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Abstract

The design and implementation of a Maximum Peak Power Tracking system for a
photovoltaic array using boost DC-DC converter topology is proposed. Using a closed-loop
microprocessor control system, voltage and current are continuously monitored to determine
the instantaneous power. Based on the power level calculated, an output pulse width
modulation signal is used to continuously adjust the duty cycle of the converter to extract
maximum power. Using a Thevenin power source as well as a solar panel simulator, system
design testing confirms simulation of expected results and theoretical operation is obtained.
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1.0 Introduction

The development of renewable energy has been an increasingly critical topic in the 21
century with the growing problem of global warming and other environmental issues. With
greater research, alternative renewable sources such as wind, water, geothermal and solar
energy have become increasingly important for electric power generation. Although
photovoltaic cells are certainly nothing new, their use has become more common, practical, and

useful for people worldwide.

The most important aspect of a solar cell is that it generates solar energy directly to
electrical energy through the solar photovoltaic module, made up of silicon cells. Although each
cell outputs a relatively low voltage (approx. 0.7V under open circuit condition), if many are
connected in series, a solar photovoltaic module is formed. In a typical module, there can be up
to 36 solar cells, producing an open circuit voltage of about 20V*'. Although the price for such
cells is decreasing, making use of a solar cell module still requires substantial financial
investment. Thus, to make a PV module useful, it is necessary to extract as much energy as

possible from such a system.

A PV module is used efficiently only when it operates at its optimum operating point.
Unfortunately, the performance of any given solar cell depends on several variables. At any
moment the operating point of a PV module depends on varying insolation levels, sun direction,
irradiance, temperature, as well as the load of the system. The amount of power that can be
extracted from a PV array also depends on the operating voltage of that array. As we will
observe, a PV’s maximum power point (MPP) will be specified by its voltage-current (V-I) and

voltage-power (V-P) characteristic curves. Solar cells have relatively low efficiency ratings; thus,

! Bogus, Klaus and Markvart, Tomas. Solar Electricity. Chichester, New York.Wiley Press, 1994.
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operating at the MPP is desired because it is at this point that the array will operate at the
highest efficiency. With constantly changing atmospheric conditions and load variables, it is very
difficult to utilize all of the solar energy available without a controlled system. For the best
performance, it becomes necessary to force the system to operate at its optimum power point.

The solution for such a problem is a Maximum Peak Power Tracking system (MPPT).

A MPPT is normally operated with the use of a dc-dc converter (step up or step down).
The DC/DC converter is responsible for transferring maximum power from the solar PV module
to the load. The simplest way of implementing an MPPT is to operate a PV array under constant
voltage and power reference to modify the duty cycle of the dc-dc converter. This will keep

operation constant at or around the maximum peak power point.

There have been many different solutions presented for methods of peak power
tracking. Our goal is to develop such a system with the purpose of obtaining as much energy
from a solar cell as possible. Our secondary goal will be to create such a system that operates
with optimum efficiency as well. Implementing such a design will be useful in the future because
solar cell use is limited greatly by efficiency limitations and cost factors. If manufacturers took
advantage of MPPT systems, it is without a doubt that solar cells will become more commonly

used.

We will focus on a specific solution to the problem of peak power tracking and present it
in full in this report. It will be important to first learn as much as possible about the operation of
solar cells. From there, we will discuss the methodology of the design, the selection of what
components to implement, system design and testing, and finally, the results of our project.

There are a variety of different options and applications available for our goal. The challenge lies



in designing a system with maximum efficiency that will quickly and constantly monitor and

change the operation of the system to obtain the optimum performance from a solar cell.

2.0 Background

Most solar cells are made of semiconducting multicrystalline silicon cells, which
currently have efficiencies of 10 to 15%°. Even at these ratings, according to the Encyclopedia of
Energy, it would take solar modules covering an area equivalent to just 0.25% of the global area
under crops and permanent pasture to meet all the world’s primary energy requirements, when
most or all of such area would otherwise be unused land®. It is numbers like these that
demonstrate the importance and potential that solar cells have in becoming one of the most
important sources of energy used around the world. This also demonstrates the problem with

the use and production of solar cells, limited by low efficiency and high costs.

Despite the limitations, market surveys show that solar cell production is growing
rapidly. With the turn of the century, some companies such as Sharp, BP Solar, and Kyocera

have nearly doubled their production values®.

’LGBG Technology “Towards 20% Efficient Silicon Solar Cells.” 02 Oct 2005.
3 Aldous, Scott. “How Silicon in Solar Cells Works.” How Stuff Works. 02 Oct 2005.
4 Neville, Richard C. Solar Energy Conversion. The Netherlands: Elsevier Science, 1995.




&00

500
O usa |
400 O] Japan ~
M Europe
O Rest of Werld
= 300 |
200 -
100 -+
SSFECFHT
e g B I A o) S
FFP P Gy FPED PP Q?LQ‘B &
Year

Figure 1: World Solar Cell production from 1988-2002 for the three leading production regions and the
rest of the world
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Figure 2: World PV market by application from 1990-2001

PV modules are also being applied for a greater variety of different purposes. Although
they have not yet broken into the consumer market, as we can see from figure, the use of PV
modules is clearly becoming more successful. Solar cell array efficiency has always been an
important factor for product selection. However, for most potential users, the capital cost, and

the cost of the resultant electricity are much more useful measures on which to base decisions



about buying a solar cell. Thus, solar cells that are less efficient, but cheaper per unit area are

able to compete in the market.

Solar cells are being valued as a source of energy, but they are also favored for their
beneficial effect on the environment. To put this aspect into perspective, consider the carbon
dioxide emissions during the operation of other methods of energy production. For example,
assuming that U.S. energy generation causes 160 g carbon equivalent of CO, per kilowatt-hour
of electricity, then a 1-kW PV array in an average U.S. location would produce approximately
1600kWh each year and 48,000kWh in 30 years. This array would avoid approximately (48,000 x
0.95) x 160g/kWh, or approximately 7 metric tons of carbon equivalent during its useful life®. A
global implementation of solar cell arrays could very well be the solution to many environmental
problems. The value of PV arrays is irrefutable, and clearly on the rise. The use of efficiency
boosting systems like MPPTs provide a very promising future for solar cell use and the key to

success is in understanding how solar cells work.

2.1 How Solar Cells Work

Solar cells produce energy by performing two basic tasks: (1) absorption of light energy
to create free charge carriers within a material and (2) the separation of the negative and
positive charge carriers in order to produce electric current that flows in one direction across
terminals that have a voltage difference. Solar cells perform these tasks with their
semiconducting materials. The separation function is typically achieved through a p-n junction.
Solar cell regions are made up of materials that have been “doped” with different impurities.

This creates an excess of free electrons (n-type) on one side of the junction, and a lack of free

> Sayigh, A.A.M., ed. Solar Energy Engineering. New York, USA: Academic Press, 1977.
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electrons (p-type) on the other. This behavior creates an electrostatic field with moving

electrons and a solar cell is essentially, a large-area diode®.

Figure 3 describes the overall process of solar energy conversion. First, photons enter
the cell throughout the surface of the array. The photon is absorbed and its energy is
transferred to an electron in the semiconductor. This frees the electron from its parent atom,
and leaves behind a positively charged vacancy, otherwise known as a “hole.” The movement of
electrons and holes with the cell responds to the electric field or by diffusion to areas where
electrons are less concentrated. Due to a strong electric field, electron-hole pairs generated
near the junction are split apart. Minority carriers (electrons in p-type material and holes in n-
type), are swept across the junction and become majority carriers. It is this crossing that occurs
by the individual carriers that contributes to the cell’s output current. Finally, metal contacts on

the cell allow connection of the generated current to a load.

Electrical load

Photons

n-type —=
p-type —»|

Solar cell

Figure 3: Solar cell operation

® Richard Corkish, Solar Cells (Encyclopedia of Energy, 2004)
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2.2 Solar Cell V-1 Characteristic

Each solar cell has its own voltage-current (V-I) characteristic. Figure 4 shows the V-I
characteristic of a typical photovoltaic cell. The problem with extracting the most possible
power from a solar panel is due to nonlinearity of the characteristic curve. The characteristic
shows two curves, one shows the behavior of the current with respect to increasing voltage. The

other curve is the power-voltage curve and is obtained by the equation (P=I1*V).
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Figure 4: Solar panel V-I characteristic and Power curve

When the P-V curve of the module is observed, one can locate a single maxima of power where
the solar panel operates at its optimum. In other words, there is a peak power that corresponds
to a particular voltage and current. Obtaining this peak power requires that the solar panel
operate at or very near the point where the P-V curve is at the maximum. However, the point

where the panel will operate will change and deviate from the maxima constantly due to
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changing ambient conditions such as insolation or temperature levels, which we will discuss
further. The result is a need for a system to constantly track the P-V curve to keep the operating

point as close to the maxima as much as possible while energy is extracted from the PV array.

2.2.1 Effect of Irradiance

Solar panels are only as effective as the amount of energy they can produce. Because
solar panels rely on conditions that are never constant, the amount of power extracted from a
PV module can be very inconsistent. Irradiance is an important changing factor for a solar array
performance. It is a characteristic that describes the density of radiation incident on a given
surface. In terms of PV modules, irradiance describes the amount of solar energy that is
absorbed by the array over its area. Irradiance is expressed typically in watts per square meter
(W/mz). Given ideal conditions, a solar panel should obtain an irradiance of 100mW/cm?, or
1000W/ m?’. Unfortunately, this value that is obtained from a solar panel will vary greatly
depending on geographic location, angle of the sun, or the amount of sun that is blocked from
the panel because of any present clouds or haze. Although artificial lighting can be used to
power a solar panel, PV modules derive most of their energy solely from the energy emitted

from the sun. Therefore, changes of irradiance will greatly affect a PV module’s performance.

’ Richard Corkish, Solar Cells (Encyclopedia of Energy, 2004)
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Figure 5: Different irradiance levels on a solar panel

Figure 5 shows the effect of irradiance on the output of solar panels. Clearly, a smaller
level of irradiance will result in a reduced output. The change in output current is due to the
reduced flux of the photons that move within a cell, as we have discussed when observing the
operation of a solar cell. We can see that the voltage and open circuit voltage is not substantially
affected due to changing levels of irradiance. In fact, the changes made to voltage due to

irradiance are often seen as trivial and independent of the changing flux of photons.

2.2.2 Effect of Insolation Levels

Insolation is closely related to irradiance and refers to the flux of radiant energy from
the sun. Taken as power per unit area, whose intensity and spectral content varies at the earth’s
surface due to time of day (position of the sun), season cloud cover, and moisture content of the
air among other factors much like irradiance, insolation measures how much sunlight energy is
delivered to a specific surface area over a single day®. Insolation is typically measured as

kilowatt-hours per square meter per day (kWh/(m?*day)) or in the case of photovoltaics, as

8 Aldous, Scott. “How Silicon in Solar Cells Works.” How Stuff Works. 02 Oct 2005.
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kilowatt hours per year per kilowatt peak rating (kWh/kWp*y). In order to obtain the maximum
amount of energy from a PV module, it should be set up perpendicular with the sun straight

overhead, with no clouds or shade.

Figure 6: Insolation Levels across the United States

Figure 6_shows the typical insolation levels across the continental United States during
winter peak sun hours. Some solar panel manufacturers use this scale rather than the average
annual peak sun hour rating because it ensures that their product will deliver reliable and
continuous power in worst-case conditions. Observing this map, we see values varying from 1.1
to 5.5. This encompasses the average values that can be considered low and high for insolation

levels, respectively.
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Average Insolation (10 year average) kWh/m?/day

State | City Jan | Feb | Mar | Apr | May | Jun | Jul Aug | Sep | Oct | Nov | Dec | Avg
Az Phoenix 3.25(4.41|5.17 | 6.76 | 7.42 | 7.7 |6.99|6.11 | 6.02 | 4.44 | 3.52 | 2.75 | 5.38
MA | Boston 166 |25 |3.51|413|511|547 544|505 |4.12|284|174|14 |3.58
AK Anchorage | 0.21 | 0.76 | 1.68 | 3.12 | 3.98 | 4.58 | 4.25 | 3.16 | 1.98 | 0.98 | 0.37 | 0.12 | 2.09

Table 1: Insolation Levels (North America)

This table describes the average insolation levels across North America over 10 years.
Unlike the worst-case values, these vary from well below 1 to up to 8. The table reflects the
difference in levels between areas of very high sunlight, to very low sunlight. The yearly average
for Massachusetts is at about the average across the entire nation with a relatively good
average of 3.58. Alaska is expected to receive much lower insolation levels due to its
geographical location and the shortened length of daytime light received especially during the
winter months. Arizona receives better insolation levels because it is located farther south,
making it closer to the equator and ideal operating equations. The same can be observed for
countries throughout the world. Regions close to the equator will commonly achieve much

higher insolation levels than those farther away from the equator.

2.2.3 Effect of Temperature

A PV module’s temperature has a great effect on its performance. Although the
temperature is not as an important factor as the duration and intensity of sunlight it is very
important to observe that at high temperatures, a PV module’s power output is reduced. The
temperature of a PV module also affects its efficiency. In general, a crystalline silicon PV

module’s efficiency will be reduced about 0.5 percent for every degree C increase in

16




temperature. PV modules are usually rated at module temperatures of 25°C (77°F) and seem to
run about 20°C over the air temperature®. This means that on a hot day of 100°F, the module
will operate at 120°F, or 50°C, and so will have its power reduced by approximately 12.5%.
Figure demonstrates the effect of varying temperature on the output of a solar panel. One can
easily see a voltage drop with increasing heat. The effect of varying temperature does not have

a very large effect on the current developed.

Current (A)

Paower (W)

Valtage (V)

Figure 7:Temperature effect on solar panel power and I-V curves

2.2.3 Efficiency

Efficiency is most definitely one of the biggest issues when observing PV module
performance. Different types of solar cells have varying efficiencies that vary depending on
several factors. When we discussed the operation of a solar cell, we observed cell operation

after photons have already entered into the semiconductor volume. In order to ensure efficient

pv Technology “Photovoltaic: Sustainable Power for the World.” 08 Oct 2005.
% 6BG Technology “Towards 20% Efficient Silicon Solar Cells.” 02 Oct 2005.
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absorption, the reflection from the surface of a solar cell must first be reduced. A semiconductor
surface that has already been polished will still reflect a significant fraction of incident photons
from the sun. Silicon, for example, will reflect 30% of such photons*'. Texturing the surface of
such cells helps mitigate reflection problems, but the solar panel’s efficiency is defined by other

factors as well.

A solar panel’s efficiency is limited by the bandgap energy of the semiconductor from
which a cell is made. Low bandgap materials will allow the threshold energy to be exceeded by a
large fraction of the photons in sunlight, allowing a potentially high current. On the other hand,
a solar cell will extract from each photon only an amount of energy slightly smaller than the
bandgap energy, with the rest being lost as heat. This is because the excess energy from the
photon results in the electron energy being higher than the bandgap. This leads to the electron
settling in the conduction band and releasing energy as heat. Unfortunately, a semiconductor is
transparent to photons with energy less than that of its bandgap and thus cannot capture their
energy. In other words, the photons do not contain enough energy to create an electron-hole
pair, so the photon simply passes right through the semiconductor. These two factors,

thermalization, and transparency, are two of the largest loss mechanisms in conventional cells*?.

As useful as solar panels can be, it is clear that there are still many problems that affect
the overall performance of such an array. This is what contributes to the practicality of the
design. If there was a way to ensure the maximum power is constantly taken from a solar panel
array, a solar panel’s efficiency would increase and the overall usefulness of solar power as a

renewable energy source will be invaluable.

! Nation Center for Photovoltaics. “Turning Sunlight into Electricity.” 20 Oct. 2002.

2 Nation Center for Photovoltaics. “Turning Sunlight into Electricity.” 20 Oct. 2002.
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2.3 The DC-DC Boost Converter

The boost converter will represent one of the most significant portions to the overall
design of the Maximum Peak Power Tracker. Ideally, the maximum power will be taken from the
solar panels. In order to do so, the panels must operate at their optimum power point. The
output of the solar panel will be either shorted or open circuited through the opening or closing
of a switch. In the design, the switch will actually be a MOSFET, which will be controlled by our
digital controller. For better understanding of the converter, we will model the overall design,
with the MOSFET as a simple, ideal switch. The switch will open and close to control the voltage

across the inductor, essentially operating the panels at their optimum power level.

_ N
il . L]
L
I A ) W
+ WL "
+ / (ol R§v.:.
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Figure 8: Step-up (Boost) dc-dc converter

Figure 8 shows the basic design of a step-up converter. As the name implies, the output
voltage is always greater than the input voltage. The operation of the converter depends on the
state of the switch. To better understand the operation of the converter, we will examine the
operation of the circuit when the switch is opened or closed while in continuous conduction

mode, discontinuous conduction mode, as well as the boundary between the two modes.
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2.3.1 Continuous Conduction Mode
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Figure 8: Boost DC-DC converter switch state, and voltage and current waveforms

Figure 8 shows the switch state, voltage, and current waveforms. When the dc-dc
converter operates in continuous conduction mode, the inductor current flows continuously
when [i,(t) > 0]. When the switch is on as shown in Figure 9, the diode becomes reversed biased
and the output stage is isolated. At this point, the input is supplying energy to the inductor.
When the switch is off as shown in Figure 9, the output stage receives energy from the inductor
as well as from the input. In the steady-state analysis we present, the output filter capacitor is

assumed to be very large to ensure a constant output voltage v,(t) = V,

20



L
—_—Y Y e YA
+ + VL — + + L —
+ +

" A Rg‘h d = Révo

(a) (b)

Figure 9: Boost converter switch on (a), and switch off, (b)

In steady state, the time integral of the inductor voltage over one time period must be zero.

Thus:
Viton + (Vd - Vo)toff =0

Dividing both sides by the switching time, T, and rearranging terms, we obtain the equation
that describes the relationship between the input and output voltages, switching time, and duty

cycle.

Vo_Ts 1
vd Toff (1-D)

This equation confirms that the output voltage is always higher than the input voltage. Assuming

a lossless circuit, P4 = P,, we also have

1&=0-D)
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2.3.2 Boundary between Continuous and Discontinuous Conduction

At the boundary between continuous and discontinuous conduction, i, goes to zero at
the end of the off interval by definition. At this boundary, the average value of the inductor

current is

1 1F N4
[ = —i =— iy = rep(l-p
IR 25,;9&.& 5 o 5 7 ( :I

In a step-up converter, it is important to recognize that the inductor current and the input
current are the same (iq = i,) and using the equation we can find that the average output current

at the boundary of continuous conduction is

TV
g =——D(@- D)?

IO
2L

The output current reaches its maximum when the duty ratio D = 1/3 = 0.333:

2 TsVo
I oBmax — ﬁ L

When operating, the average output current at the edge of continuous conduction is important
because for a given D, with constant V,, if the average load current drops below lgg, the current

conduction would become discontinuous.
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2.3.3 Discontinuous Conduction Mode

Operation at discontinuous conduction mode cannot be fully understood without
making several assumptions. In practice, the duty cycle, D, would vary with time in order to keep
Vo constant. It is this common practice that allows the tracking of the peak power point. In
discontinuous conduction mode, on the other hand, we must assume that as the output load

power decreases, V4 and D remain constant.

Discontinuous conduction mode is unwanted because it occurs due to a decrease in
power and results in a lower inductor current I, since Vy4 is constant. We will not focus on this
operation mode for the dc-dc converter because hopefully it will be completely avoided.
Nevertheless, it is important to understand the relationship between the input voltage Vg4, the
output voltage V,, and the duty cycle, D. Since in practice V, is held constant and D varies in
response to the variation in Vg, it is more useful to obtain the required duty ratio as a function of

load current for various values of the ratio V,/Vg.

D — 4 Vo Vo 1 I, 12
_[ZTVd Vd jf ]

oB max
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3.0 Methodology

3.1 System Block Diagram

Boost DC-DC Electric Load or

Solar Cell Converter Battery

VI Sensing
Modules

PIC
S| Microprocessor

Figure 10: System Block Diagram

Our peak power tracker is a microprocessor controlled DC-DC step up converter used by
a solar power system to power some mechanical load. The system will step up the lower solar
panel voltage for an application that would require more power. The microprocessor will
attempt to maximize the power input from the solar panel by controlling the step up duty cycle
to keep the solar panel operating at its maximum power point. This will be accomplished by
continuously taking voltage and current samples from the panel and using the microprocessor
to either increase or decrease the duty cycle of the converter depending on the wattage from
the solar panel. The microprocessor will perform the wattage calculations and when the system
reaches its steady state operation, the output from the solar panel will oscillate at its highest

output value.
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3.2 Solar Panel Simulator

In order to provide power to the design, we will be harnessing a solar panel array. The
design will take this power, and operate at the maximum power defined by the panel’s P-V and
I-V characteristics. Rather than using an actual solar panel array to test the design of our PPT, we
will implement a simple solar panel simulator. A solar panel is basically a current source. In
designing a solar panel simulator, our goal was to recreate a solar panel as a current source to
power our circuit. The advantage of using a solar panel simulator is that we can directly control
the output of the solar array, rather than having to deal with the variances that may occur due
to changing operating conditions when testing outdoors. This design also rules out the limitation
of power from artificial lighting sources directed on a solar panel that would have been used
with indoor testing. The following figure is the schematic of the solar panel simulator that will be

used in the testing and design of our PPT.
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2
1 Vi 6
— 12V D2
W 1N4004GP
0 Ul
3 p
N
£ TIP32C
R1 1 .+
200Q
. §1R(52 Output Vsolar
= T

Figure 11:Solar Panel Simulator schematic
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Changing the resistance of the load will simulate the input changes of power that may
occur with the varying envinronmental characteristics that a typical solar panel may have to deal
with when providing some output power. In other words, varying the ouptut load will effect the
voltage being extracted from the panel simulator. Changing the configuration of the resistors
R2, R3, and R4 will effect the maximum amount of current from the solar panel simulator. The
resistors R2, R3, and R4 are all connected in parallel. The more resistors in parallel, the less
resistance is seen by the emitter of the PNP bipolar junction transistor, Ul. The smaller the
equivalent resistance at the emitter, the higher the current at the collector. The different
parallel configurations of the resistances will simulate closely the effect of irradiance—the

amont of radiaton density on a given surface—on a typical solar panel.

Solar Simulator V-l Characteristic
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Figure 12:Solar Simulator V-I characteristic
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Load(Q)) Voutl(V) Iloutl(A) Vout2(V) Ilout2(A) Vout3(V) Ilout3(A)

1 0.578 0.578 0.327 0.372 0.772 0.772
2 1.155 0.5775 0.654 0.327 1.541 0.771
4 2.305 0.576 1.309 0.327 3.069 0.766
10 5.721 0.572 3.265 0.326 7.572 0.757
15 8.53 0.569 4.888 0.326 10.958 0.73
20 11.044 0.552 6.505 0.325 11.226 0.561
25 11.249 0.45 8.115 0.325 11.37 0.455
30 11.367 0.379 9.718 0.324 11.467 0.382
35 11.449 0.327 11.151 0.319 11.536 0.329
45 11.56 0.257 11.36 0.252 11.63 0.258
51 11.606 0.227 11.429 0.224 11.669 0.229
75 11.718 0.156 11.59 0.154 11.764 0.157

100 11.779 0.118 11.676 0.117 11.815 0.118
125 11.815 0.0945 11.728 0.0938 11.846 0.0947
169 11.854 0.0701 11.782 0.0697 11.879 0.0703
210 11.875 0.056 11.812 0.0562 11.897 0.0566

300 11.902 0.0397 11.85 0.0395 11.92 0.0397

The figure and respective table shows the V-I characteristic of the solar panel simulator.
These results were experimental, involving the change of load and variable resistors to
determine the outcome. Varying the load resistance resulted in varying levels of output voltage.
Varying the resistance configuration resulted in varying levels of output current. The maximum
output of about 770 mA corresponds to the configuration of all resistances in parallel, while the
output of about 372 mA corresponds to the configuration of just one resistor in series with the

PNP BJT. Voutl corresponds to two 1.5Q resistors in parallel, Vout2 corresponds to 3
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1.5Qresistors in parallel, while Vout3 corresponds to one 1.5Q resistor in series with the
transistor. Observing the V-l characteristic, the solar panel simulator’s operation as a typical
solar panel is confirmed, with an open circuit voltage of approximately 11.5V and short circuit

current from 372mA to 770mA depending on the resistance configuration.

3.3 Input Filter

Adding an input filter to the design will help increase overall system efficiency and help
reduce input noise. The input capacitor applied in our boost design will reduce the current peaks
drawn from the input supply and reduce noise injection. The capacitor’s value is largely
determined by the source impedance of the input supply. High source impedance would require
high input capacitance, particularly as the input voltage falls. Since step-up DC-DC converters act
as constant-power loads to their input supply, the input current rises as the input voltage falls.
In low input voltage designs, increasing the input capacitance or lowering its equivalent series

resistance can add as many as five percentage points to conversion efficiency.

= Usolar

Figure 13: Input LC filter

The DC-DC converter in the design will create a switching circuit. Taking a series circuit
with a capacitor, inductor and the MOSFET of the converter as a switch, when the switch is
closed, the capacitor of the input filter will start to discharge and the current increases. At this
stage, energy is transferred from the capacitor to the inductor. When the capacitor is

completely discharged, the current peaks and the capacitor begins to charge the opposite way.
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Energy is then transferred back from the inductor to the capacitor. The current alternates

between the inductor and capacitor with an angular frequency in radians/second of

w=v1/LC

where L is the inductance in henries, and C is the value of capacitance in farads. The LC filter will

be used to decrease the input ripple and improve input efficiency.

3.4 DC-DC Boost Converter Analysis
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Figure 14: DC-DC converter simulation circuit

In order to understand and obtain the expected results of the DC-DC converter in the
design, it is important to first simulate operation with the given parameters. The DC-DC
converter is designed with an input voltage of 12V, a boost converter is designed with a 500uH
inductor, 330uF capacitor, an ideal switch and diode, output load of 20Q. The input pulse signal
to the ideal switch is a 2V pulse with a switching frequency of 100kHz. At a 50% duty cycle, the
converter boosts the input voltage from 12V to the input to 20V at the output. With a simulated
DC-DC boost converter, it was useful to modify the values of the different components of the
circuit as well as the duty cycle in order to obtain the desired results. An input LC filter with a
50uH inductor and 10uF capacitor is also included to observe the effect on the input from

adding a filter to the converter.
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Figure 15: Output load voltage and current across inductor, diode, and capacitor

Here we observe the output voltage at the load, and current through the inductor, diode and
capacitor. The average voltage is close to the desired 20V for a duty cycle of 40%. When the
inductor is charging, the switch is on, and there is no current across the capacitor or diode
because the output stage is isolated. When the switch is off, the inductor discharges energy and

there is current through the diode and capacitor.
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Figure 16: Switching power losses and average power loss
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These two plots describe the losses due to switching. When the switch goes to its off state,
there are power losses due to a loss in energy. The first plot describes a power loss of a little
over 2 watts at each switch. The average power loss is small, less than 1 watt of overall loss for

the system.

3.5 Operating Frequency

The operating frequency of the system will depend on the inductor used and MOSFET
selected. An important factor to consider will be the switching losses associated with the
switching of the circuit. At higher frequencies, the losses due to switching will increase. In
addition, with higher frequencies it is important to keep some resolution in the duty cycle. A
switching frequency of 100kHz was chosen. This switching frequency is appropriate to both the
inductor and the MOSFET chosen. The MOSFET chosen will easily take this as a switching

frequency and resolution is maintained without adding too much in power losses.

3.6 Voltage Sensing

In order for the microprocessor to control the duty cycle of the converter, it needs to
obtain voltage samples from the solar panel input. This will be done through a very simple
method of voltage sensing. Normally, the microprocessor would be able to take voltage directly
from a source to sense the voltage. However, the voltage coming from the solar panel will be
much too large for the microprocessor to handle. The maximum amount of voltage that the
microprocessor will take will be 5V. Any voltage larger than this amount to the microprocessor
would risk destroying it, and the system would fail to monitor and maintain the peak power
operating point all together. Knowing this, it is with great care that we implement the voltage
divider in such a way that it will always output a voltage that is much less than the threshold

voltage of what the microprocessor can handle.
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Figure 17: Voltage divider

3.7 Current Sensing

To calculate the power coming from the solar panel simulator, the microprocessor
needs to be able to take current samples from the solar panel simulator in addition to the
voltage. In theory, there are several different methods of current sensing. These different
methods vary in their placement within the circuit design and the method of obtaining a current
reading. Because the microprocessor will not be able to take the current from the solar panel

simulator directly, an indirect method of current sensing must be used.

3.7.1 Series Sense Resistor

Using a series sense resistor is the conventional way of sensing a current. Resistive
current sensing is done by inserting a resistance into the circuit. The resistance is typically small,
but it used to measure the voltage across the resistor. The voltage seen across the resistor is

proportional to the current, making current sensing possible.
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Figure 18: Current resistor sensing

Figure 18 demonstrates the typical use of a current sense resistor with resistive current
sensing. This is not the configuration we will be using in the designed circuit, however it
demonstrates the simple placement of an added sense resistor. One disadvantage for this
method is that it incurs a power loss in Rsgyse, and therefore reduces the efficiency of the DC-DC
converter. In order to keep measurements accurate, the voltage across the sense resistor should
be roughly 100mV at full load due to practical limitations. For example, if the full-load current is
1A, 0.1W is dissipated in the sense resistor. For an output voltage of 3.3V, the output power is
3.3W at full-load. This means that the sense resistor reduces the system efficiency by 3.3%. This
reduction of efficiency will be detrimental to the overall circuit and power losses should be

avoided.

3.7.2 Rps Sensing

Current can be sensed through the drain-source resistance of a MOSFET because
MOSFETSs act as resistors when they are “on” and they are biased on the non-saturated region.
Assuming that the voltage across the drain-source, Vps is relatively small as is the case for

MOSFETs used as switches, the equivalent resistance of the device is:
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L
Bre=
os WuC gy (Vs — Vr)

where U is the mobility, Coyx is the oxide capacitance, and Vi is the threshold voltage. Provided
that Rps is known, the switch current can be determined by sensing the voltage across the drain-

source of the MOSFET.

QSIS+
P
=

B

Figure 19: MOSFET Rps Sensing

The disadvantage to this technique is low accuracy. This is due to the fact that the Rps of
the MOSFET is inherently nonlinear and usually has significant variation because of the mobility,
capacitance and threshold voltage. The Rps is also dependent on the temperature exponentially
which can greatly increase the variation of its actual value. Despite low accuracy, Rps sensing is
useful because it does not add an additional resistance which would result in greater power

losses.

3.7.3 Filter Sensing the Inductor

Instantaneous changes in the input voltage are immediately reflected in the inductor
current, so it is often useful to observe the current across the inductor for current-mode control
in a DC-DC converter. Regardless of the type of feedback control, typically all DC-DC converters

sense the inductor current for over-current protection. Filter sensing the inductor uses a simple
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low-pass RC network to filter the voltage across the inductor and sense the current through the

equivalent series resistance (ESR) of the inductor.

Vin
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Figure 20: Filter Sensing the inductor
The voltage across the inductor is given by
I["FL = (RL +SL}IL

where L is the inductor value and R is the ESR of the inductor. The voltage across the capacitor

of the filter is

L
S Vi _(RutsDI_ THsGE) ) 14T
“T1+4sRC 1+5sR.C |\ 1+4sRC | F T TFi+sTt

where T=L/R, and T,=R¢C:, Forcing T=T, yields V. =R.l_ Because of this relationship, V¢ is directly
proportional to the current I,. In order to use this technique, L and R, must be known, and then
R and C are chosen accordingly. Because of the tolerance of the components required, this
technique is not appropriate for integrated circuits. The technique is useful for proper design for

a discrete, custom solution where the type and value of the inductor is known.
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3.7.4 Magnetic Sensing-Hall Effect Sensors

Hall effect sensors sense current by taking advantage of the Hall Effect. According to the
Hall effect, a magnetic field passing through a semiconductor resistor will generate a differential
voltage proportional to the field. Concentric magnetic field lines are generated around a current
carrying conductor. Assuming that the primary current conductor is infinitely long, the magnetic
field strength may be defined as B=pgl/2pr, where g is the permeability of free space, | is the

current and r is the distance from the center of the current conductor.

To induce a larger signal out of the Hall element the current conductor is wrapped
around slotted ferrous toroid N number of times. This yields the equation for the magnetic field,
B=pol/2pr. In an open loop topology, the hall element output is taken, amplified, and then

outputted as a voltage that represents the measured current through a scaling factor.

e Yout ~ Iprimary

Figure 21: Open-Loop hall effect current sensing

Using a closed loop topology combines Hall effect sensing, resistive sensing, and transformer
current behavior. When using closed loop topology, the output of the Hall element drives a
secondary coil. This generates a magnetic field to cancel the primary current field. The
secondary current, scaled proportionally to the primary current by the secondary coil ratio can

then be measured as a voltage across a sense resistor. The advantage to a closed loop topology
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is fast response time. However, power consumption is increased with the need for a secondary

coil to drive up to several milli-amps of current.
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Figure 22:Closed-Loop hall effect current sensing

3.7.5 Current Sensing Conclusion

There are many different methods possible for current sensing. However it is clear that
some are not necessarily appropriate for our application. Rps sensing will not be appropriate
because the high switching frequency and operation of our MOSFET as a switch. The current
across Rps can only be measured when the FET is on, and with a switching frequency of 100kHz,
it will be difficult to pinpoint current samples when the switch constantly oscillates between off
and on states. Inductor sensing offers proportional current measurement with relatively
insignificant power loss, however, the method of inductor current sensing is typically inaccurate.
Hall effect sensing is out of the question because of cost considerations, power consumption for
operation, and because of the characteristics of the current that we will actually measure. Hall

effect sensors are typically applied for AC current, and high current sensing, neither of which
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apply to our circuit. In fact, typical Hall effect sensors need to sense at least 5A of current before

they output a differential voltage.

Current Sensing Method Value Accuracy Power Dissipation | Relative Cost
Open loop Hall effect sensor - 90-95% Low Medium
Closed loop Hall Effect sensor - >95% Moderate-high High
High Precision Current Sensing | .020 Q >95% Moderate Low

Resistor
Inductor Filter Sensing - 50% Low Low
Rps Sensing .024 QO | Not applicable Low Low

The method we chose to implement in our circuit is with a high precision current

sensing resistor. This method is the most typically used and the easiest to implement in the

circuit. The method is highly accurate, relatively inexpensive, and has tolerable power

dissipation. The reason why it is defined to have ‘moderate’ power dissipation is because the

power dissipation is relatively insignificant. Inductor filter sensing, for example, relies greatly on

just the equivalent resistance of the inductor, which is typically very small. Rps also has very

small resistance, but the power dissipation is relatively low because no additional resistance is

added to the circuit. The addition of a very small resistance and minimal power loss is the only

disadvantage of using a current sense resistor, and its ease of application more than makes up

for it.
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Figure 23: Resistive sensing in the boost dc-dc converter

3.8 Determining Inductance Value

In all switching regulator applications, and in our own, the inductor is used as an energy
storage device. When the semiconductor switch is on, the current across the inductor ramps up
and energy is stored within it. When the switch turns off, the energy stored is released into the
load. The inductor’s storage and release of energy in conjunction with the output capacitor is
what accounts for the average output current and voltages resulting in a steady dc output. The

amount of energy stored in an inductor is given by

where L is the inductance in Henrys, and | is the peak value of the inductor current. When
selecting an inductor for a buck converter, as with all switching regulators, the most important

parameters to calculate will be

e Maximum input voltage
e QOutput voltage

e Switching Frequency

e Maximum ripple current

e Duty Cycle.
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For our dc-dc boost converter, if we assume a switching frequency of 100kHz, an input voltage
of 12V, and an output of 20V with a minimum load of 500mA. For an input of 12V, the duty cycle

will be determined by:

This will give us a duty cycle of 0.4 V\yand Vg are the input and output voltages respectively. The
voltage across the inductor when on is equal to the input voltage of 12V. When off, the voltage
across the inductor is the difference between Vo and V), or -8V. The current ripple is given by

the equation:

Vin Vo — Vi

Al == DTs == (1~ D)Ts

Choosing a current ripple that is twice that of I,y will allow us to calculate the minimum value of
the inductor what will insure continuous current for a given D, R and switching frequency F. The

current ripple to find the minimum inductance is determined by:

Vi
Al =2 %Iy =—>

DT
MIN

From this simple equation we obtain the minimum inductance:

Viw D _(1-D)DV, (1—D)?DR

Lyyiw =—— 1

With Vi = 12V, [y\=0.5A, D=0.4, and fs =100kHz, we obtain the minimum inductance needed for
continuous conduction to be 48uH. With this value obtained, we now know that the inductance
chosen needs to be greater than 48uH otherwise, the dc-dc converter may enter discontinuous

conduction mode and will not operate correctly.
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Due to the typically high switching frequencies of the controller, inductors with a ferrite
core or equivalent have been recommended, while powdered iron cores are not recommended
due to their high losses at frequencies larger than 50kHz. Once we obtain the peak inductor
current, lpeax, We must take care to make sure that the inductor’s saturation rating meets or
exceeds the calculated value for I pea €ven though most coil types can operate up to 20% over
their saturation rating without experiencing difficulty. In addition, the inductor should have as
low a series resistance as possible. While in continuous operation mode, the power loss in the

inductor resistance, Py, is approximated by:

Prr 2 (lopr X Vour/Vin) * % Ry

where R, is the inductor series resistance.

3.9 Confirming Peak Power Obtained - Thevenin Equivalence
When we design the controller system for the maximum peak power tracker, it is

important to have a full understanding of the boost converter circuit operation. Obtaining the
average current—Ilayg, the average voltage, Vave, the equivalent resistance of the circuit, Rgq, the
ripple current, |, and the output power, P—we can predict the outcome of the circuit. To

confirm peak power operation, a Thevenin power source can be used.

The solar panel will be modeled as a linear thevenin voltage and resistance. The goal is
to operate the circuit near the maximum power point of the non-linear I-V characteristic of the

solar panel. Modeling the thevenin power source to have a linear |-V characteristic similar to the
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solar panel will allow us to monitor the outcome of the circuit to see if peak power is obtained.

