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DESIGNRREPORT

EXECUTIVE SUMMARY

This report gives a detailed description on the technical implementation details of the Energy Kioskiswiéch
medium through which we aim tachieve our philanthropic goal of providing accesslaan, affordable energy to
rural populations. On the generation side, the design we have used consists of solar panels with\&edEastiar
tracking mechanism and a Power Management (laMU) that carries out Maximum Power Point Tracking (MPPT).
On the distribution side, we have used sealed, keaid, deep cycle batteries with a charge controller and protection
circuitry to provide to the end user.

Thedesign and sizing of the system were carfigddeveloping a Scaling Model in Microsoft® Exsie component
datasheets,sociceconomical informatiorabout Rwandaand our knowledge of electrical engineerinthe Scaling
Model automatically generates the system specifications when given a set of inputs, which in this case were for tr
case of MinazVillage in Rwanda, where we aim to implement out first pilot project. Additional analysis into scaling
involved determining the relationship between consumer patterns and system reliability to ensure a stable system
In other words, we found a relationghto determine the number of batteries that need to be charged per day so
that no net build up occurs.

Polycrystalline photovoltaic panels have been selected on the basis of price and local availability. Moving onto tt
solar tracker design, upon analysof the solar insolation data for Rwanda obtained from satellite data and
generated using a Matlab® Program that @anstructed;we felt it appropriate to adopt a-D EasiWest tracking
mechanism which would improve the peak solar hours from 4.9 toThis. tracking mechanism will be implemented

by connecting the panel onto a stepper motor and using a PIC microprocessor to control when the motor shoul
rotate so as to track the suhe energy produced by the solar panels would be transferred to thetest using

the PMU.

The Power Management Unit provides a system for transferring the maximum power from the solar panels to the
batteries. The challenge in this task is to maintain the operating point of the Maximum Power Point Tracker (MPP’
at the kneeof the FV characteristic of the solar panels, even during periods of varying solar insolation. This is don
by using a Boost SMPS which maintains the operating point at the MPP using varying duty cycles, followed by
isolated flyback SMPS which stepswicthe voltage and maintains it at 12V for charging the battefié® PMU also

has fault protection and safety mechanisms by incorporating fuses and circuit breakers through the inputs whic
would break/trip depending on the currents in the system.

Overall, the batteries tend to be the most expensive component in the system due to the fact that they need
replacing every 2 years. Thbattery selected was the Powerfit 12Mhich satisfied the criteria dd light, leadacid,

deep cycle, sealed battgrA low voltage discharge circuit was developed for the battery so as to prevent excessive
discharge during its use by the villagers, which would reduce the life of the battEmedly, a robust casing with
electrical contacts to protect the battery amst harsh conditions and damage has been sourced.

The charge controllers would also determine the lifetime of the battery by controlling the manner in which the
batteries are charged. Three methodsiwiplementing the charge controller were analysed awnpared: ofthe-
shelf Steca charge controller, seisigned charge controller to meet our specs, and the TI UC3909 Chip.

This Design Report establishes a firm base for the upcomiagrk on the prototyping andbuilding stage.The
prototyping stage will give us a chance to test whether our design philosophy and details for each aspect of the
design are correct, and will also allow usto correct any shortcomings in our design.
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INTRODUCTION
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used to be competitive. The difficulties in this task are exacerbated by the large capital investment required tc
implement such projectsTo recap, our project aims at providing electricity to rural Africans. Our first pilot project
will be carried out in Minazi village in Rwanda which has a population of 50 homes. Our solution comprises ¢
building an Energy Kiosk, which is a centralised amguigiib where rechargeable batteries are provided to villagers
who use the electricity in the battery and return them to the Kiosk for recharging, hence catering to their energy
needs. A minimal fee will be charged to the villagers so as to discouragesrofghe system.

This makes outask is more overwhelmingyiven that we need to do this for populations who can sometimes earn
less than a dollar a da@ur task involves tradeffs between selecting the newest technologies which are the most
efficient bu costly, and selecting lower specification technologies which are more cost effective. This issue has bee
the main determinant in deciding what approach to take in all areas of the project. Our endeavours to strike &
balance between efficiency ambst® dza Ay 3 (GKS Y2ad &l LhIN&hINBughous oth thiS O K
report and the Commercial Report.

This report will provide a comprehensive analysis into the technical aspects of this Energy Kiosk, providing details
the modules and componegatthat we have designed or decided to adopt, computer software that we have
developed to assist us in designing this system and finally testing procedures that we will put our prototype through

This report will be divided into four major sections:

e TopLewl Desigrg Updated HigH_evel Design, Detailed System Design, System Sizing

e Solar Panels and Solar Trackin§olar Panel Selection, Solar Tracking Theory, Location Solar Radiation Date
Hardware Design, Microprocesss®oftware Design, