5 ms and 3.5 ms. The results of the simulation are shown in Fig. 5.6 and 5.7, respectively.
From the simulation results of Fig. 5.6 and 5.7, it is observed that the designed MPPT in

Fig. 3.16 is able to quickly adjust the output voltage to the desired output voltage of 12V even

with the increase in load demand.
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53



5.2  Control and Optimization using Microcontroller

In coming up with an MPPT design, one of the more important factors that was considered was
the simplicity of the design. The goal was to model a simple MPPT that would effectively
extract the most power from the PV module. The components used are readily available and
the MPPT does not require a complex tracking mechanism. However, to further improve the
control performance and increase the functionalities for general-purposed MRDEG systems, a
low-cost microcontroller is preferred. A microcontroller can replace multiplying analog and

digital components, such as the error amplifier circuit and the PWM circuit.

Most microcontrollers incorporate timers, PWM Input and Output, A/D and D/A interfaces,
Interrupts for timing control and communications. They can also perform comparison
functions. A simple microcontroller, the PIC16F873, has being evaluated and its features which
include 8K x 14 bytes of flash memory, 368 x 8 bytes of RAM, five A/D and two D/A
channels can be used to control a MPPT power circuit and tracking operation. The PIC16F873
offers a good balance of features, low cost and low power consumption. Key specifications and
technical data are given in Appendix B. The use of a microcontroller provides more benefits as
the MPPT operation can be enhanced by implementing a digital control strategy. An effective
digital control strategy will better match the PV module’s output to the maximum power point

when compared to the analog control method [27].

5.3 Feedback Control using Microcontroller

In the case of a practical implementation, a feedback control loop is necessary to ensure proper
operation of the maximum power tracking. The feedback loop is used to continuously adapt the
maximum power point as temperature and load conditions vary. The feedback control also
ensures the stability of the MPPT and prevents unsafe operating conditions of the PV module
and the load. Several methods to control the operation of the MPPT have been proposed [28].
Two of the most widely used control methods are the voltage-feedback control and the power-

feedback control.
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For the voltage-feedback control, the solar panel terminal voltage is used as the control variable
for the MPPT. This system keeps the solar panel operating close to its maximum power point
by regulating the panel’s voltage and matching the solar panel voltage to the desired voltage.
The advantage of this approach is that no calculations are required in determining the panel’s
operating voltage and a simple op-amp circuit is sufficient to carry out the regulating and
matching functions. However, the voltage-feedback control method has some limitations
including neglecting the effect of temperature and insolation on the solar panel. Hence, this

method is only suitable for use when the effects of insolation and temperature are minimal.

The other commonly used control method is the power-feedback control method. Here, the

maximum power control is achieved by forcing the derivative of the output power against the

terminal voltage (d %V) to be equal to zero [29]. The general approach is to measure and

maximize the power at the load terminal by matching the change in power delivered to the
change in output voltage. The advantage of the approach is that the maximum power can be
delivered to the load without necessarily knowing the solar panel characteristics. However, this
approach only maximizes the power delivered to the load and not the power extracted from the

solar panel.

A combination of both the voltage-feedback control and the power- feedback control method
results in a two-dimensional tracking strategy that maximizes the power extracted from the
solar module and the power delivered to the load. To overcome the limitations of the voltage-
feedback control method, wattage sampling techniques [30] are used to continuously find the

solar panel’s optimal operating voltage.

The wattage sampling technique involves periodically introducing a small change in the panel
input voltage, measuring the current, and then calculating the input wattage. If the wattage has
increased over the last sample, then the next change in the reference voltage should continue in
the same direction. The next change in voltage would be in the opposite direction if the wattage
had decreased over the previous sample. This method results in the PV voltage being

dynamically adjusted to increase the output power. While the PV output voltage technically
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operates close to the actual maximum power point, it oscillates around the true peak point, and
the error should be negligible. A flowchart of the control algorithm for the power-feedback

control is shown in Fig. 5.8.

Get Calc Power
VgL Pa=V, X,

= A= 4 m A

Fig 5.8: Flowchart of the power-feedback control algorithm

One of the ways of improving the MPPT performance is to optimize the amplitude of the duty
cycle perturbation. Lowering the change in the duty cycle (AD) reduces the steady-state losses
caused by the oscillation of the solar array operating point around the maximum power point
[31]. However, reducing AD makes the algorithm less efficient under certain conditions. A
lower AD means the algorithm is unable to quickly adjust to rapidly changing atmospheric
conditions since it has to run through several iterations before arriving at the maximum power

point.

Another parameter that affects the performance of the MPPT is the sampling interval used in
the wattage sampling technique. The sampling interval must be properly set above a threshold
value in order to avoid instability of the MPPT algorithm and to reduce the number of
oscillations around the MPP in steady-state operation. The threshold value for the sampling
interval takes into account the transient behavior of the whole PV system when sampling the
array voltage and current. Thus, after each duty cycle perturbation, the system should reach

steady-state before the next measurement of array voltage and current is performed.
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5.4  Application of Artificial Neural Networks

Further optimization of the MPPT algorithm can be achieved and implemented by using
artificial neural networks to predict the maximum power point of the solar array [32]. Steady-
state losses are reduced by using smart approximation to predict the location of the maximum
power point which reduces the number of iterations required to reach the MPP and minimizes

the oscillation around the MPP.

Artificial neural networks (ANN) are electronic models based on the neural structure of the
brain. The ANN mimics the function of the brain by ‘learning’ from experience. This function
permits ANNSs to be used in the design of adaptive and intelligent systems since they are able
solve problems from previous examples. ANN models involve the creation of massively
paralleled networks composed of mostly of nonlinear elements known as neurons. Each model

involves the training of the paralleled networks to solve specific problems.