Soalar Panel and Thevenin %~ Characteristics
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Figure 24: Solar panel and thevenin power characteristic comparison

If the maximum power point of the two curves are basically in line, then it will be
beneficial to model the thevenin source. To obtain the correct thevenin voltage and resistance,
simply double the voltage at the maximum power point of the non linear model. This is because
the maximum power point for the linear model will occur at the midpoint and the the thevenin

resistance will simply be the voltage over the current at the maximum power point.
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Figure 25: Thevenin power and V-l characteristic
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3.9.1 Average Current and Ripple
Implementing a thevenin source and resistance, the maximum current that will flow into

the circuit, lyaxis obtained from:

VI'H

Dax =
MAX = p o

where V4 and Ry represent the thevenin voltage and resistance.
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Figure 26: Average current vs. Time

When the duty cycle of the circuit is high, the current will try to reach the maximum current.
When the duty cycle is low, the current will try to reach the maximum negative current. Since
there is only one source of power in our circuit, there will be no negative power source, and
there will be no negative current; the most negative the current can be is zero. The ripple will
vary between zero amps and the maximum current and the location and ripple size of the
current will be determined by the duty cycle and frequency. The expression for the changing

current is given by:

43



i

1(t) = Lyax— (hyax— l)e /=

When the duty cycle is high, the initial current, I, will increase until the duty cycle goes low. This
occurs as l1. The final current will be Iyax, when the duty cycle is high. The time constant L/R is
represented by 1. The time, t, is equivalent to the amount of time in which the duty cycle is high,
DTy, where D is the duty cycle, and Ty is the time period. With Ty much less than the time

constant 1, the equation for I, is given by

DT, DT,
h = Iax (T) + 1L (1 - T)

There are now two unknowns, I;and |,. When the duty cycle is low, the initial current will be at I;
and will drop to I, while the duty cycle goes high. With no negative current, the relationship
between I, and |, is given by

(1-D) TDJ

L=L|1-
=ifp-

With two equations and two unknowns, we can now solve for the maximum and minimum
ripple values, |; and |, as a function of known values: duty cycle, time period, saturation
currents, and t. To obtain the ripple current, it is necessary to obtain expressions for the ripple
currents that are independent of each other. Using already obtained equations, |; can be
obtained as

s

T T

Solving for I; and simplifying, we obtain
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To obtain I, we use the equation

-
&

o 425 -2

T T

Simplifying, and solving for I,

Loax Dg}, (1 s —TDJTD)
B O

Now that we have obtained expressions for I; and I,, we can now obtain the important value for
lavs. The average between the two points is simply half of their sum. The average current will be

determined as half the sum of the maximum and minimum ripple values,

L +1;
Livg = >

Using the previous equations for the ripple values, layg can be seen as

[ — o
DT, (1—D)T,
hyax 22 (2 — 2=
lave = T T
2009 — _ 20
22[1-p(1-D)2

With Ty much less than the time constant, T, any term that depends on either will be
approximately zero, if they affect the result significantly. Keeping this in mind, the simple way of

obtaining the average current is

Live = IyaxD
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Using this equation, we can observe the effect of the duty cycle on the average current. When
the duty cycle is high, at 100 percent, the average current will go to the maximum positive
saturation value, Iyax. When the duty cycle is low, going to 0, the average current will also go to
0. This makes sense because if the main switch of the MOSFET is always closed, then the current
will try to reach the maximum current, and with the switch constantly closed, the current will
drop to the minimum amount of current, in our case, 0. The current ripple, Al, is simply the final

value of the current, |;, minus the initial value I,:

ﬂ.F:.irl_.irz

3.9.2 Average Voltage and Ripple

It is now useful to obtain values for the average voltage and the ripple that can be seen
in the voltage. When the main switch is closed for a long period of time, the current will
gradually build through the inductor, and the voltage will drop exponentially at the same rate of

the current increase.
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Figure 27: Average voltage vs. time
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The maximum negative value that the average voltage can be is zero. This is true because when
the current builds to its maximum value, it only depends on the thevenin voltage and resistance,
so the voltage at this point must be zero. When the current is at its minimum, the average
voltage will simply be equivalent to whatever voltage is obtained from the solar panel. Noting
that when the voltage reaches its max, the current reaches its minimum and when the voltage
reaches its maximum, the current goes to its minimum, it will be easy to obtain the expression
for average voltage. This is because the voltage will decrease at the same rate as the current,
but to different points. Thus, the equation for average voltage is very similar to that of the

average current:
Vave = Vaax (1 - D]

With respect to the duty cycle, thevenin voltage and resistance, the inductor, and frequency,

voltage ripple is obtained as

_ DRraViax(1—D)
Lf

AV

3.9.3 Equivalent Resistance and Power
The average current and voltage have now been obtained. It is now very simple to

derive an expression for the equivalent resistance of the circuit. The equivalent resistance is

obtained simply as the relationship of the average current and average voltage:

The expected average power will also be simple to obtain and also depends on the relationship

between the average voltage and current:

Pave = Vavelave
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When the equivalent resistance of the total circuit equals the Thevenin resistance, maximum
peak power can be observed. This is because the maximum load current is obtained when the

equivalent resistance is twice the total resistance (or when Rgq = Ryy):

I Vo

MAX = 2R,
This will be the main method of determining that peak power is obtained. Although we will
observe duty cycle oscillation when peak power is obtained, the method of comparing the
equivalent resistance and thevenin resistance is a dependable way to check to see if the circuit

is acting properly.

4.0 Implementation

4.1 Parts Selection

4.1.1 MOSFET Gate Driver Selection

The MOSFET in our circuit will serve its purpose as a switch. The switching of the FET
according to the defined switching frequency and duty cycle will define the output of the circuit.
After taking voltage and current samples, the microprocessor will output a pulse width
modulated (PWM) signal to modify the duty cycle of the converter. The PWM signal cannot be
connected directly to the MOSFET; instead, we will use a MOSFET driver to pass the signal to the

gate of the MOSFET.

The advantages of using a MOSFET gate driver made it clear that it was the best choice
for implementation. The microprocessor in the circuit can supply only a certain output current.
This limits the ability to charge the FET before it can turn on because the gate of the MOSFET is
capacitive. The gate driver itself will source the current that our MOSFET will draw, and results
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with a higher current to the FET. With the higher current, the gate driver decreases propagation
delay and allows for a cleaner wave preventing lag in the rise and fall of the FET wave. Another
benefit of using a gate driver is that the it has a higher switching speed than the microprocessor

can achieve, adding to the overall efficiency of the circuit.

The MOSFET gate driver selected for the circuit is the TC4427 from Microchip
Technologies. This driver was chosen for its high switching speed, low current consumption,
single supply operation, and low impedance during both ‘on’ and ‘off’ states. The low output
impedance of 7Q is important to have so that expected state of the switch is not affected by
operation, even by large transients. Its high output peak current of 1.5A is more than enough
needed to power our FET and provides 4mA with logic ‘1" input and 400pA with logic ‘0" input.
The wide input supply voltage operating range is from 4.5V to 18V and will always operate given
the 5V input from a voltage regulator that will be implemented in the circuit design. The delay
times for rise and fall are typically 40nsec and are very short. In addition to the short delay

times, the rise and fall times are matched and symmetrical.

2.4 :a 7.5

MNon-lnverting

Figure 28: TC4427 MOSFET gate driver

Figure shows the pin layout of the TC4427, with two non-inverting drivers. The inverting

input of the TC4427 is connected to ground and the non-inverting input is connected to the
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PWM signal taken from the microprocessor. The output is connected to the gate of the

switching MOSFET of the DC-DC converter.

4.1.2 Power MOSFET Selection

The MOSFET selection is a key factor of the design. The MOSFET in our circuit will act as
the switch that varies the duty cycle of the dc-dc converter, making it possible to step up the
input voltage. A low threshold NFET that specify on-resistance with a gate-source voltage (Vgs)
of 2.7V or less is preferred. There are many parameters that must carefully be examined when

choosing a FET. These important constraints include:

1.) Total gate charge (Qg) = Predicts switching loss

2.) Reverse transfer capacitance or charge (Cgss) = Predicts switching loss
3.) On-resistance (Rpsion)) = Predicts DC losses

4.) Maximum drain-to-source voltage (Vpsmax))

5.) Minimum threshold voltage (Vrumin))-

The most important characteristic to examine will be the FET’s expected power dissipation.
The amount of power that a FET dissipates relies on many constraints. The MOSFET will have
both DC losses and losses due to its constant switching. In order to optimize the efficiency of the
design, it is important to minimize these losses as much as possible. It is also important to
understand that these losses depend on the switching frequency, current, duty cycle, and the
switching rise and fall times. Our goal is to minimize conduction and switching and to choose a
device with sufficient thermal properties. The breakdown voltage, current-carrying capability,

Ron, and the Roy temperature coefficient will be important parameters to consider.
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Before a MOSFET begins to switch, the power dissipation derives from conduction losses.
The conduction loss is proportional to the on-state channel resistance, Roy of the MOS device
(Q1):

P,d_- = I.D‘RGJ"."
where |p is the drain current, and Rgy is the channel resistance at the manufacturer’s specified
nominal ambient temperature. The switching losses are contributed by the charging and
discharging of the gate capacitance. To close the FET, a charge from the gate to the source
builds up to allow current to flow. Once the MOSFET’s capacitor achieves a charge equal to its
Qg value, the MOSFET switch closes and current flows. When the switch is opened again, the

capacitor discharges all of Qg. This loss of charge results in some power loss which increases

with higher switching frequencies:
Pg = chfs_wf

where Vg is the gate-drive voltage, Cgs is the gate-source capacitance, and f is the switching
frequency. We can split up the switching losses due to capacitance and switching. The power

loss due to the charging of the capacitor is:
P:g = QsVef
While the power lost due to switching is given by:

1
Ps = E{tr + i MraasVsf

Where Izys is the drain current; t, and t; are the switching rise and fall times, respectively; and Vs

is the input source voltage. The total power dissipation in Q; is given by:

51



2 1
P(Q1) = Igms Ron + FIQcVe + 2 (t-+ L9 MrmsVsl:

In this Equation, the first term reflects the conduction loss, while the second term accounts for
the dynamic and gate losses. The dynamic and gate losses are given by the capacitor of the FET

and the losses that occur during switching.

Having calculated the power dissipation, it is also important to calculate the
temperature rise from the thermal resistances of the package. This will be important for the
design once we decide on what heatsink to use (if necessary at all). The temperature rise is as

follows:

Ay =R.P

Where A7 is the temperature rise over ambient degrees Celsius, P is the device’s total power
dissipation, and Rg is the total thermal resistance taken as the sum of junction-to-case
resistance of the FET’s package and the heat-sink thermal resistance. There is also a small case-
to-sink term, however this term is very small and often negligible especially when more modern

thermal interface materials are used.

The MOSFET’s power dissipation is complicated due to its reliance on Rgy. For example,
a temperature rise of about 80°C causes a 40% increase in the value of Roy. To find the actual
temperature rise, we need to include this behavior in the analysis of conduction losses.

Including Ron’s temperature coefficient to the power loss equation yields:

. 1
P(Q1) = Igms Ron(1+847)D + FIQcVe + E{tr + tf}fRMSVS]
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where & is the temperature coefficient of Roy in °C 2. Substituting these variables into the
equation for temperature rise, and solving for the device’s A;, the temperature rise at the

MOSFET Q is given by:

i 1
Rsllgus RonD + F[QsVs + 3 {tr + tf}fRMEI{E']

Ar(Q1) = 1— Rafx.w_w:ﬁRo.\-‘D
MOSFET Gate Charge Qg(nC) Drain-Source Rise Time, t.(ns) | Fall Time, t;(ns)
Resistance, Rps (mQ)
FDP6030 17 24 20 16
IRL7833 32 3.8 50 6.9
IRFUO14 11 200 50 19
IRF7401 48 22 72 92
FDS6880 27 15 18 23

This table lists several comparable power n-channel MOSFETs that would be ideal for
implementation into the circuit. From the data sheets, the most pertinent parameters have
been chosen for power loss analysis, including gate charge, drain-source resistance, and the rise

and fall times typical of switching operation.
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With switching frequency, f = 100kHz, V=5V, 1,=500mA

MOSFET Pc(mW) Po(mW) Ps(mW) Total Loss (mW)
FDP6030 6 85 4.5 19.0
IRL7833 0.95 16 7.1125 24.0625
IRFUO14 50 5.5 8.625 64.125
IRF7401 5.5 24 20.5 50
FDS6880 3.75 135 5.125 22.375

After using the parameters of each FET to calculate the losses due to Rps, the gate
charge, and switching rise and fall times, it is clear that the FDP6030 from Fairchild
Semiconductors is the best choice. The losses taken from each FET increases as frequency
increases, but at our switching frequency of 100kHz, the losses found in the FDP6030 are still

relatively insignificant and is definitely the least among comparable MOSFETSs.

4.1.3 Inductor Selection

In an effort to save both money and time, an inductor was tested and designed in the
lab. The advantage was that we were able to make an inductor using readily available material
that did not have to be purchased from a manufacturer. Also, with given design constraints, we
were able to successfully make an inductor with the desired amount of inductance for the
circuit. To create the inductor, an experiment was used that would generate highly consistent
results with those obtained from theoretical predictions employing formulas derived from
Faraday’s law, the Biot-Savart law and Ampere’s law.
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An inductor serves its most common purpose in circuits to store energy. Inductance
occurs due to a magnetic field that forms around a current-carrying conductor. When an electric
current flows through the conductor, magnetic flux proportional to the current is created. A
change in the current results in a change in the magnetic flux that generates an electromotive
force that acts against the change. Inductance is a measure of the amount of this force (EMF)
generated for each unit change in current. There are many parameters that govern the
inductance of a given inductor—such as the material wrapped around the inductance, the type

of conductor, number of windings or turns, as well as the size of each turn.

An inductor is basically a coil of conducting material, typically copper wire that is
wrapped around some sort of core. Inductors come in many different shapes and sizes; a
circular wire loop, coaxial cable, air-cored solenoid, and ferromagnetic cored toroids are just
some examples. For our purposes, we chose to create a ferromagnetic toroid using a toroid
obtained from the Atwater Kent ECE shop and a length of copper wire. The core chosen was of
ferromagnetic material with a radius, a (from center to the middle of the core) of 20mm, outer

radius, b of 38mm, and height, ¢ of 29mm. The inductance is given by

uN2c a
n—

L =
2T b

where W is the permeability of the core, and N is the number of turns of the wire around the
toroid. However W is not known initially. A different method of obtaining the inductance is

necessary.

Having created the basic structure of a toroidal inductor, with wire wrapped around a
toroidal core, there were several ways to measure the actual inductance of the toroid. The

inductance of a toroidal core with a circular cross section is given by:
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NZy2
D

L = pgp,

where L is the inductance in Henries, | is the permeability of free space = 4m x 107 H/m, W, is
the relative permeability of core material, N is the number of turns of the wire, r is the radius of
coil winding in meters, and D is the overall diameter of the toroid in meters. In order to find the
inductance of the experimental inductor, we used a method that would compare the voltages

across Rand Z in an L R circuit.

!
A Y]
R
o f= 100kHz V.
e Z
o ] Y,
1 V!.
L L

Figure 29: Circuit setup for measuring the inductance of the toroid

First we measured the resistance r of the inductor using a multimeter, noting that it was
very small, 45mQ. We then connected the toroid, L, in series with a resistor, R, and a signal
generator with sinusoidal output set at a convenient frequency f. For the experiment, it is
desired that the relationship between the frequency and inductance, wL (where w is 2mf), is
much larger than the resistance, R, which is also much larger than the resistance of the inductor,
r. Given this, we chose f=50kHz, and R=20kQ. In theory, knowing the voltage across the inductor,
V. and the voltage across the resistor, V,, we can calculate the inductance based on the

relationship of the voltages, the resistance R, and the angular frequency, w. From V = IX,
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Vz Vzl‘.’JJL Vz
Vlz—mLz—ﬂ H:E—EJJL
Z JRZ+(wl)? R

Using a multimeter, we measure V| =2.2mV, and V;=0.717mV and w = 2nf = 2n x 50kHz = 314159

rad/s. With the relationship of the voltages, resistance and frequency, the inductance is given as

VLR
L =-X=
Vziw

Substituting the found values, we obtain L = 498uH, which is very close to the desired results
from simulation of 500uH. Obtaining this value took several attempts as the amount of turns N
of the wire around the toroid had to be changed with each experiment. With a toroidal core
inductor with inductance of 498uH, we were able to use it directly with our circuit by inserting it

as any other type of inductor.

4.1.4 Diode Selection

One of the main goals of the circuit design is to minimize power losses and maximize
efficiency. This goes for basically every part that is implemented in our circuit, including the
diode in our boost DC-DC converter. When boosting the voltage, the diode allows current to
flow to the load while eliminating the possibility of any significant reverse current flowing in the
opposite direction. A reverse current would indicate an unnecessary loss of charge back through

the converter. This is undesirable as it reduces the efficiency of the overall design.

The International Rectifier Schottky Diode was chosen as it was optimized for a very low
forward voltage drop, with moderate leakage. It is typically used with converters and also allows
for reverse battery protection. The diode has a maximum reverse voltage of 60V with a current
rating of 3.3A. The maximum amount of both voltage and current from the solar panel will

always be within this range, and so the diode will perfectly match the constraints of our design.
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The diode is also labeled to have high frequency operation and high temperature epoxy
encapsulation for enhanced mechanical strength and added safety. With a very low voltage drop

of 0.6V (typ.), the power losses due to the diode are relatively insignificant.
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Figure 30: Schottky Diode physical specifications

4.1.5 Voltage Regulator

In order to provide a supply rail of 5 volts to supply the amplifier with a reference
voltage, and to provide power for both the MOSFET driver and PIC microprocessor, a typical
voltage regulator is implemented. The LT1121 voltage regulator was chosen to take the voltage
from the solar panel power supply, and drop it down to a 5-volt supply. The FET driver,
microprocessor and the reference pin of the amplifier will draw much less than the maximum
150mA output of the LT1121. The regulator offers a wide range of input from +/-30V for a
regulated output of 3.3V or 5V. The LT1121 offers adjustable output, however the regulated 5V
will be sufficient for our application. An important feature of the regulator is its ripple rejection.
The circuit that we are designing will have ripple due to constant switching when in operation.

The LT1121 can stabilize any ripple with the addition of external capacitors. The LT1121 specifies
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stability with only 0.33uF at its input and output. Bypassing either at 1uF will ensure that

stability is always maintained.

8 ] SV oyt

J_ o 2ol | 150mA
) +
— 12V LT1121-3.3 1uF

” I * SOLID TANTALUM

= sron

G

=
0

[#%]

Figure 31: LT1121 pin configuration and typical setup

4.1.6 Voltage Sensor

To sense the voltage from the solar panel, we will take the voltage directly from the
power source. The challenge lies in stepping the voltage down from the solar panel, so that the
microprocessor can handle and monitor these values. The microprocessor can handle up to only
5V; anything more will destroy the microprocessor. To be safe, we will allow no more than 3V to
the microprocessor. This can be done simply by implementing a voltage divider. In order to

obtain values for either resistor in the divider, the equation used is:

Veorar _ Ry
Vore (Ry+Ry

With the maximum Vspar as 12V, and the maximum value for Vpc as 3V, we obtain the relation:
R: = 3R,. This relation will maintain an input to the microprocessor that will range from zero to 3
volts. We simply chose R, =3kQ and R;=1kQ. These values for the resistors will ensure that no

more than 3V will ever go microprocessor
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Figure 32: DC-DC converter with voltage sampling voltage divider

4.1.7 Differential Operational Amplifier

An amplifier is needed in the circuit in order to amplify the voltage signal associated
with the current sample coming from the solar cell. We have seen that the maximum amount of
voltage that the current sense resistor will see will be along the lines of 30mV, although typical
values will be much less—the voltage across the resistor does not reach the order of 30mV until
about 74% duty cycle. To be more accurate when we track and maintain the peak power point,
it is essential that this signal be modified. The current range between 0-30mV will be too small
for the microprocessor to distinguish any viable change in current to output a resulting pwm
signal. The signal must be amplified to at least 1V maximum. The microprocessor will not be
able to take any more than 5V sampling, as we have observed with the voltage divider. In order

to be safe and accurate, it is important that we set the gain of the amplifier accordingly.
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Figure 33: LMC6462 Operational Amplifier pin setup

The LMC6462 rail-to-rail input and output CMOS operational amplifier is an appropriate
choice for our design specifications. One of the amplifier's most important qualities is that it
features very low power consumption. The rail-to-rail performance of the amplifier, combined
with its high voltage gain makes it unique among rail-to-rail amps. The system can operate with
a single power source for reference, and does not need a negative power supply, which is not

available in our circuit design.

