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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 21st 

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 20V1. 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 

ƻōǎŜǊǾŜΣ ŀ t±Ωǎ ƳŀȄƛƳǳƳ ǇƻǿŜǊ Ǉƻƛƴǘ όattύ ǿƛƭƭ ōŜ ǎǇŜŎƛŦƛŜŘ ōȅ ƛǘǎ Ǿƻƭǘage-current (V-I) and 

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

                                                            
1 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 
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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%2. 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 pastuǊŜ ǘƻ ƳŜŜǘ ŀƭƭ ǘƘŜ ǿƻǊƭŘΩǎ ǇǊƛƳŀǊȅ ŜƴŜǊƎȅ ǊŜǉǳƛǊŜƳŜƴǘǎΣ ǿƘŜƴ 

most or all of such area would otherwise be unused land3. 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 values4. 

                                                            
2 LGBG Technology ά¢ƻǿŀǊŘǎ нл҈ 9ŦŦƛŎƛŜƴǘ {ƛƭƛŎƻƴ {ƻƭŀǊ /ŜƭƭǎΦέ лн hŎǘ нллрΦ 
3 !ƭŘƻǳǎΣ {ŎƻǘǘΦ άIƻǿ {ƛƭƛŎƻƴ ƛƴ {ƻƭŀǊ /Ŝƭƭǎ ²ƻǊƪǎΦέ How Stuff Works. 02 Oct 2005. 
4 Neville, Richard C. Solar Energy Conversion. The Netherlands: Elsevier Science, 1995. 
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Figure 1: World Solar Cell production from 1988-2002 for the three leading production regions and the 

rest of the world 

 

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 
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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 CO2 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 life5. 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. 

{ƻƭŀǊ ŎŜƭƭ ǊŜƎƛƻƴǎ ŀǊŜ ƳŀŘŜ ǳǇ ƻŦ ƳŀǘŜǊƛŀƭǎ ǘƘŀǘ ƘŀǾŜ ōŜŜƴ άŘƻǇŜŘέ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ƛƳǇǳǊƛǘƛŜǎΦ 

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

                                                            
5 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 diode6.  

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 ǾŀŎŀƴŎȅΣ ƻǘƘŜǊǿƛǎŜ ƪƴƻǿƴ ŀǎ ŀ άƘƻƭŜΦέ 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 

ōȅ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ŎŀǊǊƛŜǊǎ ǘƘŀǘ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ǘƘŜ ŎŜƭƭΩǎ ƻǳǘǇǳǘ ŎǳǊǊent. Finally, metal contacts on 

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

.  

Figure 3: Solar cell operation 

                                                            
6 Richard Corkish, Solar Cells (Encyclopedia of Energy, 2004) 
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2.2 Solar Cell V-I 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=I*V).  

 

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/m2). Given ideal conditions, a solar panel should obtain an irradiance of 100mW/cm2, or 

1000W/ m2)7. 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 ŀ t± ƳƻŘǳƭŜΩǎ ǇŜǊŦƻǊƳŀƴŎŜΦ  

                                                            
7 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 

ǘƘŜ ǎǳƴΦ ¢ŀƪŜƴ ŀǎ ǇƻǿŜǊ ǇŜǊ ǳƴƛǘ ŀǊŜŀΣ ǿƘƻǎŜ ƛƴǘŜƴǎƛǘȅ ŀƴŘ ǎǇŜŎǘǊŀƭ ŎƻƴǘŜƴǘ ǾŀǊƛŜǎ ŀǘ ǘƘŜ ŜŀǊǘƘΩǎ 

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 day8. Insolation is typically measured as 

kilowatt-hours per square meter per day (kWh/(m2*day)) or in the case of photovoltaics, as 

                                                            
8 !ƭŘƻǳǎΣ {ŎƻǘǘΦ άIƻǿ {ƛƭƛŎƻƴ ƛƴ {ƻƭŀǊ /Ŝƭƭǎ ²ƻǊƪǎΦέ 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/m2/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 1.66 2.5 3.51 4.13 5.11 5.47 5.44 5.05 4.12 2.84 1.74 1.4 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  

 ! t± ƳƻŘǳƭŜΩǎ 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 

ƛƳǇƻǊǘŀƴǘ ǘƻ ƻōǎŜǊǾŜ ǘƘŀǘ ŀǘ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜǎΣ ŀ t± ƳƻŘǳƭŜΩǎ ǇƻǿŜǊ ƻǳǘǇǳǘ ƛǎ ǊŜŘǳŎŜŘΦ ¢ƘŜ 

temperature of a PV module also affects its efficiency. In general, a crystalline silicon PV 

ƳƻŘǳƭŜΩǎ ŜŦŦƛŎƛŜƴŎȅ ǿƛƭƭ ōŜ ǊŜŘǳŎŜŘ ŀōƻǳǘ лΦр ǇŜǊŎŜƴǘ ŦƻǊ ŜǾŜǊȅ ŘŜƎǊŜŜ / ƛƴŎǊŜŀǎŜ ƛƴ 
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temperature. PV modules are usually rated at module temperatures of 25°C (77°F) and seem to 

run about 20°C over the air temperature9. 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%10. 