The ANN models work by associating an output value to each neuron, known as the neuron’s
activation. A value called the synaptic weight is also associated with each connection between
the neurons. The activation of each neuron then depends on the activations of the neurons
connected to it and the interconnection weights. ANNs are simple clustering of neurons in
layers, where the activations of the input layer are set by an external parameter. Most networks
contain at least three layers — input, hidden, and output. The input layer receives data usually
from an external source while the output layer sends information to an external device. There
may be one of more hidden layers between the input and output layers. Artificial neural
networks are defined by their network topologies, the features of their neurons, and by their
training or learning algorithm [33].

5.4.1 Back-propagation

The most common type of learning algorithm is the back-propagation method. The back-

propagation network is an example of a non-linear layered feed-forward network. The back-
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propagation network able to adapt by using a learning set consisting of some input examples
and the known-correct output for each case to learn the expected behavior. The learning
process works in small iterative steps as the learning set is applied to the network and the output
produced based on the current synaptic weights is compared to the known-correct output and a
mean-squared error is calculated. The error value is propagated back through the network and
small adjustments are made to the weights in each layer. The process is repeated until the error
value drops below some threshold value. At this point, the network has sufficiently learned the

problem.

The back-propagation type of learning method is suitable for use in predicting the maximum
power point of a solar array [34]. The algorithm is trained by using data collected from the solar
array. The insolation, temperature and load voltage values are used as the activation values for
the input layer of the network. The structure of the proposed back-propagation neural network
is shown in Fig. 5.9. The network is fully connected meaning that the output of each neuron is
connected to all neurons in the hidden layer through the synaptic weight. The weights are
continuously updated through successive iterations until the error drops below the threshold

value [34].

Input layer Hidden layer Output layer
Mla.
Insolation Current
Temp .
Load Max
Voltage Voltage

Fig 5.9: Structure of back-propagation neural network for maximum power tracking
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The back-propagation algorithm is stored on the micro-controller while the insolation,

temperature, and load voltage data are collected for each tracking cycle. The microcontroller

uses the data as the activation input to run the back-propagation algorithm. Once the back-

propagation neural network is trained the algorithm estimates the maximum power point

voltage and current. This operating point is used as the starting position for determining the

maximum power point using the wattage-sampling control method.

The Pseudo-code for the proposed back-propagation algorithm is described below:

Initialize weight vector W to small random numbers for both layer transition
Set constants and initialize variables

Train algorithm by taking input vector and setting to target vector by

setting appropriate learning rate

Create values at hidden and output nodes

Create deltas first at the output nodes and then at the hidden nodes

Update the weights

Compute the sum-squared error and the average error

Repeat until termination condition is met

The solar array voltage and current are at the maximum power point when the error is below

the threshold value. An appropriate learning rate is selected by adjusting the change in error and

the array operating point. A gradient descent minimization can be performed on the error

function to smooth the learning rate [35].
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CHAPTER 6

Conclusion and Future Work

6.1 Conclusion

The aim of this research work is to develop a method to optimize the energy extraction from a
proposed renewable energy generation system. In order to achieve this, the components and
subsystems have to be analyzed and validated. The validated models can then be used to

maximize the power output of the conversion system.

The photovoltaic model was modeled and validated in PSpice. The results of the simulation
were compared to experimental data obtained in the lab and both results were found to be very
close. The simulations showed the effects of irradiance and temperature on the operating
condition of the photovoltaic module. The simulation results showed that an increase in
irradiance generally caused an increase in the module’s output current while an increase in
operating temperature generally caused a drop in the module’s terminal voltage. In fact, the
results showed a linear relationship between the short circuit current and the irradiance level
while there is a logarithmic relationship between the open circuit voltage and the operating

temperature.

An MPPT design was implemented and modeled in PSpice. The simulation results of the
MPPT showed that the tracker was able to maintain the operating point of the photovoltaic
module at the maximum power point thereby improving the amount of energy successfully
extracted from the module. The MPPT also performed well as a charge regulator to the energy

storage components.

The simulation results indicate that a significant amount of additional energy can be extracted
from a photovoltaic array by using simple analog or digital maximum power point trackers.
This results in improved efficiency for the operation of renewable energy generation systems.

The improved efficiency should lead to significant cost savings in the long run.
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6.2 Further Work

In the future, a more detailed model of the photovoltaic module can be developed from the one
presented in this work. The more detailed model may take into account the effect of shading or
partial shadows on the operation of the module. Also the effects of scaling up the photovoltaic

sources may be investigated to determine the suitability for large scale deployment.

Different algorithms for maximum power control can be developed for application on other
renewable energy sources such as fuel cells and wind power. Artificial neural network
algorithms can be developed to improve the performance of the solar energy conversion
function of the MPPT. Overall, the shift from conventional energy sources to alternative energy
means a lot more work needs to be done to fulfill the desire to produce clean, affordable and

sustainable energy.
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APPENDIX A (Components and Subsystems)
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Figure A-2: Experimental setup for solar module under indoor conditions
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N 2 35 MULTI-PURPOSE MODULE 80 WATT

ELECTRICAL CHARACTERISTICS MECHANICAL CHARACTERISTICS
Cell Poly-crystalline silicon Dimensians (Ax Bx C) 478" 71.14"x 181"
No. of Cells and Connections 36 in series 1200mm x 537mm x 46mm
Open Circuit Voltage (Voc) 216V Weight 20.94lbs / 9.5kg
Maximum Power Voltage (Vpm) 17.3V Packing Configuration 1 pc per carton
Shert Circuit Current (Isc) 5.16A Size of Carton £315"x 27.56" x 295"
Maximum Power Current (Inm) 4.63A 1350 % F0COIM % 75mm
Maximum Power (Pmax)’ 80W (+10% / -5%) Loading Capacity (20 ft container) 242 pos (242 cartons)
Module Efficiency (nm) 12.40% Loading Capacity (48 ft container) 506 pes (506 cartons)
Maximum System Voltage 600V DC
Series Fuse Rating 104
) ABSOLUTE MAXIMUM RATINGS