R R
v, ~AWWA MA
T vout
BN M
b 1

Figure 34: Operational amplifier gain setting

Like most operational amplifiers, it is relatively simple to set the output gain by
configuring external resistors. To simplify matters, we set the gain for the voltage into the
microprocessor to never exceed 1.2V. Using external resistors and the input voltage, we can set
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the output voltage to determine the gain necessary. The output from the amplifier is given by

the relation:
v, (%)V
=|— =% :
ouT R, IN
The gain, then, is set by the relation between R,and R;:
6= (%)
= R,

With a set gain, we will be able to amplify the current samples to a desired range for the input

of the microprocessor.

4.1.8 Current Sensor

The current sensor of our circuit will consist of the current sense resistor, and the
differential operational amplifier. The current sense resistor will be connected to the solar panel
negative voltage terminal and will connect to the source of the switching MOSFET, connecting it
to ground. The inverting input will be connected to the side of the resistor connected to ground,
while the non-inverting input will be connected to the side that goes to the source of the FET. A
20mQ current sense resistor is chosen for sensing the current. This resistance was set low
enough to be accurate. If the resistance is too low, then the gain would be forced too high. With

the maximum voltage across the resistor as 30mV, the current through the resistor is :

f_j{_mmv_isﬂ
TR O0.0200 7

In order to make sure that there are no over-voltages, it is safe to presume that the maximum

voltage to be sent to the microprocessor is 1.2V. We can obtain the gain needed by dividing the
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voltage that will go into the microprocessor by the maximum voltage across the current sense

resistor.

1.2V

—— =40
30mV

Gain =

If we choose 1kQ for Ry, it is appropriate to use a 43kQ resistor for a gain of 40. This will result in
a voltage slightly over 1.2V, but this is not a problem because the microprocessor will still be

able to take the results because it will always be less than 5V.
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Figure 35: Current Sensing schematic

4.1.9 Microprocessor Selection

The design of the system requires a function generator which can vary the pulse width
on a square wave and control the duty cycle. This signal will go to the power MOSFET of the
DC/DC converter, which will allow the system to run at the maximum power point. A
microprocessor was added in order to achieve these requirements. A microprocessor will allow

for samples of the voltage and current to be taken, averaged, and then based on their values, an
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appropriate signal could be sent out in the form of a PWM signal. The PIC12F683 from microchip
was chosen to accomplish these requirements. It was chosen because of the small size of the
chip, its ability to take in multiple signals and convert them to digital, and its ability to output a

PWM signal with a variable duty cycle.

This is a high performance PIC processor, which only has 8 pins. Five pins are I/O and
one is input only. This allows for a small microprocessor which will not take up much room in
the

design

VDD —= 1 g [=+—\Vss
GPSTICKIP1AYOSCTCLEIN a—ee 2 PIC12F618! T A SPOANDCINHPIBNCSPOAT
GPHANICINI-TIG/P1B40SC2CLKOUT 5 HVE1S g |a—aGP AN TCINO-VREFNICSPCLE
GPAT1G MCLR/VFF ——] 4 5 | =—aGP2ANZTOCKIINT/COUT/ICCP1/PA

Alternate pin function.

Figure 36: Pin Diagram of PIC12F683

The microprocessor used needs to be able to work with analog signals that are created
from the system, because of this coexistence it is important to look at the electrical
specifications of the PIC. The maximum voltage from the photovoltaic array will be close to 12V.
The voltage range on pin 1 (Vpp) with respect to Vss is -0.3V to 6.5V. Therefore the Vpp value
must be reduced before entering the PIC. This is accomplished by the use of a voltage regulator,
explained earlier in the report. The voltage regulator will keep the signal from the Photovoltaic
array at 5V which is in the desired range for the PIC. There is also a maximum current value of
95mA allowed for current into the Vpp pin and out of the Vss. These specifications must be met

for the PIC to run successfully. In order to write the code for the PIC12F683 we used MPLAB IDE
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which is a free software found on the microchip website, www.microchip.com. To program the
PIC the PICSTARTplus was used, which was made available to us in the laboratories at WPI.
Assembly language was chosen because of the low number of instructions needed and with our

familiarity with the language. Analog to Digital Converter

The ADC on the PIC12F683 is internally integrated into the chip. It is a sample and hold
ADC, which will sample the analog signal at a certain sampling frequency and store the digital
representation in two separate registers, one register will hold bits of the value and the other
register will hold a byte of the value. The order that the ten-bit digital representation of the

analog signal is stored can either be right justified or left justified depending on the user’s

preference.
ADRESH ADRESL

¢orm=0) [wse] [ [ [ [ [ [ | [ [cso |
bit 7 bit O bit 7 bit 0
- —— N —

10-bit A/D Result Unimplemented: Read as "0’

worm=y [ [ T [ [ [ fmss[ | [ [ [ [ [ [ [ T[us8]
bit 7 bit O bit 7 bit 0
= T - e _ —— - -

Unimplemented: Read as "0° 10-bit A/D Result

Figure 37: Right and Left Justification of ADC Result

There are a total of four analog input pins; each pin is called a channel. The PIC can only perform
one conversion at a time and the user must specify which channel is to be used before
beginning the conversion process. The conversion takes about 4.67uS to perform, and then the
result can be stored and manipulated by the user. The figure below shows the block diagram of

the ADC.
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Figure 38:.Block Diagram of ADC

As you can see from the block diagram the reference voltage can either be taken from Vdd or
from another voltage coming into the ADC. In this project the 5V from the Photovoltaic array
going into the Vdd pin of the chip is used as the reference voltage. This means that there are up

to 2% different values which can be found each in the interval of 0.00488V.

5V/ 2A%its = 0.0488 V/bit

Pulse Width Modulation (PWM)
The PWM signal created by the PIC can be controlled by internal registers. The following

figure shows what the signal will look like when it is sourced from the PIC to the MOSFET driver.

- Period -
Fulse Width ]—l
= -—TMRZ =PR2

! 1

: —TMR2 = CCPRxL.CCPxCON=54=
1

IH-—TI*.’IRE =0

Figure 39:PWM signal from PIC12F683

Both the period and the pulse width of the signal are determined by initializing specific registers.
Also it is necessary to find the value for the time it takes to make one oscillation, this is called

Tosc. Tosc is set by an internal oscillator control register which also controls prescalar and
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postscalar values for the various timers on the PIC, as well as determines whether the oscillator

is set by internal circuitry or external circuitry.

SO0 4=
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Figure 40. PWM Block Diagram

The block diagram shows the PR2 register and the CCPR1L:CCPR1H registers and how
they will flow into one another, the duty cycle is set by writing to these registers. The signal

outputs from pin CCP1 which is pin 5 on the chip.

Tosc is found from the oscillating frequency (Fosc). It is simply 1/Fosc. The TMR2
Prescale value is set by the TMR2CON register which turns on timer 2 as well as sets a prescale
value which will tell timer 2 what frequency to oscillate at. Register PR2 simply sets a value
between 0-255 which helps determine the period of the PWM signal. The default Fosc is 4MHz,
the prescale value will be set to 1:1, and the register PR2 will be set to 9 making the period

[10*4*(1/AMHz)*1] = 10us.
PWAf Period = [(PR2) = 1] e 4« TO5C « {TMR2 Prescale Value)

The pulse width of the PWM is determined both by the Tosc, and the TMR2 prescale
value but is also determined without the PR2 register. Instead two other registers are used,

CCPR1L and CCP1CON. Both are used for the capture and compare module of the PIC. Together
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the two CCP registers can store up to 10 bits, which when compared to the PR2 register

multiplied by four amount to the same number.

Pulse Width = (CCPRIL:CCPICON=34=) e TOSC e (TMR2 Prescale Value)

When the pulse width of the PWM is divided by the period it results in the duty

cycle which is given by the equation below.

(CCPRIL.CCPICON=5:4=)
4(PRZ T 1)

Durv Cycle Ratio =

This allows for the duty cycle to be anywhere between 0% and 100%.

4.2 Controls

Algorithm -
Sanr
M‘"- -
e The algorithm begins by initializing i
Eritiadire PYSTA

the PWM signal to have a 50% duty cycle.

and Current
algorithm are to take samples of the l
voltage and current, average them, Calculate Power

then multiply them together. This takes

many steps, and took up a large part of the code writing.
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=  First The ADC must be initialized to get Current.

= Then that value taken must be stored in registers RESHI:RESLI
= Three more current samples are taken

=  Four current samples are averaged

= ADCis initialized to get Voltage

= Value is stored in registers RESHV:RESLV

= Three more voltage samples are taken

=  Four voltage samples are averaged

= Last the two values are multiplied together to get power

This will be stored in registers PowerHI:PowerLO.

o The next step in the algorithm is to

YES
Pealc=Pald?
compare the calculated power value to the last

stored power value. In the first cycle the last NO
stored power value will equal zero so the calculated power should be more than the last stored
power value. If the two values are equal then the PIC will get new samples of voltage and

current. If they are not equal then the PIC will move on to the next step.

A P = Pold - Pcalc

e The next step is to find a positive or negative

value based on the results from the last step. If the new power value if greater than the old
value then it will give a positive value. Or if the new power value is less than the old power value

then it gives a negative value.
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e The next step is to check if the duty cycle

ADC=DC_old - DC_new

was increased or decreased in the last cycle. If it was
increased then the duty cycle gets a positive value, and if it was decreased it gets a negative

value.

;

. . . x| Slope = AP/ADC
e The next step is to find the slope of the ratio |

of the Power/Duty Cycle. In the last two steps either a positive or a negative value was found for
the power and the duty cycle. This step finds whether or not the slope of the ratio is positive or
negative. If the power was increased and the duty cycle was increased then the slope will be
positive. If the power was increased, but the duty cycle was decreased then the slope will be
negative. If the power was decreased, but the duty cycle was increased then the slope will be
negative. If the power was decreased and the duty cycle was decreased then the slope will turn

out positive. This is very important to know for the next step.

e This step will determine
NO YES

Slope >=07?

whether the duty cycle should be \/

¥ k 4

. A Decrease DC Increase DC
increased or decreased. If the slope is :j ::I

positive then the duty cycle will be increased. If the slope is negative then the duty cycle will be

decreased. The slope should never be zero because of the previous step where if the power

values were equal then the PIC would resample.
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5.0 Results

Within the given time period of 14 weeks, the design portion of the major qualifying
project was successfully completed. A design for a maximum peak power tracker has been
successfully obtained, however, a functional working prototype was not reached. This was due
to several factors. The largest factor for unsuccessful completion of assembly was time
constraints. There were many inconveniences with chip selection and acquiring parts. Faulty
MOSFETs could also be blamed for poor circuit operation. The following are open-loop results
obtained by manipulating a function generate pulse-width modulated signal in conjunction with

the DC-DC converter in the designed circuit.

Duty Cycle Voltage Current  Power Vload

0 12 0.01 0.12 12.68
10 12 0.03 0.36 13.7
20 12 0.03 0.36 15.4
30 12 0.03 0.36 17.5
40 12 0.04 0.48 20.4
50 12 0.05 0.6 24.5
60 12 0.07 0.84 30.75
65 12 0.09 1.08 35.2
68 12 0.1 1.2 38.4
70 12 0.22 2.64 40.8
72 11.4 0.45 5.13 43
74 10.6 0.45 4.77 43
75 10 0.45 4.5 43
76 9.7 0.45 4.36 43
78 8.8 0.45 3.96 43
80 8 0.45 3.6 40.5
90 3.9 0.45 1.755 40
100 0 0.45 0 40
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Current (A) vs. Duty Cycle
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Figure 41: Current vs. Duty Cycle thevenin equivalent source

Observing the current, there is a great increase at around 70% duty cycle. This is a rather abrupt
increase, but follows overall the trend of the current from a source with increasing duty cycle.
As the duty cycle increases, the current is supposed to increase, and as the current increases the
voltage decreases. With increasing duty cycle, the voltage goes to zero, and the current nearly

reaches its maximum of about 500mA.

Voltage (V) vs. Duty Cycle
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| N

0 20 40 60 80 100 120

Figure 42: Voltage vs. Duty Cycle thevenin equivalent source
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With an increase of duty cycle, the voltage responds by decreasing. This follows the operation of
the DC-DC converter where the voltage seeks to go to its minimum when the duty cycle

increases. We saw this as the voltage reaches zero at 100% duty cycle.

V-l Characteristic
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Figure 43: Source V-I characteristic

The V-I characteristic of the thevenin source is modeled very closely to the expected V-I
characteristic of the solar cell, with an open circuit voltage at close to 12V. This result was one of
strongest points of evidence of a successful solar cell simulation. There is a slight spike before
the drop at 12V, this is most likely attributed to noise, as there is plenty with a constantly

switching circuit.
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Figure 44: Inductor voltage and MOSFET gate PWM signal
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Figure 45: MOSFET gate voltage vs. MOSFET drain voltage
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Figure 46: MOSFET gate voltage vs. PWM signal
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The output signals of the DC-DC converter imply accurate operation. When the switch is
off, the inductor charges in energy, and discharges when the switch is turned on. There is
minimal lag between the gate voltage of the MOSFET and the actual PWM signal. The drain

voltage versus the gate of the MOSFET is also observed.

Power (W) vs. Duty Cycle

0] 20 40 60 80 100 120

Figure 47: Power vs. Duty Cycle

The resulting power curve from the open loop thevenin equivalent circuit is
demonstrated by the above figure. We see a large spike at approximately 71% duty cycle. This is
the moment when the voltage is still at its greatest while the current already has reached close
to its maximum value. With a working circuit, it would be desired to stay at this 71% duty cycle
or close to it. The microprocessor would oscillate between values of duty cycle around this 71%
duty cycle value. If at all the current or voltage coming from the power source decreases, the
duty cycle would move up from the 71% value until a lower value is obtained when observing
the power from the source. When the lower value is obtained, the duty cycle is increased again,

until a decrease can be seen. This oscillation would prove a successful design.
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When the microprocessor is attached to the circuit it will output a PWM signal which
will allow the output power to be boosted like we intended. Also the Duty Cycle of the PWM
signal will sweep between its upper and lower limits in order to find where the maximum value
is. The problem is that when the Duty Cycle is sweeping between its limits it cannot seem to find
where the maximum value is and as a result will continue sweeping. There are a couple of places
where our tracking system could be flawed. The first thought is that there could be an error in
the computer code which doesn’t read that the power is changing and therefore will not
perform like expected. The microprocessor is hard to test without adding to the actual circuit
because the program which we used for programming the PIC doesn’t have a sufficient
simulator it which will allow for testing it in a circuit such as ours. Another reason why our
tracking system might not be working could be that the signal representing the current which
goes though the operational amplifier could have too small of a range to be picked up by the

microprocessor and therefore could be disrupting the results of the PIC.

Theoretical Operation

Theoretically when the PIC is working correctly it will track very closely where the
maximum peak power is. The PIC starts with a Duty Cycle of 50% and then will delay for roughly
a second to allow the value of the power across the load to either increase or decrease. Then
samples will be taken. At 50% the voltage will be around 12 V and the current will be around
.05A. Through the voltage divider the voltage going into the PIC will be roughly 2.7V, and the
current going in will be recorded as a voltage which is equal to a function of the current. This will
be roughly equal to .48V. These values will then go through an analog to digital converter which
will translate them to a digital representation. For roughly every 5mV there is a binary
representation. For the voltage the value would be close to 553, and for the current it will be
close to 98. Those digital representation are then multiplied together to give a digital
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representation value of the power. Once this is found it is compared to the last stored value of
Power, if the new Power is higher, then the slope will be positive, and if the new value is lower,
then the slope will be negative. Next the PIC checks to see if the duty cycle was raised or
lowered the last time it was changed. If the duty cycle was increased the last time it was
changed then the slope of the duty cycle will be positive, and if the duty cycle was decreased the
last time it was changed then it will be negative. Next the PIC checks the derivative of the slope
of the Power over the Duty Cycle. If the slope ends up being positive then the duty cycle will be
increased, and if the slope ends up being negative the duty cycle will be decreased. The amount
that the duty cycle is changed by each time is 2.5% because this is the minimum allowable step
with an output frequency of 100kHz for the PWM going to the MOSFET. After this step where
the duty cycle increases or decreases the program will delay roughly another second to allow for
changes in the voltage, current, and power and will repeat the process again from taking

samples.
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6.0 Future Recommendations

There were several problems encountered throughout the design of the circuit that we
would like to avoid in the future. First of all, the amount of time taken for design and testing
should have been concentrated more. There was a shorter design and test period, of 14 weeks
versus the 21 weeks typical for major qualifying project work. With such a serious time
constraint, it would have been beneficial to spend more time testing rather than taking the time
to make sure that each part was the ideal one for the circuit. Either way, more time or better

time management was a key issue that should definitely be worked out for future reference.

The problems with the parts obtained most likely stemmed from misunderstanding the
exact function of the component. It is vital to understand the design parameters associated with
each component to be sure that it does not breakdown or have a poor effect on the overall
circuit. In the future, it would be beneficial to eliminate the noise associated with the circuit.
There was no significant work in minimizing the noise in the circuit while attempting to
implement a working circuit both quickly, and efficiently. There are very few downsides with
taking the time and effort to design filters to decrease the inherent noise found in a switching
circuit. There are minimal power losses involved with adding filters, however the benefits to

cleaner signals would probably lead to more accurate and reliable results.

It would also be helpful to perform tests using actual solar panels. Doing such tests
would allow us to observe operation of a typical solar cell array, rather than thevenin
equivalents or simulator circuits. It would be useful to perform tests both indoor and outdoor to
observe both controlled and actual results for operation. Testing the circuit to perform
dynamically with light changes would give better more realistic results to see if the circuit is

performing as it actually should.
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It is often useful to apply a solar panel power source to charge some sort of battery. This
can be seen in many typical applications that rely on the sun for power. In theory, when using a
battery in conjunction with solar cell operation, the battery holds the purpose of charging up
energy so that the system will be able to operate even without sunlight. This is useful for both
day and night situations, when in the evening there is no available light. With a charged battery,
the system will still be able to operate. As efficient as our design may be, without light, the
system receives no power, and will not function. It is also useful to charge a battery so that
there is a negative power source, and there is a different amount of voltage that can be used
without implementing something like a voltage divider or regulator to regulate the voltage, or

an amplifier to step it up.
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7.0 Conclusion

Solar power continues to demonstrate its potential as a breakthrough for renewable
energy. As companies continue the research into solar power, the technology for them is
becoming more and more useful. One of the main concerns for fixing problems involved with
solar panel is of solar panel efficiency. A major goal for this solar panel application design was to
optimize efficiency whenever possible. This was done through meticulous examination of
product data sheets in order to obtain the most desirable part, particularly with the least
amount of associated power loss. Continued effort to maximize efficiency should always be

taken when designing solar applications to increase their usability and value.