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. 

 

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 

                                                            
9 PV Technology άtƘƻǘƻǾƻƭǘŀƛŎΥ {ǳǎǘŀƛƴŀōƭŜ tƻǿŜǊ ŦƻǊ ǘƘŜ ²ƻǊƭŘΦέ лу hŎǘ нллрΦ 
10 LGBG Technology ά¢ƻǿŀǊŘǎ нл҈ 9ŦŦƛŎƛŜƴǘ {ƛƭƛŎƻƴ {ƻƭŀǊ /ŜƭƭǎΦέ лн hŎǘ нллрΦ 
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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 photons11. Texturing the surface of 

such cells helps ƳƛǘƛƎŀǘŜ ǊŜŦƭŜŎǘƛƻƴ ǇǊƻōƭŜƳǎΣ ōǳǘ ǘƘŜ ǎƻƭŀǊ ǇŀƴŜƭΩǎ ŜŦŦƛŎƛŜƴŎȅ ƛǎ ŘŜŦƛƴŜŘ ōȅ ƻǘƘŜǊ 

factors as well. 

 ! ǎƻƭŀǊ ǇŀƴŜƭΩǎ ŜŦŦƛŎƛŜƴŎȅ ƛǎ ƭƛƳƛǘŜŘ ōȅ ǘƘŜ ōŀƴŘƎŀǇ ŜƴŜǊƎȅ ƻŦ ǘƘŜ ǎŜƳƛŎƻƴŘǳŎǘƻǊ ŦǊƻƳ 

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 cells12. 

 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 

ŀǊǊŀȅΣ ŀ ǎƻƭŀǊ ǇŀƴŜƭΩǎ ŜŦŦƛŎƛŜƴŎȅ ǿƻǳƭŘ ƛƴŎǊŜŀǎŜ ŀƴŘ ǘƘŜ ƻǾŜǊŀƭƭ ǳǎŜŦǳƭƴŜǎǎ ƻŦ ǎƻƭŀǊ ǇƻǿŜǊ ŀǎ ŀ 

renewable energy source will be invaluable. 

                                                            
11 bŀǘƛƻƴ /ŜƴǘŜǊ ŦƻǊ tƘƻǘƻǾƻƭǘŀƛŎǎΦ ά¢ǳǊƴƛƴƎ {ǳƴƭƛƎƘǘ ƛƴǘƻ 9ƭŜŎǘǊƛŎƛǘȅΦέ нл hŎǘΦ нллнΦ 
 
12 bŀǘƛƻƴ /ŜƴǘŜǊ ŦƻǊ tƘƻǘƻǾƻƭǘŀƛŎǎΦ ά¢ǳǊƴƛƴƎ {ǳƴƭƛƎƘǘ ƛƴǘƻ 9ƭŜŎǘǊƛŎƛǘȅΦέ нл hŎǘΦ нллнΦ 
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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. 

  

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  

 

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 [iL(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 vo(t) = Vo 
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(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: 

Vdton + (Vd ς Vo)toff = 0 

Dividing both sides by the switching time, Ts, and rearranging terms, we obtain the equation 

that describes the relationship between the input and output voltages, switching time, and duty 

cycle. 

)1(

1

DToff

Ts

Vd

Vo

-
==  

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

a lossless circuit, Pd = Po, we also have 
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2.3.2 Boundary betwe en Continuous and Discontinuous Conduction  

At the boundary between continuous and discontinuous conduction, iL goes to zero at 

the end of the off interval by definition. At this boundary, the average value of the inductor 

current is 

 

In a step-up converter, it is important to recognize that the inductor current and the input 

current are the same (id = iL) and using the equation we can find that the average output current 

at the boundary of continuous conduction is 

2)1(
2

DD
L

VT
I os

oB -=
 

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

 