Type of Output Terminal Junction Box

0 Temperature -40 to +194°F /-40 to +90'C

#(STC) Standard Test Conditions: 25°C, 1 kW/m?, AM 1.5
Storage Temperature -40 to +194°F / -40 to +90°C
IV CURVES DIMENSIONS

Cell Temperature: 25°C

JUNCTION BOX
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2 6000W/mE] 50 E A
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23 T—— g
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: [ BACK VIEW
10
i F F ¥ +
o ] E
o 5 10 15 20 25 [+—— F
Voltage [V]
= Current vs. Voltage A B C
e ke a7.28"1200mm 2114%537.1mm 181%46mm
Current, Power vs. Voltage Characteristics D E F G
9'25.1mm 9.84'250.0mm 23.62'600.0mm 18.9Y480,0mm

Design and specifications are subject to change withaut notice.

In the absence of confirmation by product manuals, Sharp takes no responsibility for any defects that may occur in equipment using any Sharp devices.
Contact Sharp to obtain the latest product manuals before using any Sharp device.

SHARP.

f ]
‘, Sharp Electronics Corporation + 5901 Bolsa Avenue, Huntington Beach, CA 92647
Tel:1-800-50LAR-06 - E-mail: sharpsolar@sharpusa.com - www.sharpusa.com/solar

Cover photo: Solar installation by Hudson Valley Clean Energy, Rhinebeck NY 55D-80-606 ©2006 Sharp Electronics Corporation Printed in the USA

Figure A-3: Sharp NE-80EJEA Solar Cell Data Sheet
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IFCS1200-200508-C

FCS 1200™

How it Works

The FCS 1200™ is a self-contained fuel cell system. Hydrogen is
generated by ldaTech's onboard FPM 20™ fuel processor. The processor
uses fuel from an onboard tank and ambient air to convert liquid fuel

into highpurity hydrogen using metal membrane purification technology.

The IdaTech
High-purity hydrogen is then delivered to the anode side of the PEM FCS 1200™ fully
fuel cell stack. Inside the fuel cell stack electrons are separated from o inmsm,ec fuelcel

system is the most
the hydrogen creating a hydrogen ion. The ion passes through the proton S8 _ compact complete

exchange membrane (PEM) where electrons are stripped, collected and REEDeriE

delivered to connected loads as electricity. The hydrogen ion, the stripped
electrons and ambient oxygen combine at the cathode side to produce the
only system emission-warm water vapor. Electricity is generated at the
fuel cell stack as direct current (DC). An optional pure sine wave
inverter converts the DC electricity into high quality
alternating current (AC) electricity if desired.

Common Spedﬁcuﬂons:
Fuel: Methanol/ De-lonized water mix ;
Fuel Mix Consurnption (@ 1 kW): 14 Liters/hr - . The FCS 1200™is
Fuel Mix Consurnption (idle ): 0.2 Liters/hr = o a— currently being
Fuel Capacity: 1.2 Liters \ - tested in a Solar-Fuel
Sound Level: <55 3 @1 meter 5y g el Hybrid appiication.
Dirnensions (LxWxH): 74 %69 % 6d cm; 29" x 27" x 25 z
Weight (varies w/options): 77-84 kg; 170-185 Ibs.
Operating Temperature: RGNS
Storage Temperature: -20to50° C
Exhaust Temperature: <50" C
Ventilation Requirement (indoor use): 70 Liters / sec @ 2002-2005 IdaTach, LLC ANl Rights Resarved. Protacted by one or more of the
following patents: LS. Patent Nos. 5861157 5097534 652,995 6 22111 5202120
AC Model Specifications:* AR ARS7 DU 53526 SURS S 52 821 4 07
Continuous Output Power: 850 Watts (120 VAC or 240 VAC) g,’::-:; ?ggﬁgﬁ;&?gﬁ'ﬁ“ﬁgﬂ g;}:
True Sine Qutput 2574 3612,380 353 2395 475 2,047,2202,067, 012 2, 302 881 2,435, 0132, 74,350
Peak Output Power (10 sec): 2000 Watts o 161816 0 18 8 0 10 14 20 1%
Voltage Output: 120 VAC, +/- 5%, 60 HZ +/- 01% 178301 173,620 Japanssa Patent Nos. 3556 638 3,537,768 3,450,362 United
or 240 VAC +/- 5%, 50 Hz +/- 0% e Pl e 120440350102 s i e 1010
Korean Patent Nos 415,235 Other LS and foreign patents panding
Dc"we, sp“‘nm‘ms: o Specifications, descriptions and Images contained in this document were in effect
Continuous Output Power: 1000 Watts {48 VDC nominal) at the time of publication. IdaTech, LLC resenves the fght to discontinue any
Peak Output Power (1 min.): 2000 Watts (48 VOC nominal) e (ST ISR
Voltage Range: 440-56.0VDC Al company names, logos, and products mentioned herein are tradamarks of their

. - respecttve companis.
it tates st e o et i s o BALLARD

NIDATECH

An IDACORP Company

3065 NE 18th Strest « Band, Oregon G701 « Phone: (541) 3835300 « Fa: (541) 385-3430 « Www.Klatech com « Infod@idatach com Advanced Fuel Cell Solutions*

Figure A-4: IdaTech FCS 1200 Fuel Cell Data Sheet
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Mamll Electric Double Layer Capacitor: BOOSTCAP® Ultracapacitor
TECHNOLOGIES

Square, bus bar type STCAP'

Series: PC2500 ULTRACAPACITORS

> Features:

Over 500,000 duty cycles
10 year life capability
Higher energy vs electrolytic
Higher power vs. batteries
Aluminum construction

R

> Applications:
> Automotive subsystems
> Wireless transmissions

> Dimensions:

62.5

599 — =—{37)

[Re.2}—

159.2

154.1

< 3

. T @ [

@ @ 127
\./ \ [
/ \(353
339
Méx 1x6DP,2PL

Dimensions, mm | Typical
L W T Weight Vol. [I] |package qty

NOTE: PC2500 available in limited quantity only.

The MC2600 is the replacement part for this product.
Please contact BOOSTCAP Sales for additional information.

Product dimensions and specifications may change without notice. Please contact Maxwell Technologies
directly for any technical specifications critical to application.

Electric Double Layer Capacitor: BOOSTCAP® Ultracapacitor [ Doc. # 1003992 | Rev. 51

Figure A-5: Maxwell BOOSTCAP Ultracapacitor Data Sheet
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Electric Double Layer Capacitor: BOOSTCAP® Ultracapacitor

> Specifications:

Product Specification

PC2500 | Tolerance Standard
Mounting Bus Bar
Capacitance, Cy [F] 2,700 | +/- 20%
Voltage, Up 2.5
Internal resistance, DC [ohm] 0.001 +/-25 %
Internal resistance, 1 kHz [ohm] 0.00055 +/-20 %
Rated current, [A] 100 5s discharge to 1/2 Ug
Short circuit current, I [A] 4500 Caution, current possble wit short circuit fom Ug
Leakage current [mA] 6 72hrs, 25°C
Operating temp. range [C] -40 fo 65
Storage temp. range [C] 40 to 85
Endurance, Capacitance [F] < 20% decrease
Endurance, Resistance [ohm] < 40% increase 1000 hrs @ Ug and 70°C
Maximum energy, E.x [mAh] 1,800 Full discharge from U
Power, Py [Wkg] 1,030 See addiional technical information
Power, P, [Wi] 1,250 See addifonal technical information
Life Time AC < 20% decrease, ESR < 200% increase|fominitial value afler 10y @ 25°C
Cycle Life AC < 20% decrease, ESR < 200% increase]fomnital value afler 500K cycles @ 25°C (1= 204)

> Markings: Capacitors are marked with the following information
Rated capacitance, Rated voltage, product number, name of manufacturer, positive and negative
terminal, warning marking.

> Mounting Recommendations:

Component to be mounted with bus bar rated for application current. Maximum torque recommendation
is 60 inch lbs. Use of lock washer recommended. See Integration Kit for additional recommendations.

Components should not be operated outside recommended limits.

> Additional Technical Information:
Pg=1(0.12x E2/Rd)/M where E = charge voltage (Up), R4 = internal resistance (DC)
M = capacitor weight (kg)

P, = (0.12 X E2/Rg)/V where V = capacitor volume (1)

US Patents: 6,430,031, 6,233,135; 5,907,472; 5,862,035; 5,777,428; 5,621,607

Worldwide Headquarters. European Office
MAXWELL TECHNOLOGIES MAXWELL TECHNOLOGIES SA "
9244 Balboa Avenue * San Diego, 92123 CA, USA CH-1728 Rossens * Switzerland
PHONE: +(1) 858 503 3300 PHONE: +41 (0) 26 411 85 00
FAX: +(1) 858 503 3301 FAX: +41(0) 26 411 85 05 TECHNOLOGIES
EMAIL: info@maxwell.com EMAIL: info@maxwell.com

www.maxwell.com
Electric Double Layer Capacitor: BOOSTCAP® Ultracapacitor | Doc. # 1003992 | Rev. 5|

Figure A-5(b): Maxwell BOOSTCAP Ultracapacitor Data Sheet
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APPENDIX B (Microcontroller)

-]

MicrocCHIP

PIC16F87X

28/40-Pin S-Bit CMOS FLASH Microcontrollers

Devices Included in this Data Sheet:

- PIC1GFET3 = PIC1GFETE
- PIC1GFaT4 = PIC16FBTT

Microcontroller Core Features:
+ High performance RISC CPU
 Only 35 single word instructions to leam
Al single cyche instructions except for program
branches which are two cycle
» Operatng speed: DC - 20 MHz clock ingut
DC - 200 ns instruction cycle
» Up to BE ¥ 14 words of FLASH Program Memaory,
Jp to 368 x 8 bytes of Data Mamory [RAK)
Jp to 256 x B bytes of EEPRON Data Mamaony
« Pincut cormpatible to the PICTBCTIBT4BTETT
ntermupt capability (up o 14 sources)
Sight lewel deep hardware stack
Diirect, indirect and relafive addressing modes
Power-on Reset (POR)
» Power-up Timer (PWRT) and
O=cillator S2art-up Timer (05T
Watchdog Temer (WDT) with its own on-chip RC
oscillater for refable operation
“rogrammable code protection
» Piower saving SLEEP mode
Selectable oscillator options
Low power, high speed CHMOS FLASH/EERPROM
technology
Fully stafic design
+ In-Circu®t Serial Prograrmming™ {IC5F) via two
pins
+ Single 3V In-Circwt Seral Programming capability
+ In-Circut Debugging via two pins
« Processor read/white 3ccess 0 program memory
Wide operating voltage range: 2.0V to 5.5V
+ High Sink/Source Curent: 25 ma
Commercial, Industrial and Extended temperature
ranges
» Low-power consumption
- = 0.8 ma typical (@ 3, 4 MHz
- 20 pA typical @& 3V, 32 kHz
- =1 pé typical standoy current