The design of a maximum peak power tracking system proved to be a serious design
challenge. There are many factors involved when designing a circuit that relies on both digital
and analog aspects of circuitry. There are inherently many problems when designing a system
that relies heavily on digital circuitry. Errant code writing is one such problem, and can only be
remedied through trial and experience. Overall, the digital portion of the circuit was performing
as it should, however the marriage between the digital and analog portion was where we ran

into difficulty.

As there are many problems associated with digital design, there are also issues that
occur with analog implementation. With simulations of components, the transition to actual
design is ideally very easy. However, simulation does not always match implementation. The
first issue that caused problems was the MOSFET driver we had chosen. The first driver had all
the ideal functions of a driver and would have been perfect for the design, however the
packaging of the driver was too small to work with, and had to be sent out to be soldered onto

an adapter that converts the microchip to be compatible with an 8-dip setup. This took much
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needed time. Also, even with added precaution (added a heatsink), several MOSFETs were
rendered useless when the circuit was in operation. These are problems that any design
engineer may encounter: faulty components, shipping delays and issues, and difficulty when

translating the designed schematics to the physical board.

Although there were many problems involved with the design process of this peak
power tracker, the process provided invaluable experience for the future. It will be very
beneficial to take the experience we have had to address potential problems that may arise in
our futures as design engineers. The experience was a valuable lesson in the problems that may
occur when designing, ordering, assembling, and testing parts. We would have preferred to
have a working prototype at the end of the design process, however the experience was

enlightening and challenging at the same time.
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Datasheets

TC4427 MOSFET Driver

MICROCHIP

TC4426/TC4427/TC4428

1.5A Dual High-Speed Power MOSFET Drivers

Features

High Peak Output Current — 1.54

= Wide Input Supply Volage Cperating Range:

- 45\ o 18V
High Capacitve Load Drive Capability — 1000 pF
in 25 nzec (typ.)

= Short Delay Times — 40 nsec {typ.)
= Maiched Rise and Fall Times
= Low Supply Current:

- With Legc "' Input —4 mA

- With Logic "0" Input — 4200 pa

» Low Cutput Impedancs — T

Latch-Up Protected: Wil Withstand 0.5A Reverse
Cumrent

nput Wil Withstand Negative Inputs Up to 5W

» ESD Protected — 4 kW
= Pinouts Same as TC428/TC427/TC423

Applications

Switch Mode Power Supplies
Line Drwers
Pulse Transformer Drive

General Description

The TCH4ZETC4427TT4428 are improved wersions
of the earlier TCA28/TCA2T/TC42ZE family of MOSFET
drivers. The TC4428/TC442TTC428 devices have
matched rise and fa' times when charging and dis-
changing the gate of a MOSFET.

These devices arg highly latch-up resistant under any
conditions within their power and voltage ratings. They
are not subject o damage when up to 5V of noise spik-
ing (of either polanty) occurs on #he ground pin. They
can accept, without damage or logic upset, uwp fo
500 mA of reverse cumrent (of either pofarty) being
forced back into ther outputs. AL termina's are fully
protected against electrosiatic dischargs (ESD) up to
L A"S

The TC442GTC2427ITC4428 MOSFET drivers can
gasily charge/discharge 1000 pF gate capaciances n
under 30 nsec and provide low enough impedances n
both the "OW° and 'OFF siates w0 ensure the
MOSFET's intended state will not be afected, even by
large transients.

Cither compatible drivers are the TC4420ATCAH42T A
TCOA4ZBA famiy of devices. The TC4420ATC442TA!
TCOA42BA devices hawe maiched leadng and falling
edge inpui-to-output delay times, in addibon to the
matched rise and f3'l tmes of the TCA426TC4427!
TC442E devices.

Package Types
8-Pin SOIC/IMSOP/PDIP/CERDIP

. MG

TC4428 Ff:' "
Yoo
oUT B

s

4 [~_ 5
Complementary

HC = Mo Conneclon

Mon-lnverting

@ 2003 Micrachip Technology inc
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Functional Block Diagram
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(Each input) | TC4428/TC4427TCA428
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Hote 1:

TC4428 has two imverting drivers: TC4427 has two non-nvering drivers
TC4428 has one inverting and one non-invertng driver.

2= Ground any unused driver input.
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TC4426/TC4427/TC4428

1.0 ELECTRICAL
CHARACTERISTICS

Absolute Maximum Ratings T

Supply Voltage .o H 22V
Input Violtage, IN AoriN B
S - (Wop +0.3V) 1o (GMD - 5Y)

Package Power Dissipation (T, =70°C

o S SHSRPRPRRTS - | 1 1
CERDIP e BO0 AW
MSOP e ST MW
LT -SSR ) | 1
Storage Temperature Range..............-65°C fo #150°C
Maximum Junction Termperature ... #150°C

t Siresees above those lsted under "Absolute Maximum
Raings" may cause parmanent damage to the device. Thesa
are stress ralings andy and funcilonal operation of the desica
at these or any oiher conditions abave those indcated in fha
operation secions of the specfications Is nol Implied.
Exposure fo Absolute Maximum Rating condiions for
exiented perods may aflfect device rellablity

DC CHARACTERISTICS

PIN FUNCTION TABLE

MHame Funetion
NC No Connection
1IN A& Input A
GND Ground
IN B Input B
ouT®E Output B
Voo Supply ‘nput
ouT & Output A
NG No Connection

Electrical Specifications: Un'ess otherwise noted, T, = +25°C with 4.5V =V £ 18YW

Parameters | Sym | Min Typ | Max | Uni1s| Conditions
Input
Logiz "1 High Input Veltage Vi 24 — — WV |Mote 2
Logic "0, Low Input Violtage W — — 0B v
Input Current ™ -10 — +1.0 | pA |V, =V
Output
High Output Violtage Von |Vop-0025 — — V| DC Test
Low Cuiput Voliage VoL - — | 0.025 V | DC Test
Qutput Resistance Fo — 7 10 0 oot = 10 mA. Wgg = 18V
Peak Output Current lex — 15 — A |Vpg = 18Y
Latch-Up Protection lazy — =05 — A | Duty cycle =2%, 1 <300 psec
Withstand Reverse Current Voo = 18Y
Switching Time [Note 1)
Rise Time S — 1% an nzec | Figure 4-1
Fall Time t= — 25 ao nsec | Figure 4-1
Crelay Time ins — 20 an nsec | Figure 4-1
Ceelay Time inz — A0 50 nsec | Figure 4-1
Power Supply
Power Supply Current I — — 4.5 m& |V = 3V (Both inputs)
— — 0.4 Wi = 0V (Both inputs)

MNote 1: Switching times ensured by design.

2:  For \f temperature range dewvices, the Ve (Min] limit is 2.0W

& 2003 Micrachip Technology Inc
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TC4426/TC4427/TC4428

1.0 ELECTRICAL PIN FUNCTION TABLE
CHARACTERISTICS -
Mame Function

Absolute Maximum Ratings T N Mo Connection

Supply Voltage . 22V I & Input A

Input Violtage, IN AoriN B GO Ground
et (¥ + 0.3 f (GND - 5V N2 Input B

Package Power Dissipation (T, < 70°C) ours Output B
L 11 1 . 1 Voo Supply Input
CERDIP ..o BOD MW oOuT A Dutput &
MEOR e 34D MW M Nao Connection
LTSS ) | 1

Storage Temperature Range..............-65°C fo £+ 130°C

Maximum Junclion Temperature ..o #150°C

+ Sireeses above those Nsted under “Absoluts Maximum
Raings" may cause permanent damage 1o the device. These
are EesE ratings only and funetional operation of the device
at thesa or any other conditions above those Indcated In the
operation secions of the speciflcations 15 not Implied.
Exposure W0 Absolute Maximum Rating condiions for
exiended perods may affect device rellablity.

DC CHARACTERISTICS

Electrical Specifications: Un'ess otherwise noted, T, = +25°C with 4.5V =Vp £ 18YW
Parameters | Sym | Min Typ | Max | L.|r1i1s| Conditions
Input
Logic "1 High Input Veltage Vi 24 — — WV |Hote2
Logic "0 Low Input Violtage W — — 0.B v
Inputt Current [ 10 — +1.0 pA |V =V =V
Output
High Output Violtage Vo | Vop-0025 — — V| DC Test
Low Culput Voliage VoL — — | D.025 v | DC Test
Cutput Resistance Fo — [ 10 0 oot = 10 ma. Wgg = 18V
Peak Cutpuf Current . — 1.5 — A | Voo = 18Y
Latch-Up Protection lazy — =05 — A | Duty cycle =2%, 1 =300 psec
Withstand Reverse Current Voo = 18Y
Switching Time [Note 1)
Rise Time R — 19 an nzec | Figure 4-1
Fall Time t= — 25 ao nsec | Figure 4-1
Ceelay Time ine — 20 an nsec | Figure 4-1
Crelay Time iz — 40 50 nsec | Figure 4-1
Power Supply
Power Supply Current Iz — — 4.5 m& | Vg = 3V (Beth inpuis)
— — 0.4 Vg = OV (Both inputs)
MNote 1: Switching times ensured by design.
2:  For \/ temperature range dewvices, the Vg (Min} limit is 2.0W
& 2003 Micrachip Technology Inc. D3214Z28-page 3
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TC4426/TC4427/TC4428

2.0 TYPICAL PERFORMANCE CURVES

Mote:  The graphs and tables provided following this note are a statistical summary based on a fmited number of
samples and are provided for informationa’ purposes only. The performance characteristics listed herein
are not tested or guaranteed. In some graghs or tables, the data presented may be cutside the specified
operatng range (e.g., outside specified power supply range) and therefore outside the warranted range.

Maote: Un'ess cthenwise indicated, Ty = +25°C with 4.5V £V g £ 184
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TC4426/TC4427/TC4428

Note: Unless oherwise indicated, T, = +25°0Cwith 4.5V =V 4 = 18V
= :: i Eizu = 1020F | % [Coae 10350
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TC4426/TC4427/TC4428

3.0 PIN DESCRIPTIONS

The descriptions of the pins are listed in Tabe 3-1.

TAELE 3-1: PIN FUNCTION TABLE
Fin No. Symbol Description

1 NG Mo Connection

2 IN A& Input A

3 GND Ground

4 INEB Input B

5 ouTB Cutput B

] Voo Supply Input

7 oUT & Cutput &

] NC Mo connection
31 Inputs A & B

MOSFET driver inputs A & B are high-impedance,
TTUCMOS compatible inputs. These mputs also hawve
300 mv of hysteresis between the high and low
thresho'ds that prevents cutput glitching even when the
rize ana fal time of the input signal is wery slow

3.2
Ground.

Ground (GHND)

90

33 Output A & B

MOSFET driver outputs A & B are low-impedance
CMOS pushpull style cutputs. The pul-down and pull-
up devices are equal strength, making the rise and fall
times eguivalent.

34 Supply Input (Vpp)

The Wpg input is the bias supply for the MOSFET driver
and is rated for 4.5V to 18V with respect to the ground
pin. The Vg input should be bypassed with loca
ceramic capacitors. The wvalue of these capaciors
shou'd be chosen based on the capacitive load that is
being driven. A value of 1.0 pF is suggested



FDP6030 MOSFET

] July 2000
FAIRCHILD
]
SEMICOMNDLICTOR -
N-Channel Logic Level PowerTrench® MOSFET
General Description Features
This N-Channel Logic Level MOSFET has been designed * 40 B0V Ry, =0MBQ @V, =10V
specifically 1o improve the overall efficency of DC/DC Apgee = 00240 @ V=45V
converters using either synchronous or conventonal )
switching FWM controllers. * Critical DC alectrical paramsters spacified at alevated
tempearatura.
These MOEFETs feature faster swiching and lower gate . o o
charge than other MOSFETs with comparable R, *+ Rugged intemal scurce-drain diods can eliminate the
specificstions resultng in DDC power supply designe nead for an external Zenar diode trarsient suppressorn
with higher overall efficency. + High parformancs trench technalogy for
exfremely low R, .
* 175 mamimurm junction temperaturs rating.|
55 T0-220
5 FOF Seriec 5 TO-263AB
FOE Sarlea
Absolute Maximum Ratings = -+c uress sthenwse notes
Symbol Parameter FDPG0O30BL | FDBGO3IOBL | Units
Vg Drain-Source \Voltags A0 W
Vs Gate-Source Violtags 120 [T,
o Maximum Drain Current - Continuous {hote 1} 40 A
- Pulsed 120
Pe Total Power Dissipation & T. =25°C &0 W
[erate aboye 2570 0.36 WEC
T Torg Cperating and Storage Junclion Temperature Range 85 to +175 °C
Thermal Characteristics
Raye Thermal Resistance, Junction-to-Case 25 “CIW
Raye Thermal Resistance, Junction-to-Ambient 625 "CIW
and Ordering Information
Device Marking Device Reel Size Tape Width Guantity
FOEE030BL FDBS030BL 13" 24mm EDD
FOPE030BL FOPE030BL Tube WA 45
E200 Faichld Semicondacicn indenstiansd FOFS0MELTDALOIAL Rev.D
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Electrical Characteristics -

= I8 unliess ctheraise noted

Symbol Parameter Test Conditions Min | Typ | Max | Units
DEAIN-SOURCE AVAILANCHE BATINGS =1
Woas Single Pulse Drain-Source Vop =18V, =40 A 150 mJ
Avalanche Energy
lan Maxirmurn Drain-Source Avalnche Curent 40 A
Off Characteristics
Crain-Source Breakdown Violtage | Vae =0V, I = 250 1A k)
Ereakdown Voltage Temperature | |, = 250 pA. Referenced to 25°C 23 myieC
Coefficient
Zero Gate Voltage Drain Curent 1 Lig
(Gate-Body Leakage Current Veg =20V, Ve =0V 100 nA
Ecoeard
lzase (Gate-Body Leakage Current Vo =20V, Ve =0V -10a né
Reverse
~Ln Charg ficte
Wasm Gate Threshold Volage Wos = Was, | = 250 HA& 1 ) 3
FoATEET (Gate Threshold Voltage o= 250 pA. Referenced to 25°C 5 myieC
AT, Temperature Coefficent
T Static Drain-Source 0.5 | 0018 7]
On-Resistance 0.021 | 0.03D
0.0158 | 0024
logea Cin-State Dran Current " A0 A
Grs Forward Transconduciance Wes=8W, Ip=204A 30 5
Dynamic Characteristics
Coaa Input Capacitance Vs =16V, Ve =0V 1160 pF
Com Output Capacitance = 1.0 MHz 250 pF
Cos Reverse Transfer Capacitance 100 pF
Switching Characteristics i1
| F— Tum-On Delay Time Ve =15V, lb=14A, g T ns
L Tum-On Rise Time Vae = 10V, Ropu= 6122 11 20 ne
laa Tum-Off Delay Time 23 7 ns
i Turn-0fF Fall Time: B 16 ns
Oy Total Gate Change Wos 12 17 nC
S (Gate-Source Charge e 3.2 nC
Oy Gate-Dirain Change aT nC
Drain-S Diods C i | Maxi Ratings
Iy Maxirmurn Continuous Drain-Source Diode Forward Current  hete 1) 0 A
Vo Cram-Source Dicde Fonward Vae=0W, lg=20 A [Kote 1) 0.5 2 v
Voltsge
Habs:

. Fuise Tesh Puize \80din < 300 ps, Duly Cypcle < 20%
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Typical Characteristics
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Figure 1. COn-Regien Characteristics. Figure 2. On-Resistance Variation
with Drain Current and Gate Voltage.
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Figure 3. On-Resistance Variation Figure 4. On-Resistance Variation
with Temperature. with Gate-to-Source Voltage.
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Figure 5_Transfer Characteristics. Figure §. Body Dicde Forward Voltage

Variation with Source Current
and Temperature.
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Typical Characteristics jcontinued)

T &350 T
= s h fa e
= [ o= 20n b %' 100 420 I"‘m Y e
s F o
. a Aoy e — .
E /"ﬁ-’f g el [ S—
.E [} ”’-"-’-/r ﬁ i L
i'i-! ﬂ £ ey
- -’,’-’ E I
g 4 &0 |-
b F i [
¥ 450
£ _—
R i e
-é 200 —1— Com
3 s
i o
o 5 w n 20 % o o " bl a0 8 L
Wi, DN TO SOUMCE YOL TASE (V)
O, GATE CHARGE |nC)
Figure 7. Gate-Charge Characteristics. Figure 8. Capacitance Characteristics.
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Figure 9. Maximum 5afe Operating Area.
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Figure 10. Single Pulse Maximum
Power Dissipation.

e —

ns

os

=i i

oz

Rgaoill =& * Ao

w1

Ky = 28 AW T

Qs am =

0,05 | pae T
. Srgia Puss

At MO AL ZED BFFE CTIVE
TRAMNSIENT THERMAL RES STAMCE
I

aumn

wm =1

TIME [ra)

180£09804/M180€09d0a4
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Schottky Diode

International
TR Rectifier

Bulletin PO-2.305 rew. F 1104

31DQ05
31DQ06

SCHOTTKY RECTIFIER

Major Ratings and Characteristics

Characteristics Valwes | Units

leyayy PEECERNGUIAT 3.3 A
waveiomm

Vamia Tl ] v

lpsyy @P=Sussine 340 A

Ve  @IAPET =250 0.62 v

T, -40 bo 150 b=

3.3 Amp

Description! Features

The 31002.. anlal l=aced Schob®y rectfier has Deen apt-
mized for very low fonwand wotage drop, with moderabe
Izakage. Typical applications ane in swilching power suo-
plies, conwesters, fres-wheslng clodes, and rayeme
battzry protection.