When operating, the average output current at the edge of continuous conduction is important 

because for a given D, with constant Vo, if the average load current drops below IOB, 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, Vd 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 IL since Vd 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 Vd, the 

output voltage Vo, and the duty cycle, D. Since in practice Vo is held constant and D varies in 

response to the variation in Vd, it is more useful to obtain the required duty ratio as a function of 

load current for various values of the ratio Vo/Vd.  
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3.0 Methodology  

3.1 System Block Diagram  

Solar Cell
Boost DC-DC 

Converter

VI Sensing 

Modules

Electric Load or 

Battery

PIC 

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 

ŘŜǎƛƎƴ ǿƛƭƭ ǘŀƪŜ ǘƘƛǎ ǇƻǿŜǊΣ ŀƴŘ ƻǇŜǊŀǘŜ ŀǘ ǘƘŜ ƳŀȄƛƳǳƳ ǇƻǿŜǊ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ ǇŀƴŜƭΩǎ t-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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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, U1. 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 irradianceτthe 

amont of radiaton density on a given surfaceτon a typical solar panel. 

 

Figure 12:Solar Simulator V-I characteristic 
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[ƻŀŘόҠύ Vout1(V) Iout1(A) 
 

Vout2(V) Iout2(A) Vout3(V) Iout3(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. Vout1 corresponds to two 1.5Ҡ resistors in parallel, Vout2 corresponds to 3 
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1.5Ҡresistors in parallel, while Vout3 corresponds to one 1.5Ҡ resistor in series with the 

transistor. Observing the V-I characteristic, the ǎƻƭŀǊ ǇŀƴŜƭ ǎƛƳǳƭŀǘƻǊΩǎ ƻǇŜǊŀǘƛƻƴ ŀǎ ŀ ǘȅǇƛŎŀƭ 

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 

ŘǊŀǿƴ ŦǊƻƳ ǘƘŜ ƛƴǇǳǘ ǎǳǇǇƭȅ ŀƴŘ ǊŜŘǳŎŜ ƴƻƛǎŜ ƛƴƧŜŎǘƛƻƴΦ ¢ƘŜ ŎŀǇŀŎƛǘƻǊΩǎ ǾŀƭǳŜ ƛǎ ƭŀǊƎŜƭȅ 

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. 

 

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. 



29 
 

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 

 

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 

 

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 500µH 

ƛƴŘǳŎǘƻǊΣ оолҡC ŎŀǇŀŎƛǘƻǊΣ ŀƴ ƛŘŜŀƭ ǎǿƛǘŎƘ ŀƴŘ ŘƛƻŘŜΣ ƻǳǘǇǳǘ ƭƻŀŘ ƻŦ нлҠΦ ¢ƘŜ ƛƴǇǳǘ ǇǳƭǎŜ ǎƛƎƴŀƭ 

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 

50µH inductor and 10µF 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. 

 

Figure 16: Switching power losses and average power loss 



31 
 

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 RSENSE, 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 RDS Sensing 

 Current can be sensed through the drain-source resistance of a MOSFET because 

MOSFETs aŎǘ ŀǎ ǊŜǎƛǎǘƻǊǎ ǿƘŜƴ ǘƘŜȅ ŀǊŜ άƻƴέ ŀƴŘ ǘƘŜȅ ŀǊŜ ōƛŀǎŜŘ ƻƴ ǘƘŜ ƴƻƴ-saturated region. 

Assuming that the voltage across the drain-source, VDS is relatively small as is the case for 

MOSFETs used as switches, the equivalent resistance of the device is: 
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where µ is the mobility, COX is the oxide capacitance, and VT is the threshold voltage. Provided 

that RDS is known, the switch current can be determined by sensing the voltage across the drain-

source of the MOSFET.  

 

Figure 19: MOSFET RDS Sensing 

The disadvantage to this technique is low accuracy. This is due to the fact that the RDS of 

the MOSFET is inherently nonlinear and usually has significant variation because of the mobility, 

capacitance and threshold voltage. The RDS is also dependent on the temperature exponentially 

which can greatly increase the variation of its actual value. Despite low accuracy, RDS 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. 

 

Figure 20: Filter Sensing the inductor 

 The voltage across the inductor is given by 

 

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

of the filter is  

 

where T=L/RL and T1=RFCF. Forcing T=T1 yields VC =RLIL. Because of this relationship, VC is directly 

proportional to the current IL. In order to use this technique, L and RL 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=µOI/2pr, where µO is the permeability of free space, I 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=µOI/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. 

 

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.  

 

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. RDS sensing will not be appropriate 

because the high switching frequency and operation of our MOSFET as a switch. The current 

across RDS 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 