Pin Diagram
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1 T
Mo vee —= [ 1 e [ mBreon
FELEME +— [ & i [ +—e RBETOS
RN — [ ® & ] mps
FAAMAAARF- - [ 4 5 Q= i
LELTTT VT D—y g m — L LT
FAATOON e [ & - m p—
HARARATE =—= [ 7 -+ 54 L] =——e mi
REWRLANE ——[] & E = [ e BEET
REIWRANE +—-[] & = 2 []=—"%zn
BEICEAMT - ] 10 F: &1 ] — s
WoS— [ 11 E ) [ o @O
L p—y P =] 2 [ e BpEEs
CESCBOLEIN —— [ 13 = 2 ] w—e BDSTEER
CECACLSIT ] i E 7 [ e BT
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RONECHEEL -——[] 18 o [ e Boaspssng
ROSPERS a—e ] 10 2 [ a—e ROETEPS
ROUPEr a—s ] 20 20 [ a—r BEaPEr:

Peripheral Features:

= Tirneril: 23-bit tirnescounter with 3-bit prescaier

= Timer1: 16-bit imen/counter wih prescaler,
can be incremented during SLEEP via external
crystalfclock

= Tirmer2: 3-bit imescounter with 8-bit period
register, prescaler and postscaler

= Two Capturs, Compars, PWN modules
- Capturs is 168-b3, max. resolution 5 12.5ns
- Compare i 18-0it, max. resolution is 200 ns
- PWM max. resolution i 10-bit

= 10-kit multi-channe! Analog-to-Digital converter

- Synchronous Serial Fort (S5P) with SPI™ (Master
made) and IPC™ (Master'Siave)

= Universal Synchronous Asynchronous Receiver
Transmitter (USARTISC) with B-bét address
detection

= Paralle! Slave Port (PSP 8-bits wide, with
external RO, WR and CF controls (40044-pin cnly)

= Brown-out detection circuitry for
Brown-out Reset (BOR)

£ 2001 Wicrochlp Technalagy Inc.

D230292C-page 1

Figure B-1: Microchip PIC16F873 Microcontroller Data Sheet



PIC16F87X

Pin Diagrams
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Figure B-2(b): Microchip PIC16F873 Microcontroller Data Sheet
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PIC16F87X

Key Features

PICmicro™ Mid-Range Reference

PIC1EFETS PIC1EFET4 PICAGFETE PIC1GFETT
Manual [DS33023)
Operating Freguency DC - 20 MHz OC - 20 MHz OC - 20 MHz O - 20 MHz
RESETS [and Delays) FOR, BOR FOR, BOR POR, BOR POR, BOR
(PWRT, Q5T) (PWHT, O5T) (PYWWIRT. QST) (PYSRT. OST)
= - -
T et ax ax BiK BiK
Data Memaory (byies] 182 182 6B 368
EEPRON Data Mermory 128 128 255 256
Iniemupts 13 14 i3 14
0 Ports Ports 4,8.C Ports ABC.DE Pirts A.B.C Ports AB.CDE
Timers 3 3 3 3
Capture/CompareP W Modules 2 2 2 2
Serial Communications MESP, USART | MSSP, USART [ MESF USART | MSSR USART
Parale! Communizations — iy — PSP
10-bit Analog-to-Digital KModule 5 inpui channels | 8 inpui channels | 5 mput channels | B nput channels
Instruction Set 35 imstructions 35 instruciions 35 instrucions 35 instructions

&£ 2001 Kicrochip Technalogy Inc.
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Figure B-3(c): Microchip PIC16F873 Microcontroller Data Sheet
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APPENDIX C (Power MOSFET)

IRF150

Absolute Maximum Ratings Tp=25%C

\Un'ess Dtherwise Specified

IRF150

Drrain to Source Molage (Mote 1). . e Vo 100
Dirain o Gate Voltage (Rge = 2000 (Mote 10, ... e ‘ozR 100
Continuous Drain CUment © e D 40

T = D0 e Iy 25
Putsed Drain Curment Mobe 3. L e ot 180
Gate to Source Volame . e Wizn +20
Madrmum Power Disspation . . ... e P 150
Limear Derating Fachor - . . .. e 12
Single Pu'se Avalanche Enengy Rating (Mofe ) . . L. e Eas 150
Cperatng and Storage TEMPeratune . . - . ... i TpTerg -85 w0 150
Maxirmum Temperature for Soldering

Lzads at 0.083in (1.86mm)from Case for 108, .. .o T 300

Fackage Body for 105, See Techbrief 334 . L Tpig 280

UNITS

S PR S

W
WeC
md
o

o
oz

CALTION: Siresses above those Nsied in “Absoiute Maamum Rafings”™ may causs permansit damage to the device. Ths 5 3 slress only’ raiing and cperadion of the
dewce af thase or any ofifhar condiions above ihose indicaled & e cparalional seclions of this specificalion /s naf imoved.

NOTE:
1. Ty =26°C to 125°C.

Electrical Specifications T.=25C

Un'ess Dtherwise Specified

FPARAMETER SYMBOL TEST CONDITIONS MIN TP MAX | UNITS

Drain to Source Breakdown Voltage B¥Wpgs | Vigs =0V, Ig = 25004 (Figure 10) 100 - W
Gate ftio Threshold Voltage VasmH) | Vas =Vos. Ip = 250uA 20 - 40 W
Zero Gate Voltage Dran Current lnsz  |Vps =Rated BVpss, Vs =0V - - 25 na