= Low profle, axial lead=d cutine

& High paurity, high femparaturs apawy sncassuaton for
snharces meckanical strangiy and molsiure resistance

* Yery low forward voliage dop
* High frequency operation

= Guand ring for erkanced ruggedress and long berm
reflablity

« Lead-Free platng

0 A3 WK
12 PLEE}
-

150 gt (LLh

T
2 PLCS |

CAZE 8TYLE AMD DIMENEZIOHE

2B
WAX Y

HAD 0
LT

EAHOD! Wt
710 gt A

~
N T
n:llj:m #_1
—
I]

20 0 A
T i B

b
e ||

1% AT

LT
L]
+ ) Wiy [
B

Outiine © - 18
Dimenskons In milmeiers and inches

Dicecaimant Mumber: 22220
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31DQ05, 31DG0G
Bullein PO-2.305 rew.F 1104

International
IR Reclifier

Yoltage Ratings

Fart number NDa0E 31D2086
VW,  Max. DC Reverse \iolage (V) 50 a0
Wiy M3, Working Peak Reverse Voltage (V)
Absolute Maximum Ratings
Farameters DG | Units Condifions
eyay 2 Average Forward Cument 33 A | S0% duty cycle @ T, =40°C, rectangularwave form
"SeeFig 4
pay e Peak One Gy Mon-Repetive 340 Sps Sineor Jus Rect. pulse Fol'owing any rated |
A - cad conditen and with
Surge Current * SeeFig. 6 L 10ms Sine or Gms Rect pulse | rated Wy 3PPli=d
E.y Mon-Repetitve Avalanche Energy 5.0 md | T,=25%C, s =14mps, L=10mH
an  Pepstiive Avalanche Current 10 A | Cumentdecaynglinearytozenoin i psec
Frequencylimitedlby T, max. ¥V, = 1.5V, typcal
Electrical Specifications
Parameters 31D0Q.. [Units Conditions
Wi Max. Forward Viltage Drop 0E2 Vol 3A T = 2Een
" See Fig. 1 (1 078 W BA !
0.54 W BA
T, =135"C
085 | v |@mea i
Ly M %ew&rse Leakage Curr_ent 2 ma& :, = 25°C V= rated V.
" See Fig. 2 (1) 15 mA | T,=125°C R "
C.  Typical Junciion Capacitance 160 pF |V, = 5V, (test signal range 100Khz 1o 1Mhz) 25°C
L,  Typical Seres Inductance oo nH | Measured lead to lead Srom from package body
dwidt Mz Voltage Rate of Change 10000 | WWps | (Rated W)
(1) Pulse Width < 300us, Duly Cyde <2%
Thermal-Mechanical Specifications
FParametars 3Da.. (Units Conditions
T Max Junction Temperature Range (") |-400150 | °C
Tag Max Storage Temperaturs Rangs “0tw1580| °*C
R, Max Thermal Resistance Junction a0 “CIW | DC operation
to Ambient \Without cooling fins
R, Typical Thermal Resistance Juncbion 24 *CIW | DC operation
to Lead
wt  Aporodrmate Weight 1.2(0.042) | gloz)
Casze Style C-16
CIEe 1 eparma) runaway condliian for 3 diode on Its oan heatsink

a7

i3

Cracumsnt Number: 93320
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Internationa

3MDQ05, 31DA06

TR feclifier Buletn PD-2305 rev.F 1104
10
Ir I
FF s
Frari T
ff A 3
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]
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3 Reverse Voltage-'/, (V)
E ) Fig.2-Typical Values OF Rewerse Current
B V's. Reverse Voltage
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@
5
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Foreard Votage Drop-V,, (V) 10
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Fig. 1 -Max. Forward Voltage Drop Characteristics

Rieverse Voltage -V, (V)

Fig. 3- Typical Junction Capacitance
Vs, Reverse Voltage

Crocument Mumber: 93320

v, visha . com

97



31DQ05, 31DQ06 International
Bulletin PO-2.305 rev. F 114 IGR rec
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Fig. 4 -Max. Allowable Lead Temperature Fig. 5- Forward Power Loss
V5. Average Forward Current Characteristics
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Fig. 6-Max. Non-Repetitive Surge Cument
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LT1121 Voltage Regulator

n[ ’\D LT1121/LT1121-3.3/LT1121-5

TECHNOLOGY  Micropower Low Dropout
Regulators with Shutdown

FEATURES DESCRIPTION

= .4V Dropout Voltage The T#1124AT1121-3.3/T1121-5 are micropower low
® 150mA Qutput Current dropout regulators with shutdown. These devices are ca-
= 20pA Quiescent Current pable of supplying 150mAof output currentwith a dropout
= No Protection Diodes Needad voltage of 0.4V Designed for use in battery-powered sys-
® Adjustable Output from 3.75V to 30V tems, the low quiescent current, 30pA operating and 16pA
B 3.3V and 5V Fixed Output Voltages in shutdown, makes them an ideal choice. The quiescent
® Controlled Quiescent Current in Dropout current is well-controlled; it does not rise in dropout as it
® Shutdown does with many other low dropout PNP requlators.

v Loph Quiescont EEEE;‘;J? gJ‘Ff;gi“t’;"r” Oberfeatures ofhe 1112017 121-3UT1121Sincluce
® Reverse Battery Protection theability to operatewith very small outputcapacitors. They
® No Reverss Current with Input Low are stable with only 0.33pF on the output while most older
® Thermal Limiting devices require between 1pF and 100pFfor stability. Small
® Available in the 8-Lead 30. 8-Lead PDIP 3-Lead ceramic capacitors can be used, enhancing manufactur

S0T-29 and 3-Lead T0-02 Packages ahility. Also the input may be connected to ground or a
g reverse voltage without reverse current flow from output

to input. This makes the LT1121 series ideal for backup
APPLICATIONS power situations where the output is held high and the
inputisatground orreversed. Under these conditions only

® Low Current Regulator 16pA will flow from the output pin to ground
. REQUlﬂtDr for BHﬁEr}"Pm'i'ErEd S'_l,l'StEI'I'IS LT.TI ITCard LTH mmgiﬂmdmdenxhifhrfmkdnn?:qyﬂwpum.ﬁm.
® Post Regulator for Switching Supplies All ather rademarks are the property of thei rezpactivs qwners.

TYPICAL APPLICATION

SV Battery-Powered Supply with Shutdown Dropout Vollage
08
a 1 ekl
J_— - ””Tmﬂ‘ o4 i
=w LTH21-22 I g ;3 |+
; . "'g..mnrmuu.m 20 ,f‘f
o END = 1
T F ooz E
— 2
[=1]
Vg (PN 53 | OUTPUT L1 |
.95 TFF
20 o 0
LI I P 0 20 40 B3 B 100 120 140 16D

OUTPUT CURRENT (m&)
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LTT121/LT1121-3.3/LT1121-5

ABSOLUTE MAXIMUM RATINGS

{Hole 1)

Input Yoltage Qutput Short-Circuit Duration ..o, Indefinite
LT s i +30V  Operating Junction Temperature Range (Note 3)
LTHZTHY s +36V, =30V LT 2 CH s 0°C to 125°C

Qutput Pin Reversa CUITEnt ..o 10mA LTI X s -40°C to 125°C

Adjust Pin Gurrant ..o, 10mA  Storage Temperature Range............ -65°C to 150°C

Shutdown Pin Input Voltage (Note 2) .......... 6.5Y 0.6V  Lead Temperature (Soldering, 10 s8c) ......ocooveee a00°G

Shutdown Pin Input Gurrent (Note 2) ... 20mA

PACKAGE/ORDER INFORMATION

TOP VIEW . )
wil = aw PINZ :ﬁ.lrggn Lmﬂfnmmq SE— BITTOMVEW
NED" [Z] 7] more “"PINSE AND 7ARE FLOATING (NO 5] cumPuT
GHD [3] (6] o !‘.HTTJ.EHHDTHLDDS:'&";EE@.W b TAE I3 = anio
e ] BEL Eﬁ;ﬁ:ﬁ?&" Eﬁ Emﬁ‘ﬂgannum. = Yiu
e prcrase GREUND PLANE WIL FEDLIE THEFMAL =
23 PACKAGE RESISTANCE SEE THERMAL RESIZTANCE 3T PACKAGE I PACKAGE
3-LEAD PLASTIC 50 TAELEE [N THE APPLICATIONS INFORMATION JLEAD PLASTIC SOT-223 3-LEAD PLASTIC TO-02

ECTION
Ty = 150°C, By, = 120PL'W (HB, 58)
Tiwas = 150°C, Egs = TGN [ASE)

Tauay = 150G, By = SITOW

Ty = 150°T, 3y = 150G

= ORDER PART ST PART ORDER PART

ORDER PART NUMEBER 58 PART MARKING NUMEER MARKING NUMBER
LT1121CN8 LT1121158-3.3 12113 LT112105T-3.3 11213 T1121C2-3.3
LT1121CNB-2.3 |LT1121158-5 12115 T12115T3.3 12113 [T12112-3.3
T1121CNe-5  |LT1121HYISS 1HHV LTN2105T-5 11215 T1121CZ-5
LT1121INS LT1121ACSSE 1214 T112115Fs (112115 LT112112-5
[T1121IN5-3.3  |LT1121A055-3.3 12143
LT1121ING-5 LT1121ACEE-5 12145
[T1121C58 LTH121AHVESE 1121 121AHV
[T1121C058-3.3 |LT1121AIS8 1212 [1211Al
[T1121C058-5  |LT121AIS8-3.2 (11215 121813
TH21HVEEE  |LT121AIS8-5  (1121RY 121415
LT1121158 T121AHVISE  |1121) Z1AHVI

Ordar Optiona Tape and

Raal: Add #TR

Lead Frea: Add #PEF  Laad Fres Tape and Reel: Add #TRPBF
Lead Fresa Part Marking: bitp: fereralinearcom leadfres’

Gonsult LTG Marketing for parts spacified with widar operating temperature ranges.
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LTT121/LT1121-3.3/LT1121-5

ELECTH'(“L CHHH “CTEH'S."CS The # denotes the specilications which apply over the full aperating

temperature range, atherwise specifications are at Ty = 25°C.

FARAMETER CONDITIONS MIN TP MAX UNITS

Regulatad Cwtput Volage (Note 4) LT1121-3.3 Wiy =238 hur=1mA, Ty = 25T ] a3 3.3 v

4.3 <V < 20Y Tmd < lout < 150mA L 3.2 3.3 3.4 W

LT1121-5 Wiy = 5.5 yr=1mé&, Ty = 250 4.825 1 5.075 W

B 2 Vg = 200 Tm < Iy < 150mA ] 4.85 1 515 W

LT1121 {Hete 5} My =434 Iy =1mA, T, = 25°C 3,045 ava 3.805 i)

4.0V < Vg < B0V Tl < lgyy < 150ma ] 364 avs 380 v

Lina Regulation LT1121-3.3 AVIN = 4.8V T0 204, lout =1mA L 15 10 my

LT1121-5 AV = 5.5V T0 204 lpyr =1mé L] 1.5 10 my

LT1121 jHote 5) AWy = 4.3V TO20W gy =1mA » 1.5 10 i

Load Regulaticn LT1121-3.3 Alpep = TmA to 150mA, Ty = 2570 -12 =25 my

Alloap = Tmé fo 150ma L] -2 —40 my

LT1121-5 Alpep = TmA o 150mA, Ty = 2570 -7 =3 my

Algap = Tmé do 150ma L] -2 =50 my

LT1121 {Hete 5} Alpnap = Trofte 150mé, Ty =257 -2 -2 my

Algap = T to 150mé L] -14 —40 my

Diropout WoHags (Mate 6) Iogp=1m#&, Ty = 250 013 016 v

Iogp = 1mé& » 0.25 W

Ioen = S0mA, Ty = 257G 0.3 0.35 k)

Ioen = S0mA L] 0.5 W

Ingp = 100m#A, Ty = 25°C 0.ar 0.45 v

Iep = 100m& L] 0. v

Ioep = 150ma, Ty = 25°C 0.42 0.55 W

Ioep = 150ma ] ¥ W

Ground Pin Currant (Nota 7) Ipgep = OmA * a0 50 pa

Iosp = 1mé& ] o 120 pa

Ioep = 10mA L] 350 00 pa

Ioeo = S0rmA ] 1.5 25 mé

Ioep = 100m& L 4 T mé

Iep = 150m& L] 7 14 mé

Adjust Pin Bias Gurnant (Notss 5, 8) Ti=250 150 00 né

Shutdown Threshokd Voyr = Off ta On L] 1.2 2.4 k)

Vigyt = On to OHFf L] 0.25 0.73 W

Shutdown Pin Gurrent {Note ) VisHON = OV L i 10 pa

Cuisscant Gurrent in Shutdown (Nota 10) | Vin = B4 VaHow =0V L] 16 = pa

Rippk Rajsction Wi = Vaur = 1V (Bwa), Vigppie = 0.85Vpop TrippLe = 120Hz, a0 58 dB
o= 014

Curramt Lim it Vin—Vour=T T, =25C 200 500 mé

Input Revarsa Laakage Gurrent Win = =20 Vour = 0V L 1 mé

Revarse Output Current (Mote 11) LT1121-3.3 Vour = 3.3 Vg =W 16 23 pa

LT1121-5 Vour =5 Vg =0V 16 2 pa

LT127 jHote 3) Wiy = .84 Vig =W 16 ] )
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LTT121/LT1121-3.3/LT1121-5

GLE(THICHL CHHH HﬂEHlSTl(S The # denotes the specilications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C.

Mote 1: Siressas beyond thoss listad undar Absolute Maximum Ratings
may causa parmanant damage to the device. Exposure to amy Absoluta
Maximum Rating condition for extanded periods may affect device
raliability and lifatime.

Mote 2: The shutdown pin input wohags rating is required for a low
irpsdance source. Imtermal protection d evices connected to the shutdown
pin will turn on and clamp the pin to approximately 7V or—0.64 This
range allows the use of 3V logic devices to drive the pin directly. Far high
impedanics sources or logie running on supply volages greater than 5.5
tha maximum current driven into tha shutd ewn pin must be limited to less
than HrmA

Mote 3: For junction tempsratu res graater than 110°G, a minimum load
of 1m& is recommended. For Ty = 110°C and Igyt < 1mé, output voltage
rmay incraasa by 1%.

Mote 4: Operating conditions are limited by maximum junction

tam paraturs. The regulatad output vottage spacification will not apply

for all possible combinations of input valtaga and output currant. Whan
oparating at maximum input volags, the cutput current rangs must be

limited . When oparating at maximurm output currant the input voltage
rangs must ba limited,

Hate 5:Tha LT1121 (adjustable version) is tested and spacified with the
adjust pin connected to the cutput pin.

Hote B: Dropout woltage is the minimum inputfoutput voltage required te
maintain ragulation at the specifiad cutput currart. In dropout tha output
waltage will be aqualte: {(Viy— Vopapout).

Hote T: Ground pin current is testad with Wy = Vg7 (nominal) and a
currant sourca boad. This maans that the device is testsd while oparating in
fts dropout rsgion. This is tha warst case ground pin current. The ground
pin currant will decreass slightly at higher input voltages.

Hote 8: Adjust pin bias currant flows into the adjust pin.

Hote 8: Shutdown pin current at Veppy = 0V lows aut of the shutdewn pin.
Hote 10: Quisscant currsnt in shutdown is aqual to the sum total of the
shutdown pin current (Gpa) and the ground pin currant (Spa).

Hote 11: Revarsa output currant ks tasted with the input pin grounded and
the output pin forcad to the rated output voltage. This cormant flows indo
the output pin and out of the ground pin.

TYPICAL PERFORMANCE CHARACTERISTICS

Guaranteed Dropout Valtage

Dropout Valtage

Quiescent Current

ar = ar  —
| [T [ ] e
08 06 = 150ma ]
T_|s125'5.,../-| Lo o AT
= as | o] =] = s I, ag = 100m =" -3 ¥zraw = OPEH
I ] 2 N =
; |[ ] Tz &c ; f,_,-—""# _'_._,.,—--""'_F =]
5 o3 f =T 5 03— =l -Emi oy LI
N T ] -
=y 5 o S
| = 1@
i a
o = TEST POINTS
|] 1 1 1 |] [x]
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LTT121/LT1121-3.3/LT1121-5

TYPICAL PERFORMANCE CHARACTERISTICS
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LT1121/LT1121-3.3/LT1121-5

TYPICAL PERFORMANCE CHARACTERISTICS
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LTT121/LT1121-3.3/LT1121-5

TYPICAL PERFORMANCE CHARACTERISTICS
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LT1121/LT1121-3.3/LT1121-5

PIN FUNCTIONS

Input Pin: Power is supplied to the device through the
input pin. The input pin should be bypassed to ground if
the device is more than six inches away from the main
input filter capacitor. In general the output impedance of a
battery rises with frequency so it is usually adviseable to
include a bypass capacitor in battery-powered circuits, A
bypass capacitorin the range of 0.1pF to 1pF is sufficient.
The LT1121 is designed to withstand reverse voltages on
the input pin with respect to both ground and the output
pin. In the case of a reversed input, which can happen if
a battery is plugged in backwards, the LT1121 will act as
if there is a diode in series with its input. There will be no
reverse current flow into the LT1121 and no reverse volt-
age will appear at the load. The device will protect both
itself and the load.

Output Pin: The output pin supplies power to the load. An
output capacitor is required to prevent oscillations. See
the Applications Information section for recommendad
value of cutput capacitance and information on reverse
output characteristics.

Shutdown Pin: Thiz pin is vsed to put the device into
shutdown. In shutdown the output of the device is turned

off. This pin is active low. The device will be shut down if
the shutdown pin is pulled low. The shutdown pin current
with the pin pulled to ground will be BpA. The shutdown
pin iz internally clamped to 7V and -0.6Y {one Vpe). This
allows the shutdown pin tobe driven directly by 5V logic or
by open collector logic with a pull-up resistor. The pull-up
resistor is only required to supply the leakage current of
the apen collector gate, normally several microamperes.
Pull-up current must be limited to a maximom of 20mA.
A curve of shutdown pin input current as a function of
voltageappearsinthe Typical Performance Characteristics.
If the shutdown pin is not used it can be left open circuit.
The device will be active, output on, if the shutdown pin
is not connected.

Adjust Pin: For the adjustable LT1121, the adjust pin
iz the input to the error amplifier. This pin is internally
clamped to 6Y and 0.6V (one Vgg). It has a bias current
of 150nA which flows into the pin. See Bias Current curve
in the Typical Performance Characteristics. The adjust
pin reference voltage is 3.75V referenced to ground. The
output voltage range that can be produced by this device
is 3.75V to 30V

LMC6462 Differential Operational
Amplifier

106



National
Semiconductor

Fabruary 2004

LMC6462 Dual/LMC6464 Quad
Micropower, Rail-to-Rail Input and Output CMOS

Operational Amplifier

General Description

The LMIE4E24 s a micropower version of the popular
LMCE482'4, combining Raikto-Rail Input snd Output Rangs
with very low power consumption.

The LMCE4624 provides an input common-mode voltages
range that excesds both ails. The rail-bo-rail cutput awing of
the armplifier, guarsnteed for loads down to 26 ki, assures
raximum dynamic sigal range. This raikto-rail pefomancs
aof the amplifier, combined with itz high voltage gain makes it
unigque amrg rail-to-rail amplifiers. The LMCE462/4 is an
excelent upgrade for drouits using limitsd common-rmods
range amplifisrs,

The LMCE462/4, with guaranteed specifications at 3V and
BV, is especidly well-suited for low voltage applications. A
quiescent power consurnption of 80 pW per amplifier (atVg
= 3V can extend the useful life of battery operatad systams.
The amplifier's 150 & input current, low offset voltage of
0.25 mV, ard 85 dB CMAR maintain accuracy in battery-
powered systems.

Features
[Typizal unless otherwise noted)
m Ulira Low Supply Current 20 pA/Amplifier
m Guaranteed Characteristizs at 3V and 5V
= Rail-te-Rail Input Commen-Mode Voltage Rangs
® Rail-to-Rail Output Swing
(within 10 ¥ of rail, ¥g = 5V ard A = 25 ki)
® Low Input Cument 150 fA
m Low Input Offset Voltage  0.26 mV

Applications

= Battery Operated Cincuits

® Transducer Interface Cicuits

m Portable Communication Devices
u Medical Applications

= Battery Monitoring
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LMC6462 Dual/LMCe6464 Quad

Absolute Maximum Ratings e 1)

i Military/Aerospace specified devices are required,
please contact the Mational Semiconductor Sales Office/
Digtributors for availability and specifications.

ESD Tolerance (Note 2)
Differential Input Voltage
Valtage at Input'Cutput Pin

2.0 kV
+5upply Voltage
(=) + 0.8V, (V) - 0.8V

Supply Voltags (V- — V) eV
Current at Input Pin (Mote 12) +5 ma
Current at Cutput Pin

[Motes 3, B) 30 mA
Current at Power Supply Fin 40 A
Lead Temp. (Soldering, 10 sac.) 260G
Storage Temperaturs Aangs —65"C o +150°G
Juncticn Temperature (Note d) 180G

5V DC Electrical Characteristics

Operating Ratings (o= 1)

Supply Voltage 3.0 = v <165V

Junction Termperature Aange
LMCE4E2AM, LMCE4E4AM —BE°C =Ty=
+125°C

LMCEdE28] LMCE4E4A]
LMZE4E2B], LMCE484E]
Themnal Rasistance (8,,)

—A0C =T, = +85°C
40T =Ty = +85°C

M Package, 8-Pin Moldad DIP 15"
M Package, 2-Pin Surface
Mount 190w
M Package, 14-Pin Moldad CIF 81°CwW
M Package, 14-Pin
Surface Mount 128" W

Unless othersise specified, dl limits guanantesd for T = 25°C, W = BV, V- = 0V, Vo = Vo = V2 and Ay > 1M. Boldface

lirnits apply at the tempersture extrames.

LMCEAEZAI | LMCEAS2E] | LMCEA62AM
Symbaol Parameter Conditions Typ LMCEAEAA] | LMCEAGAE] | LMCS46544M | Units
{Mote 5) Limnit Lirmit Limnit
{Nota &) {Nota &) {Mata &)
Vos Input Crifset Voltages 0.25 0.5 3.0 05 v
1.2 3T 1.5 max
TCVWag | Input Offset Voltage 15 PG
Average Drift
I Input Current (Mote 13} 015 10 10 200 PA EE
loa Input Crifset Gurrent (Note 13} 0.075 5 5 100 PA e
Cin Common-Moda 3 pF
Input Capacitance
Rin Input Aesistancs =10 Tem 0
CMRR | Common Mods OV = Wiy = 150V, a5 7 65 7 dB
Rejection Ratio V=15V 6T 62 65 i
OV = Wiy < B0V a5 7 =153 7
V=5V &7 62 65
+PSRA | Positive Power Supply BV =W £ 15V, a5 T =11 T dB
Rsjection Ratio V=0V, Vg = 2.5V 67 62 65 min
-PSRA | Megative Power Supply  |-5V = V™ = -6V, a5 7 =153 7 dB
Rgjection Ratio V=W, Vg = 25V 67 62 65 min
Viem Input Common-Mode V=5V -0.2 =010 =010 =040 v
Voltage Rangs For CMAR = 50 dB 0.00 0.00 0.00 M
E.a0 E.25 E.25 E.25 v
5.00 5.00 5.00 min
W =15 -0.2 =015 =015 =015 v
For CMAR = 50 dB 0.00 0.00 0.00 M
15,30 15.25 15,25 1525 v
15.00 15.00 15.00 min
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5V DC Electrical Characteristics (continued)
Unless othemwise specified, all limits guaranteed for Ty = 256°C, WV = B, V" = OV, Wy = Vg = V2 ard Ry = 1M, Boldface
limits apply at the temperalure extremes.

LMC5452A1 | LMCS46281 | LMCE4EZAM
Symbel Parameter Conditions Typ LMCG464A1 | LMCS45481 | LMCE4BdAM | Units
Mot &) Limit Limit Limit
{Mote &) {Nate &) {Mote &)

By Large Signal A =100 k2 | Souming 3000 Wiy
Voltage Gain (Mote T) min
Sinking 400 Wimy

min
AL =25k Sounrzing 2600 Wiy

(Mote T) min
Sinking 200 Wimy

min

Vo Cutput Swing V=5V 4.995 4,900 4.950 4.000 v
Ry =100 ki to V2 4.980 4.925 4.970 min

0.005 0.040 0,050 0040 v

0.020 0.075 0.030 ITEE

Ve =5V 4,990 4,975 4,950 4975 v

Ry = 25 ki to VW42 4,965 d4.850 4.955 min

0.040 0.0E0 0,050 0.020 v

0,035 0.150 0.045 [

Ve =BV 14,000 14,075 14,050 14.075 v

Ry =100 ki 1o V2 14.865 14625 14,855 min

0.040 0025 0,050 0.025 v

0,035 0.075 0.050 [

W= 1BV 14,065 14,000 14,850 14.000 v

Ry = 25 ki to V42 14.850 14.800 14.6800 min

0.025 0,050 0400 0,080 v

0.150 0.200 0.200 ITEE

lge Cutput Short Cincuit Sourcing Vo = 0V a7 18 19 19 mé
Current 15 15 15 min

W+ =5V Sinking, Vo, = BV o 22 22 22 ma

17 17 17 min

lge Cutput Short Cincuit Sourcing Vo = 0V a8 24 24 24 mé
Current 17 17 17 min

W+ =15V Sinking, Vo = 12V 75 E5 B5 E5 ma

(ote 8) 45 45 45 min

Ig Supply Current Dusl, LMCE452 40 g5 g5 g5 HA
W= 4B Wy = V2 kil T 75 [

CQuad, LMCE464 a0 140 110 140 HA

V= 4B, Vo = V12 140 140 150 I

Dusl, LMCE452 &0 &0 &0 &0 HA

V= #BV, Vg = V42 Ta Ta 75 I

CQuad, LMCE464 a0 120 120 120 HA

V= +15Y, Vg = V2 140 140 150 [
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LMC6462 Dual/LMC6464 Quad

5V AC Electrical Characteristics
Unless otherwise specifisd, dll limits guarantesd for T, = 285°C, V+ = BV, V- = 0V, Vo = Vg = V42 and By > 1M. Boldface
limitz apply at the tempersture edtremes,

LMCEdEZAl | LMCE462B1 | LMCE4EZAM
Symb<l Paramatar Conditions Typ LMCEAB4Al | LMCE464B] | LMCEABLAM Units
{Mote &) Lirnit Limit Lirnit
[Mote &) {Mate &) (Mote 6)
SR Slew Rate {Mote ) et} 15 15 15 Vims
i B 8 min
GEW Gain-Bandwidth Product W= 1BV £ kHz
i Phase Margin =1 Dieg
Gim Gain Mangin 15 dB
Amnp-to-Amp |solation (Mote 10) 130 dB
B Input-Feferred f=1kHz a W
Vaoltage Moise Vo =1V
in Input-Feferred f=1kHz 0.08 oAz
Current Moise

3V DC Electrical Characteristics
Unless othersise specifised, al limits guarantesd for T; = 25°C, W+ = 3, V- = W, Wy = Vo = V92 and Ry > 1M. Boldface
limitz apply at the temperature extremes.

LMCE4E2ZAl | LMCS4E2ZBI | LMCEAE2ZAM
Symbaol Paramstar Conditions Typ LMCEAB4AL | LMCGAEAB] | LMCE4BIAM | Units
(Mot &) Lirnit Limit Limit
Mota &) [Mota &) [Mabe &)
Vag Input Offset Valtage 0.e 2.0 3.0 20 v
2.7 ar 3.0 IME
TCVWag | Input Offset Valtage 2.0 T
Average Drift
g Input Current (Mate 15) 015 10 10 200 [0
lca Input Offset Current (Mote 15) 0075 5 5 100 PA
CMRR Common Mods 0V =WVoy= 3V 7 &l &0 &0 dB
Rsjection Ratia min
FSRRA Poweer Supply W <V < 4B, V- =0V a0 &0 &0 &0 dB
RAsjection Ratic min
Vim Input Common-Mede  |For CMAR = B0 dB =040 0.0 0.0 0.0 A
Valtage Range IEE
a.0 a.0 3.0 3.0 v
min
Va COutput Swirg AL = 25 kiz o W2 245 20 24 249 v
min
045 04 04 04 v
e
lg Supply Current Cual, LMCE482 40 E& =1 =1 HA&
Vo= W2 T0 ] 70
Cluad, LMCE454 a0 110 110 110 [T
Vo= W2 140 140 140 max
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LMC6&462 Dual/LMC6464 Quad

Typical Performance Characteristics v = +5v, single Supply, T, = 25°C unless otherwise speci-
fied
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specified (Continued)
Sinking Current v, Output Veltage
100 —
stiuAlL
Ve = 15
1 1

|5|u|-: ()
T
] |

Q.01 1

=R —
0.0 a1 1 10 100

QUTPUT WOLTAGE REFEREMCED TO GHD (V)
HEDST R

Input Voltage Moise vs. Input Voltage
2
180
160
140
120
140 L
B0
60
0
20
]

\'5-5'1'_
F = 1 kHz

WOLTAGE HOISE [nv /W Hz

0 1 F 3 4 5

COMMON WODE INFUT VOLTAGE (V)
ANEA

Input Voltage Moise ve. Input Voltage
200
160
160
140
120
140 rd
B0 -~
i}
40
20
]

W = 15V
F = 1kHz |

WOLTAGE HOISE [n¥,/v Hz)

02 4 B B W12 14 0 18 2

COMMON WODE INFUT VOLTAGE [¥)
r2EH

112

Typical Performance Characteristics vs = +5v, Single Supply, Ta = 25°C unless atherwise
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LMC6462 Dual/LMCe464 Quad

Typical Performance Characteristics v: = +5v, Single Supply, T.. = 25°C unless otharwise

specifisd (Continued)
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PIC12F683 Microprocessor
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Figure. PIC12F683 Block Diagram
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TABLE 1-2: PIC12F615/HVE15 PINOUT DESCRIPTION

Mame Function '.r';‘_"p"': O.B'::‘ Description
GPOFANOCIN=/P1BACSPDAT GPO TTL CMOS | General purpose WO with prog. pull-up and intemupt-on-
change
A0 A — AJD Channel O input
CIN+ A — Comparator nan-inering input
P18 — CMOS | PWM outpul
ICSPDAT ST ChMOS Serial Programming Data 1410
GP1/ANT/CINO-AREFICSPCLK SR TTL CMOS | General purpose WO with prog. pull-up and interrupt-on-
change
AN AN — A Channel 1 input
CIMNO- A — Comparator inverting input
WREF AN e Extarnal Vollage Referance for A0
ICSPCLK ST — Seral Programming Glock
GP2ZIAN2/TOCKIANTACOUTACCP Y SP2 sT CMOS | Genaral purpose WO with prog. pull-up and inte rmupt-on-
P1A change
s AN — AJD Channel 2 input
TOCKI sT — Timerd clock input
INT ST — External Internupt
COouUT — CMOS | Comparator output
oCPA T CMOS | Caplure inputyCompare inpul/PWhi output
P1A — CMOS | PWM outpul
GP3T1 G TACLR/NER SP3 TTL — Seneral purpose input with intermspt-on-change
TG~ ST — Timer1 gate (count enable), altlemate pin
MCLR ST — Master Clear winternal pull-ug
WER W — Programming woltage
GPA/ANICING /TIG/P 1B OSC2Y [=1=2) TTL cMos |General purpose WG with prog. pull-up and intermupt-can-
CLKOUT change
AN AN — A Ghannel 3 input
TN A — Comparator inverting input
hEr< ST — Timeri gate (count enable)
E1B” — CMOS | PUWA output. alternate pin
osc2 — HTAaL CrystalResonator
CLKOUT — CMOS | Fosc/d output
GPFS/M1CKIP1AOSC 1/CLKIN GRS TTL CIMOS | General purpose 0 with prog. pullup and interrupton-
change
TI1GKI ST — Timer1 clock input
A — CMOS PWIA output. alternate pin
OSCH HTAL — Crystal/Resonator
CLKIN sT — External clock inpul/RGC ascillalor connection
Voo oo Power — Paositive supply
Wss Wss Powver — Sround reference
- Alternate pin functicn.
Legend: AN = Analog input or cutput CROS=CMOS compatible input or output  HY = High Vollage
T = Schmitt Trgger input with CMOS levels TTL = TTL compatible input KTAL= Crystal

Figure. Pinout Description of PIC12F683

PIC12F609/615/12HV609/615

15.0 ELECTRICAL SPECIFICATIONS

Absolute Maximum Ratingsm

Ambient temperature under bias

.......................................................................................................... -40° to +125°C

Storage temperature . -65°C to +150°C
Veltage on VDD with respect 10 VaS e -0.3V to +8.5V
Voltage on TICLR With reSpPeCt 10 VISS ..o -0.3V to +13 .5V
Veoltage on all other pins with respect to VaS -0.3V to (VoD + 0.3V)
Total POWET AiSSIPAIONTTY ...ttt ettt beees o e et e et 800 mW
Maximum current out of WSS DIn .. 95 mA

IMEXIMUM CUITENT IMED WD M ottt e ettt et et st et ees e e e s e ek eses et s et sn £ emmtnmm e emt st et emnn

Input clamp current, lik (Vi < 0 or Vi = VDO)
Qutput clamp current, lok (Vo < 0 or Vo =VDD)

Maximum output current sunk by any VO pin.......ooooo

Maximum output current sourced by any 1O PIN ... 25 mA
Maximum current sunk by GPIO ... 80 mA
Manimum current sourced GPIO. ... 90 mA

MNote 1: Power dissipation is calculated as follows: PDis = VDD x {IDD = T oK} + I {{VDD = VOH) x 1oH} + Z(Wol x loL).

1T NOTICE: Stresses above those listed under "Absolute Maximum Ratings” may cause permanent damage to the
device. This is a stress rating only and functional operation of the device at those or any other conditions above those
indicated in the operation listings of this specification is not implied. Exposure above maximum rating conditions for
extended periods may affect device reliability.

Figure. Electrical Specifications of PIC12F683
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-[ Initialize FAWM l—

[ Sample Average Volage |
and Current

>§: Calculate Power %

YE:
\I/NO

{ AP = Pold - Poalc }:

% ADC = DC_old — DC_new {:

%{ Slope = A P/ADC %{
NO YES

Slope =07

ST

Figure. PIC Algorithm

Peak Power Tracking Code

« 3k 3k 3k 3k ok 3k >k 5k 3k 3k 3k ok 5k 3k 3k 3k sk 5k >k 5k 3k 3k 3k >k 5k >k 3k 3k sk 5k >k 5k 3k %k 3k >k 5k 3k 3%k 3k sk 5k >k 5k 3k %k 3k >k 5k >k %k 3k %k 5k >k 5%k %k %k 3k >k >k %k %k 3k %k >k k *k k¥
’

; This file is a basic code template for object module code

; generation on the PIC12F683. This file contains the

; basic code building blocks to build upon. As a project minimum
; the 12F683.Ikr file will also be required for this file to

; correctly build. The .lkr files are located in the MPLAB

; directory.

; Ifinterrupts are not used all code presented between the

; code section "INT_VECTOR and code section "MAIN" can be removed.
; In addition the variable assignments for 'w_temp' and

; 'status_temp' can be removed.

; If interrupts are used, as in this template file, the 12F683.lkr

; file will need to be modified as follows: Remove the lines

; CODEPAGE NAME=vectors START=0x0 END=0x4 PROTECTED
; and

; SECTION NAME=STARTUP ROM-=vectors

; and change the start address of the page0 section from 0x5 to 0x0
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; Refer to the MPASM User's Guide for additional information on
; features of the assembler and linker (Document DS33014).

; Refer to the respective PIC data sheet for additional
;information on the instruction set.

L . R .

;

« 3k 3k 3k sk 3k sk sk sk sk ok sk 3k sk sk sk sk ok sk sk sk sk sk sk ok sk sk sk sk 3k sk 3k sk sk sk sk 3k sk 3k sk sk 3k sk 3k sk ok sk sk sk sk ok sk sk sk sk sk sk ok sk skosk kosk sk sk sk kosk kok sk
?

;

;  Filename: PIC12F683.asm *

;  Date: 4/07/08 *
; File Version: *

;  Author: Michael Miller & Daniel Butay
; Company:

’

* ¥ ¥ ¥ ¥

’
« 3% 3k 3k 3k 3k 3k 3k 3k 3k ok 3k 3k ok %k 3k ok 3k 3k 3k 3k 3k 3k ok 3k 3k 3k 3k 3k 3k ok 3k 3k >k %k 3k >k 3k 3k 3k 3k 3k 3k >k 3k 3k 3k 3k 3k %k >k 3k 3k >k %k 3k %k 3k 3k 3k >k 3k 3k %k 3k 3k %k %k >k *k k
’

*

;  Files required:
; 12F683.lkr *

’

*

;

« 3 3K 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k %k %k >k >k 3k 3k 3k 3k 3k >k %k %k >k 3k 3k 3k 3k 3k 3k 3k >k 3k 5k 5k 3k %k 3k %k %k %k >k 3%k 3k 3k 3k 3k %k %k %k %k >k 3 3k 3k %k 3k %k %k %k >k 5k 5k %k k
’

;

; Notes: This code will allow for peak power tracking from a

; Photovoltaic array going through a boost converter.

;

’

¥ ¥ ¥ ¥ ¥ ¥

’
« 3k 3k 3k 3k ok 3k >k 5k 3k 3k 3k ok 5k >k 3k 3k sk 5k >k 5k 3k 3k 3k >k 5k >k 3k 3k sk 5k >k 5k 3k 3k 3k >k 5k >k 3k 3k sk 5k >k 5k 3k %k 3k >k 5k >k 3%k 3k >k 5k >k 5%k 3k %k 3k %k 5%k %k %k %k %k >k *k *k k¥
’

list p=12F683 ; list directive to define processor
#tinclude <p12F683.inc> ; processor specific variable definitions
errorlevel -302 ; suppress message 302 from list file

__CONFIG _FCMEN_ON & _|IESO_OFF & CP_OFF & CPD_OFF & BOD_OFF & MCLRE_ON &
_WDT_OFF & PWRTE_ON & _INTRC_OSC_NOCLKOUT

;' CONFIG' directive is used to embed configuration word within .asm file.
; The lables following the directive are located in the respective .inc file.
; See data sheet for additional information on configuration word settings.