Vigs = 0.8 x Rated Blgss, Vies = 0V, Ty = 125°C - - 250 na
On-State Drain Current (Mote 2) Ipposy | Vos = Ioposg « rosgomge. Ves = 10V 40 - A
Gate o Source Leakage Curment lgzs  [Vag =120V - - 100 n&
Drain to Source On Resistancs (Motwe 2) rosios; | Vies = 10V, Ip = 20A (Figures 3, 9) - 0.045 | 0.085 i¥]
Forward Transconductance (Mote 2) s Vo5 ® lopon) x "osonex. Ip = 204 (Figure 12) B0 1" 5
Turn-Cn Delay Time tiony | Voo =24V, Ip~ 204, Rg =4.70, B = 1.20 - - 358 ns

P — 1 {Figures 17, 13} MOSFET Switching Times are " N

Rize Time L Essentially Independent of Operating Temperature 100 =
Turn-24f Delay Time LjoFF) - - 125 ns
Fall Tme t: - 100 ns
Total Gate Change Qo) |Ves = 10V, Ip = 504, Vps = 0.8 x Rated BVpss - 63 120 nC
(Gate to Source + Gate to Drain) o lgiReF) = -1-9méA (Figures 14, 19, 20) Gate Charge
=t = = = is Essentia’y Independent of Operating " a =
Gate o Source Charge Jgs Temperature 27 C
Gate wo Drain "Miller” Charge Og; - 36 nC
Input Capacitance Cizz  [Vas =0V, Vpg =28V, f=1.0MHz (Figure 11) 2000 pF
Cutput Capacitance Cos= 1000 pF
Reverse Transfer Capacitance Crzs 350 pF
Internal Drain Inductancs Lo Measured between the Modified MOSFET 5.0 nH

Contact Sorew on the Symiool Showing the

Flange that is Closer o Intemal Devices

Source and Gate Pins and | Inductances

the Center of Die @D
Internal Seurce Inductance Lz Measured from the 125 nH

Source Lead, Bmm

(0.25in] from the Flange

and the Source Bonding

Pad
Thermal Impedancze Junction to Case Raic - oe oo
Thermal Impedance Junction to Ambient Ruaa Free &ir Cperation - 30 Soaw

2 | Antergil

Figure C-1: Intersil IRF150 Power MOSFET Data Sheet
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IRF150

Source to Drain Diode Specifications

PARAMETER SYMBOL TEST COMNDITIONS MIN | TYP MAX | UNITS
Continuous Source to DrainCurrent lep Modified MOSFET o 40 A
Pulse Source to Drain Current {Note ) [ Symbal Showing the 160 )
= ntegral Reverse P-H
Junction Diode
G
5
Cicde Source to Orain Voltags (Mote 2) Vzo T, =26°C, lgg, =408, Vigs = OV (Figure 13) 25
Reverse Recovery Time ty T, =150°C, Iop = 404, dlepidt = 1004Qs G600 ns
Reverse Recovery Change SEE T, =28°C, Igg = 5.84, dlop/dt = 100As 33 nc
HOTES:
2. Pulse test pulse width < 300us, duty cycle < 2%,
3. Repetitve ratng: pulse width lim%ed by Max junclion temperature. Ses Transent Thermal Impedance curve (Figure 3).
4. Vg = 10V, starding Ty =25°C, L = 170uH, Rg = 5062, Peak |as = 404 See Figures 13, 16.
Typical Performance Curves Unisss Otherwise Specified
1.2 40
[~ h““"
(9]
g H ] H""‘“—-.
= -4
] =
2 08 B . “'---..,“IL
= : A
= 08 o '\
g z P,
:3 = 18
5 04 &
5 02 \l
] 1]
o 50 100 150 23 0 T3 100 125 150

T CASE TEMPERATURE [%C)

FIGURE 1. NORMALIZED POWER DISSIPATION vs CASE

Tz, CASE TEMPERATURE [“C)

FIGURE 2. MAXIMUM CONTINUOUS DRAIN CURRENT vs

TEMPERATURE CASE TEMPERATURE

; 10
E _ ==

_2 = 0.3 m
15 F
T — ]
=W 02 =| ! ¥ ]
i L
23 o oo Fom
o m  — E=
£ 005 t =

% = :*"_, 'ty H
E = o1 — HOTES: T

] =1 DUTY FACTOR: D =tyity 1
o1 slrIJGLIE rLIILISFI Ty=PowaZye+Te
106 104 1or® 102 [X] 1

t;, RECTANGULAR PULSE DURATION 8]

FIGURE 3. MAXIMUM TRANSIENT THERMAL IMFEDANCE

=

3 | interijl

Figure C-1(b): Intersil IRF150 Power MOSFET Data Sheet
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IRF150

Typical Performance Curves Unisss Ctherwise Specified (Continued)

1o r
i DPERATION IM THIS
T REGIDN 13 LIMITED
BY nosion
E. -------.'-i---: —.\1‘
5 ,
g 10 = s
£ — 100ps
o - M hd - 1mz
e I ke N
: b A hd e - k] A b
g 1 Time ===
a T, =MAX RATED = E :
p 100me
T, =25°C ==
SINGLE PULSE BT e
"
. [
1 10 102 1w

Vpg. DRAIN TO S0URCE VOLTAGE [V)

FIGURE 4. FORWARD BIAS SAFE OPERATING AREA

20
Vg = 10 % ] 80ug PULSE TEST
i
I
18 sy
z ey
= TV
= ‘.lll"'
CARE |
z 8y
L&
z . |
d; ) ¥
£ 5
[=]
4
4
0 [
0 0.4 0.8 1.2 18 20
Vpg. DRAIN TO SOURCE VOLTAGE [v)
FIGURE 6. SATURATION CHARACTERISTICS
0.20
[F]
g g 014
E W Vimg =100
g
B2
5 010
g2
a g
Sg 008 Vg =20V
0.02
1] 40 a0 120 180

I, ORAIN CURRENT [&)

NOTE: Heating effect of 2us is minimal

FIGURE 8. DRAIN TO SOURCE ON RESISTANCE vs GATE
VOLTAGE AND DRAIN CURRENT

EMNT A

. DRAM CURS

o DRAIN CURRENT (&)

NORMALZED DRAM TO SOURCE

e | | | stuspuLseTesT)
LVEI; - |
1 1
p Vigg =8V J
30 -
20 |
v
10 sy
4'~':
(] T
0 10 0 a0 40 Eil
Vg DRAIN TO SOURCE VOLTAGE (V)
FIGURE 3. OUTPUT CHARACTERISTICS
W N
Ve * Injosn % Toa oenmas
55 | 30ue PULSE TEST
0 Ty=125°C /i
| ™, ff
15 Ty=25C
- /i
10 T, =-55°C )* %j
. Y
1 / J"(
(n]
0 1 2 3 4 5 3 7 g
Viga. GATE TO SOURCE VOLTAGE V)
FIGURE 7. TRANSFER CHARACTERISTICS
23
Ip = 144
F gy = 10V
18
[
] =
E 14 II__..nl"“"
ul ..-__..ﬂ""'"
o
& 1.0 ]
Z T
——
0E
0.2
%0 40 -20 0 20 40 &0 B0 100 120 140

Ty, JUNCTION TEMPERATURE [*C)

FIGURE 3. NORMALIZED DRAIN TO SOURCE ON
RESISTANCE vs JUNCTION TEMPERATURE

4| intersil

Figure C-1(c): Intersil IRF150 Power MOSFET Data Sheet

73



IRF150

Typical Performance Curves Unisss Othenwise Specified [Continued)

125

4000

Iy = 25002 Vg = OV, = TMHzZ
w Cizs = Caz *Cap
£ 415 "l Crazs = Cop
E_ém = - - 200 "l Cogz =Cpa+ Can |
- —— Y
3 =] " ‘\
=8 183 — o 2400
' & =1
2 oss = N’("'-—- P
e e & 1&00 ] —
H3 5NN L]
o N ™ 0388
E'“ 085 - \.._N """"'-T....__
= — Casg I —
07s 0
S0 20 0 20 40 &0 B30 100 120 140 180 ] id 20 B a 50
T,. JUNCTION TEMPERATURE {°C) Vpa. DRAIN TO SOURCE VOLTAGE [V)
FIGURE 10. NORMALIZED DRAIN TO SOURCE BREAKDOWN FIGURE 11. CAPACITANCE vs DRAIN TO SCOURCE VOLTAGE
VOLTAGE vs JUNCTION TEMPERATURE
0
50ps PULSE TEST N 2 #‘_,..-'"
- 1 L =
2 g T,=85°C :7:
¥ TSI ] E
g 42 LT, = 12800 =] p— g
; . P ; LT, =150% 7
g a P 5 4
= f L 1
2 s W 7 T,=25"C
= ® f |
1 ?
$ @ ]
. ST !
0 ] 0 30 a0 G 0 1 2 3 4
Iy, DRAIN CURRENT [4) Vg, SOURCE TO DRAIN VOLTAGE [V)
FIGURE 12. TRANSCONDUCTANCE vs DRAIN CURRENT FIGURE 13. SOURCE TO DRAIN DIODE WOLTAGE
20
= Iy = 404
Z FOR TEST CIRCUIT,
] SEE FIGURE 13
2 15 ' "
:?. Vpa = 20V
u Vpa =50V .
£ L
Wpa — Oy -
3 10
o i
F y
o /A
Z 5
> 1/
k]
=
0
0 5 ) 84 112 140

Ggram. TOTAL GATE CHARGE [nC)

FIGURE 14. GATE TO SOURCE VOLTAGE v= GATE CHARGE

5 | intersil

Figure C-1(d): Intersil IRF150 Power MOSFET Data Sheet
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Test Circuits and Waveforms

VARY te TO OBTAIN
REGUIRED PEAK lyy Rl

1]

3’ 3 Voo

ouT
k
P
w laa

L

FIGURE 13. UNCLAMPED ENERGY TEST CIRCUIT

FIGURE 17. SWITCHING TIME TEST CIRCUIT

FIEE:LATED

CURRENT

REGULATOR SURPLY)
SAME TYPE
25 OUT

I I I lgiREF) L
r —AAA——AAA—a Vg

Iz CURRENT —L I CURRENT
SAMPLING —  SAMPLING
REZISTOR RESIZTOR

FIGURE 19. GATE CHARGE TEST CIRCUIT

EVpas

— t.ﬂ.'n' -—

Vas 50% 50%
- PULEEWIDTH —=

FIGURE 1&. RESISTIVE SWITCHING WAVEFORMS

lamzr)

o]

FIGURE 20. GATE CHARGE WAVEFORMS

g | Antergjl

Figure C-1(e): Intersil IRF150 Power MOSFET Data Sheet



APPENDIX D (Schottky Diode)

=
m
] A
[ =]
FAIRCHILD o
P
SEMICDOMNDWOTOR® =
MERO520L S
Features I . 4
= 0.5 Ampere, low fonward woRags, [ess nen 335m
= 400 milvat Powsr Dissipation package
= Caompact surfacs mourt package wim ihe sams
footpnnt a5 mini-mes A
Color Band Denoiss Cathods
Mark- 52
Schottky Rectifier
Absolute Maximum Ratings® - soc s samowie scmd
Symbol Parameter Value Units
[ MzEImUm Repellilve FEVEMES VOILage a0 W
[J— Avarage Reclified Foraard Current 500 ma,
Irsmt son Repelitve Peak Fonvard Cumrent 55 A
|Surge appiled at rated load condiions half wave. Single phase, 60 HZ)
Tug Sorage Temperaturs Rangs 65t +150 "o
T Cperaiing Junclion Temperature 65 1o +125 =C
I\'Ihlrllﬁqp arm Brif= g vl cew albren wiic® 15 oy e S sl Toy e T el
Thermal Characteristics
Symbaol Parameter Value Unmnits
Foms Themnal REslEtance JUNCon 1o AmDent 340 ST
[ Thamal Resistance Junciion 22 Lead 150 W
ILH"G-'I S FH-S= 555 | B ircls o6 i 1 flnrn e T e s cesd L Padkl
Electrical Characteristics -« «as wws wmmie oo
Symbol Parameter Value Units
Ve Torwarn Velage &, = 100 mA, 300 m
r = 100 mA, T, = 10032 230 m
¢ = SO0 A, 3&5 m
- r = SO0 M, T = 100 22 33 m
I Rewarse Cumen @ = 10V, 73 (1
g =10V, Ty =100 =22 =4 A
g = 20V, 250 (1
V=20, T, = 100 %C .0 M

Lm0l Fad=bild Sapirdacer Capsaies

MEREII. Ae

Figure D-1: Fairchild Semiconductor MBRO0520L Schottky Diode Data Sheet
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Schotiky Rectifier

[zartinued)

Typical Characteristics

Farwand Cumand, Ig 8]

I

|

[ a1 0z 0.z 0.e os
Fonvand Voltags, Wy [V]

Figure 1. Foraard Voltage Characteristics

Hevoone Carre, Iy fmit]

I'I:‘:i':: N N N

swomoHE

Figure 2. Reverse Current vs Reverse Voltage

110
100

50

a0
7o

B0

Tofal Capacitan o, &y IpF]

20
o 2 4 B & 12

14 1€ 1& Z0

Reverce Voltage, ¥y V]

Figure 3. Total Capacitance

MERFLIL Rev 0

Figure D-2: Fairchild Semiconductor MBRO520L Schottky Diode Data Sheet
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APPENDIX E (Current Sensor)

Current Transducer LA 03 .. 20-PB

M
For the electronic measurement of currenis: DC, AC, pulsed, mized,
with & galvanic isolation between the primary circuit (high power) and
the secondary circuit {electronic circuit).
Preliminary
| Electrical data
Features
Primary mominal Frimary nomiral  Frimary ounrent Frimary Conductor Type
':"':'::“' "I"""'L:_"”‘"" ""“"E:;”""‘:“’ rameer = Closed loog (compensation) current
_ - Iy (A ransducar using the Hall sfaet
3 3 =45 ak L& 03FPE = ‘oitage output
£ 4 =78 o La emE = Printed circult board mounting
10 5 =15 0.8 L& 10PE
15 7.5 =228 QE L& 15FPE
20 10 =3 10 L& 20PE
v, Supply walage (+ 5 %) =15 vV Advantages
I, Current conswmption 3pp. 20mA+ L,/ 1200 mA
'l.": RMLE. I."ﬂlEgE for AC Isclatlon test, S0/M0HEZ, 1mn 2.5 L4 = Excellent scow racy
Ry iseiation reslstance @ SO0 WDC > 500 MO W yery good dnsarly
WVowr Cutput vollage @ = L, R, = 10 kD, T, = 25°C &4 W » Low =mperaiure ot
R, Load  raelstancs > 10 KD, opumized responsa tme
= Wide Trequency Dandwidmn
= Mo Inseriion losses
= High Immunity o extzrnal
Accuracy-Dynamic performance data Irterferance
: = Current owerioad capacity
X ACCUTACY @ |, T, = 25°C (wimnoui offsat) <215 Ball,
E Lineartty (0 .. = L) =z1 Toll,
W Electrical offsel wollage, T, = 25°C == 30 mwr
o vOA
Vg, Hysteresls offeet voltage @ I, - 0: Applications
afer an excurslon af 1 X I =215 mv -
Vo Themmal artit of v, max. =1 MWK AT "Z'}'_Iat"e Bpeed drives and sena
TCE, Themmal drfi% of reading) <004 WK mozar anves .
£, Rasponse fime & 0% of 1, =3 s = 3%3%Cc comeerters 11:1' CiC matar drives
r Freguency bandwidin (- 1dEP DC.. 150 Rz » EBarery supplled appications
= Unintemuptiole Power Suppliss
(LIPS
| General data = Switched Kode Poveer Suppliss
[SMPE)
T, Ambien? aperating temperatune -10..+380 *C = Swikched Mods Power Supplise
T, Amblent storage lemperaturs -15..+85 "C [SMPS)
m Mass =1z g = Power supplies far welding
applicatians
Mobes ©  EN SO1TE approwal pending

" Calibraion tor 4% ousput |6 carmed out &% the primary narmingl current.
o Deratng Is reeded fo avold excesslve core hasing 31 high fraquency.

010809/2

LEM Compeanents

WL lem, com

Figure E-1: LEM LA-10PB Current Sensor Data Sheet
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LA 03 ... 20-PB

Front View 19 41 Right View

!El:l #-1

W
=l
ed ! .__I
1 ¥ —
i : 4 3
4 312

Frimary Conduckor

See the attached table E + Bottom View
[ I
| |
4-0.5°0.25 _\w = ‘:
Signal Pins i =
— — 1
I | i 1
! T
| |3p=254 M
I o
Terminal Pin Identification
Primary Conducior Signal Pins Direcgon of Cument Fiow
Fart Mo. Diameter - -
LA D3FB 05d 1 Voo i+ —=bi-]
LA 10PB 0ER 4 . Ve
L& 15FB D8 d WL .
LAZ0PE 104 4 Ouout UNIT - mm

LEM reserves the right to camy cut modfications on Bs fransducers, In order to Improve them, without previous notice.

Figure E-1(b): LEM LA-10PB Current Sensor Data Sheet
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