;*¥**** VARIABLE DEFINITIONS (examples)

; example of using Shared Uninitialized Data Section

INT_VAR UDATA_SHR
;W_temp RES 1 ; variable used for context saving
status_temp RES 1 ; variable used for context saving
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WREG RES

RESHI RES
RESLI RES
RESHV RES
RESLV RES
Quotl

QuotVH RES
QuotVL RES
Divisor

PowerLO

PowerHlI RES
COUNT RES
COUNT2
PowerOIdLO
PowerOldHI

1
1 ;High two bits of ADC CURRENT
1 ;Store low byte of ADC CURRENT
1 ;High two bits of ADC VOLTAGE
1 ;Store low byte of ADC vVOLTAGE
RES 1 ;Average value of current
1 ;High byte of average value of voltage
1 ;Low byte of average value of voltage
RES 1
RES 1 ;Value of calculated power
1 ;ratio of power in Watts
1
RES 1
RES 1 ;Stored value of Power
RES 1

« % 3k 3k 3k 3k 3k 3k 3k 3k ok 3k 3k ok %k 3k 3k 3k 3k 3k 3k sk ok ok 3k 3k 3k 3k 3k 3k ok 3k 3k >k 3k 3k 3k 3k 3k 3k 3k 3k 3k >k 3k 3k 3k 3k 3k 3k >k 3k 3k %k 3k 3k >k 3k 3k 3k >k %k 3k %k 3k 3k %k %k >k *k k
’

RESET_VECTOR
goto

INT_VECTOR
goto

INTERRUPT

; movwf

; movf

; movwf

CODE

CODE

0x000 ; processor reset vector
main ; 80 to beginning of program
0x004 ; interrupt vector location
INTERRUPT
w_temp ; save off current W register contents
STATUS,w ; move status register into W register
status_temp ; save off contents of STATUS register

; isr code can go here or be located as a call subroutine elsewhere

; movf

; movwf
; swapf
; swapf

; retfie

main

start CODE 0x020

status_temp,w ; retrieve copy of STATUS register

STATUS ; restore pre-isr STATUS register contents
w_temp,f
w_temp,w ; restore pre-isr W register contents

; return from interrupt

; remaining code goes here

clrf
BANKSEL
clrw
moviw
movwf
BANKSEL
clrw
moviw
movwf

status_temp
CCP1CON ;Choose CCP1 control register

b'00001100'
CCP1CON
CCPR1L

;2Lsb's of PWM-DC, PWM active low
;Set byte of duty cycle

b'00000101'
; duty cycle

;Set Register to 5(20 with CCP1CON) for 50%
CCPR1L
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Init NOP
call
call
call
call
call

80

call
call
call
call
call
call
goto

PWMinit;Initialize PWM

getvolts

average

getamps
averagel

mult
Compare
storePower
Delay2
Delay2
Delay2

Init

« 3k 3k 3k 3k ok 3k ok ok 3k ok ok ok ok ok ok ok ok %k ok ok ok Kk ok kok k ok
’

Delay2
moviw
movwf
repeat
call
decfsz
goto
return

Ox3FFF
COUNT

Delay
COUNT,1
repeat

« % 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k %k 3k 3k %k >k %k 3k %k %k 3k %k k k k%
’

storePower
movf
movwf
movf
movwf
return

PowerHl,0
PowerOldHI
PowerlLO,0
PowerOIdLO

« 3K 2k 3k ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok kok sk ok
’

« % 3k 3k 3k 3k 3k ok 3k 3k ok 3k 3k ok >k 3k %k >k %k 5k ok k 3k *k %k k k *k
’

PWMinit
BANKSEL
clrf
movwf
moviw
movwf
BANKSEL
clrw
movwf
moviw
movwf
BANKSEL
moviw
movwf

Call
BANKSEL
moviw
movwf
BANKSEL
moviw

OSCCON
WREG
OSCCON

b'01100001'
OSCCON
TRISIO

TRISIO
b'00111111"
TRISIO
PR2
b'00001001"
PR2
SetDuty
PIR1
00h
PIR1
T2CON
04h

;Get 4 samples of voltage
;Average 4 samples
;Get 4 Samples of Current
;Average 4 samples

;Multiply Current and Voltage to get Power

;Choose OSCCON register

;clear oscillator control register
;set Fosc to 4MHz & set to internal oscillator

;Choose Register which makes pins | or O

;clear TRIS register
;disable CCP1

;SELECT PERIOD REGISTER
;Set PR2 to 9 so PWM frequency will be 100kHz

;Clear interrupt flag bit of TMR2
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movwf

TMR20F
btfss
goto
BANKSEL
moviw
movwf
return

T2CON

PIR1,b'1
TMR20F

TRISIO

b'00111011'
TRISIO

« % 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k %k 3k 3k %k >k %k 3k %k 3k 3k %k k k k%
’

« 3 3k 3k 3k 3k 3k 3k 3k 3k 3%k 3k >k 3k 3k 3%k 3k %k %k >k %k %k %k %k k *k k
’

getamps
movlw
movwf

fourtimesl

clrf
clrf
call
call
decfsz
goto
return

0x04
COUNT

RESHI

RESLI

initADCi
STORERESULTI
COUNT,1
fourtimesl

« % 3k 3k 3k 3k 3k ok 3k %k ok 3k 5k ok >k 3k %k >k %k 3k ok %k >k %k kk *k
’

« 3 3k 3k 3k >k %k 3k 3k 3k 3%k 3k >k 3k >k 3%k 3k %k 3k >k %k %k %k %k k *k k
’

getvolts
movlw
movwf

fourtimesV

clrf
clrf
call
call
decfsz
goto
return

0x04
COUNT

RESLV
RESHV
initADCv

;Waits until Timer 2 goes through
;One cycle (overflows). Then
;enables CCP1 pin output driver

;Set the value of samples taken

;Clear hi and low bye of current sample

;Set the value of voltage samples taken

;Clear hi and low byte of Voltage sample

STORERESULTV

COUNT,1
fourtimesV

« % 3k 3k 3k 3k ok ok 3k 3k ok 3k 3k ok >k 3k %k >k 3k 3k ok %k 5k %k k %k *k
’

o % 3k 3k 3k 3k 3k 3k 3k 3k 3%k 3k 3k 3k 3k 3%k 3k %k 3k >k %k %k %k %k k ok k
’

initADCi
BANKSEL
BSF
BANKSEL
clrw
movlw
movwf
BANKSEL
clrw
moviw
movwf

TRISIO
TRISIO,0
ANSEL

b'01110001'
ANSEL
ADCONO

b'10000001'
ADCONO

;Set GPO to input

; Configure pin 7 as analog inputs & select conversion clock
;for FOLLOW INTERNAL OSCILLATOR

;Set Vref, select channel gp0, select Right justified results

’

120



BCF PIR1,b'110' ;CLEAR ADC INTERRUPT

;delay aquisition time at least 4.67uS

call Delay
continuei
BANKSEL ADCONO
clrw
moviw b'00000010' ;Set GO/DONE bit to start ADC
xorwf ADCONO,1
POLLGODONEi
btfsc ADCONO,b'1" ;waits til ADC is done
goto POLLGODONEi
return

« 3% 3k 3k 3k 3k 3k 3k 3k 3k ok 3k 3k %k 3k 3k %k >k 3k 3k %k %k 3k *k %k k ok
’

« 3% 3k 3k 3k 3k 3k 3k 3k 3k ok 3k 3k ok 3k 3k %k >k 3k 3k %k %k 3k *k k k ok
’

initADCv
BANKSEL TRISIO
BSF TRISIO,0 ;Set GPO to input
BANKSEL ANSEL
clrw
moviw b'01110010 ; Configure pin 6 as analog inputs & select conv clock
movwf ANSEL ;for FOLLOW INTERNAL OSCILLATOR
BANKSEL ADCONO
clrw
moviw b'10000101" ;Set Vref, select channel gp0, select Right justified results
movwf ADCONO ;
BCF PIR1,b'110' ;CLEAR ADC INTERRUPT
call Delay ; ;delay aquisition time at least 4.67uS
continuev
BANKSEL ADCONO
clrw
moviw b'00000010' ;Set GO/DONE bit to start ADC
xorwf ADCONO,1
POLLGODONEv
btfsc ADCONO,b'1" ;waits til ADC is done
goto POLLGODONEv
return
« 3k 3k 3k 3k 3k sk sk ok 3k sk sk ok 3k sk sk sk ok sk sk sk ok k sk sk kok
;**************************
STORERESULTI ;Store current value
CALL STOREADRESLI
btfsc STATUS,b'0’
goto addone
cont

BANKSEL ADRESH
btfss ADRESH, b'1l' ;check two high bits of ADC result
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btfsc ADRESH, b'0'
CALL STOREADRESHI

return

addone
movlw 0x01
addwf RESHI,1
bcf STATUS,b'0'
goto cont

« 3 3k 3k 3k ok 3k ok ok 3k 3k ok ok ok ok ok ok ok 5k ok ok %k Kk ok k ok k
’

« 3% 3k 3k 3k 3k 3k 3k 3k 3k ok 3k 3k %k 3k 3k %k >k 3k 3k %k %k 3k %k k k k
’

STORERESULTV ;Store voltage value
CALL STOREADRESLV
BANKSEL ADRESH
btfss ADRESH,b'1" ;check two high bits of ADC result
btfsc ADRESH,b'0'
CALL STOREADRESHV
return

« % 3k 3k 3k 5k 3k ok %k 3k ok ok 3k ok >k 3k %k >k %k 5k ok 3k 5k %k >k %k *k k
’

« % 3k 3k 3k 5k 3k ok %k 3k ok ok 5k ok >k 3k %k >k %k 5k ok k 5k %k k %k k k
’

STOREADRESHI ;Store the High two bits of ADC CURRENT

btfsc STATUS,b'0'

goto rtrnl

moviw 0x01

addwf RESHI,1
rtrnl

movf ADRESH,0

addwf RESHI,1

return

« 3 3k 3k 3k ok %k 3k 5k 3k %k 3k ok 5k >k %k 3k %k %k >k 5k %k %k ok kk k¥
’

« 3K 2k 3k ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok kok sk ok
’

STOREADRESLI ;Store the low Byte of ADc CURRENT

BANKSEL ADRESL

movf ADRESL,0 ;Move low byte to W_reg
addwf RESLI,1 ;Add and store in RESLI
return

« 3K 2k 3k ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok kok sk ok
’

« 3K 2k 3k ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok kok sk ok
’

STOREADRESHV ;Store the High two bits of ADC VOLTS

btfss  STATUS,b'0’
goto rtrnV

moviw 0x01

addwf RESHV,1
rtrnV

movf ADRESH,0

addwf RESHV,1

return

« 3 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k %k 3k >k 3k %k %k %k k ok k¥
’

« 3 3k 3k 3k 3k 3k 3k 3k 3k 3%k %k >k 3k 3k 3%k 3k %k 5k >k %k %k %k %k k ok k¥
’

STOREADRESLV ;Store the low Byte of ADC VOLTAGE
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BANKSEL ADRESL
movf ADRESL,0
addwf RESLV,1
return

« 3 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k >k 3k >k 3k %k %k %k k ok k¥
’

« 3 3k 3k 3k 3k 3k 3k 3k 3k 3%k 3k >k 3k 3k 3%k 3k %k 3k >k %k %k %k %k k k k¥
’

averageV

bcf STATUS,b'0’

clrf QuotVH

clrf QuotVL

moviw 0x04

movwf Divisor
DivideV

movf Divisor,0

subwf RESLV,1

btfss STATUS,b'0’

goto BorrowV

goto Div_2V
BorrowV

movlw 0x01

subwf  RESHV,1

btfss STATUS,b'0’

goto DoneV
Div_2V

incf QuotVL,1

btfsc STATUS,b'10"

incf QuotVH,1

goto DivideV

DoneV

return
L3 ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok koK
’

« % 3k 3k 3k 3k 3k ok 3k 3k ok 3k 3k ok >k 3k %k >k %k 5k ok k 3k *k %k k k *k
’

averagel

bcf STATUS,b'0’

clrf Quotl

moviw 0x04

movwf Divisor
Dividel

movf Divisor,0

subwf RESLI,1

btfss STATUS,b'0’

goto Borrowl

goto Div_2I
Borrowl

moviw 0x01

subwf RESHI,1

btfss STATUS,b'0"

goto Donel
Div_2I

incf Quotl,1

goto Dividel
Donel

;divide by continuous subtraction

; setup for subtraction
; RESLV = RESLV - Divisor

; use subtract instead of decf

; ... because it sets the carry
; generated a borrow so finish

; add one and loop again

;divide by contiuous subtraction

; setup for subtraction
;RESLI = RESLI - Divisor

;use subtract instead of decf
; ... because it sets the carry
;generated a borrow so finish

;add one and loop again
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return
« % 3k 3k 3k 3k 3k 3k 3k 3k ok 3k 3k %k 3k 3k %k >k %k 3k %k k 3k *k k k k k
’

« % 3k 3k 3k 3k 3k 3k 3k 3k ok 3k 3k %k 3k 3k %k >k %k 3k %k 3k 3k *k %k k k *k
’

mult
clrf PowerLO ;Clears hi and low bytes of power register
clrf PowerHI
movf Quotl,0 ;Move average current value to a separate
movwf COUNT2 ;register
bcf STATUS,0 ;CLEAR CARRY BIT
again
movf QuotVL,0 ;Add low byte of averaged voltage to low byte of
addwf PowerlLO,0 ;power register
movwf PowerlLO
btfsc STATUS,0 ;Test the carry bit
incf PowerHI,1 ;Increment the high byte of Power reg if carry is set
moviw 0x02
btfsc QuotVH,1 ;Test if high byte of averaged voltage has a value
addwf PowerHl,1 ;add that value if yes,skip if no
btfsc QuotVH,0
incf PowerHl,1
decfsz COUNT2,1 ;repeat for value of AMPS register
goto again
return

« % 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k %k 3k 3k %k >k %k 3k %k 3k 3k *k %k kk k
’

o 3k 3k 3k ok 3k 3k ok 3k 3k 3k ok 3k 3k ok 3k 3k 3k ok 3k 3k ok %k 3k k k %k
’

Delay
moviw OxFF
movwf COUNT2
Delayl
decfsz COUNT2,1 ; Decrement Memory And Skip When Zero
goto Delayl
return

o 3k 3k 3k ok 3k 3k ok ok 3k K ok %k 3k ok 3k 3k %k ok 3k 3k ok k K *k k %k
’

« % 3k 3k 3k 3k 3k ok 3k 3k ok 3k 3k %k >k 3k %k >k %k 5k %k k 3k %k >k k k *k
’

SetDuty
call chk_Imts
btfsc status_temp,b'11’
goto raiseDC
btfsc status_temp,b'10’
goto lowerDC
btfss status_temp,b'1’ ;test if duty cycle was increased or
decreased last
goto pos ;if set the duty cycle was decreased last
btfss status_temp,b'0’ ;test if power was inc or dec last
goto lowerDC ;if not set the power is higher
goto raiseDC ;if set the power is lower
pos
;if not set the duty cycle was increased last
btfss status_temp,b'0’ ;test if power was inc or dec last
goto raiseDC ;if not set the power is higher
goto lowerDC ;if set the power is lower
lowerDC
bcf status_temp,b'10’
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nextl

next2

clrbitl

clrbit2

raiseDC

bsf status_temp,b'l’ ;duty cycle is being decreased
bcf STATUS,b'0' ;clear carry bit

BANKSEL CCPR1L

rif CCPR1L,1 ;rotate CCPR1L reg to the left
BANKSEL CCP1CON

btfsc CCP1CON,0x05 ;check value in CCP1CON register

call setbit

rif CCPR1L,1 ;rotate CCPR1L reg to left again
BANKSEL CCP1CON

btfsc CCP1CON,0x04 ;check value in CCP1CON reg

call setbit

moviw 0x01

subwf CCPR1L,1 ;subtract one from CCPR1L reg
btfss CCPR1L,b'0' ;if bit '0' is set in CCPR1L reg then

goto clrbitl

BANKSEL CCP1CON ;set corresponding bit in CCP1CON reg
bsf CCP1CON,0x04

BANKSEL CCPR1L

bcf CCPR1L,b'0' ;clear bit

bcf STATUS,b'0'

rrf CCPR1L,1 ;rotate right

btfss CCPR1L,b'0' ;if bit '0' is set in CCPR1L reg

goto clrbit2

BANKSEL CCP1CON ;then set corresponding bit in CCP1CON reg
bsf CCP1CON,0x05

BANKSEL CCPR1L

bcf CCPR1L,b'0' ;clear bit

rrf CCPR1L,2 ;rotate right

goto go

BANKSEL CCP1CON

bcf CCP1CON,0x04

goto nextl

BANKSEL CCP1CON

bcf CCP1CON,0x05

goto next2

bcf status_temp,b'11'

bcf status_temp,b'l’

BANKSEL CCP1CON ;Choose CCP1 control register
btfss CCP1CON,0x04 ;test if PWM bit is set

goto add4bit

;if not set bit by adding

btfss CCP1CON,0x05

goto add4bit
bcf

bcf

BANKSEL

moviw

CCP1CON,0x04 ;if both are set then adding one will
CCP1CON,0x05 ;clear them

CCPR1L

0x01
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addwf CCPR1L,1
goto go

add4bit
movlw 0x10
addwf CCP1CON,1
goto go

add5bit
moviw 0x20
addwf CCP1CON,1
goto go

go
return

« 3 3k 3k 3k 3k %k 3k 3k 3k 3%k 3k >k 3k 3k 3%k 3k >k 3k >k 5%k 3k %k 3k %k 3%k >k %k 3k %k 3k %k *k k¥
’

« 3 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3%k 3k >k 3k >k 3%k 3k %k 3k %k 3%k >k %k 3k %k 3k %k *k %k ¥
’

;add one to upper byte of PWM duty cycle bits

;subtract high byte of Pnew from Pold
;if clear new power is less than old power

;if set new power is equal or higher
;subtract low byte of new power from old power

;if clear new power is less than old power

;if set than new power is higher than old power

Compare
movf PowerHI,0
subwf PowerOIdHI,0
btfsc STATUS,b'0’
goto decreased
movf PowerlLO,0
subwf PowerOIldLO,0
btfsc STATUS,b'0’
goto decreased
bsf status_temp,b'0’
ret
return
decreased
bcf status_temp,b'0’
goto ret

« 3 3k 3k 3k sk 3k 3k 5k 3k 3k 3k ok 5k >k 3k 3k >k 5k >k 5k 3k %k k %k 5k >k %k %k %k %k k ok k
’

« 3 3k 3k 3k sk 5k >k 5k 3k 3k 3k >k 5k >k 3k 3k sk 5k >k 5k 3k %k k >k 5k >k %k %k %k %k k ok k
’

setbit

BANKSEL CCPR1L
bsf CCPR1L,b'0'
return

« 3 3k 3k 3k 3k 3k 3k 3k 3k 3%k 3k 3k 3k 3k 3k 3k >k 3k >k 3k 3k %k 3k %k 3%k >k %k 3k %k %k %k *k k¥
’

« 3k 3k 3k 3k sk 3k 3k 5k 3k 3k 3k ok 5k 3k 3k 3k ok 3k >k 5k 3k %k 3k ok 5k >k %k %k %k %k k ok k¥
’

chk_Imts
BANKSEL CCPR1L
rif CCPR1L,1
bcf CCPR1L,0x00
BANKSEL CCP1CON
btfsc CCP1CON,0x05
call setbit
BANKSEL CCPR1L
rif CCPR1L,1
BANKSEL CCP1CON
btfsc CCP1CON,0x04
call setbit
BANKSEL CCPR1L
movlw Ox1A
subwf CCPR1L,0
btfsc STATUS,b'10'

;if set then increment CCPR1L reg
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bsf status_temp,b'10'

moviw 0x00

subwf CCPR1L,0
btfsc STATUS,b'10'
bsf status_temp,b'11'
bcf CCPR1L,b'0’
bcf STATUS,b'0'
rrf CCPR1L,1

bcf CCPR1L,b'0’
bcf STATUS,b'0'
rrf CCPR1L,1
return

« 3 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k >k 3k 3k 3%k 3k >k 3k >k 5k 3k 3%k 3k >k 3k >k 3%k %k %k %k %k %k %k *k %k kk
’

;Forever Loop
PROG btfss PIR1,b'0’

goto Init
; initialize eeprom locations

EE CODE 0x2100
DE 0x00, 0x01, 0x02, 0x03

END ; directive 'end of program’

DC-DC Converter Simulation
DCDCConverter W/Filter

VIN1012V

.SUBCKT SWITCH 10 20 30 40

S 10 20 30 40 ZWICK

.MODEL ZWICK VSWITCH(RON=1 ROFF=1MEG)
CS1015.1ulC=0

RS 15 20 300

.ENDS

X150A0SWITCH

VC1 A 0 PULSE(0 2 0 1u 1u 50u 100u)
D56D1

.MODEL D1 D(RS=.1 BV=1000)
CSD 525 .1ulC=0

RSD 25 6 300

Rs 341

L4 5500u IC=0
C60330ulC=0

R6020

RF 12.1

LF 2350u IC=0

CF 30 10u IC=0
.PROBE

.TRAN 15m 15m 0 10u UIC
.END

127



	Worcester Polytechnic Institute
	Digital WPI
	April 2008

	Maximum Peak Power Tracker
	Daniel F.C. Butay
	Michael Thomas Miller
	Repository Citation


	Introduction

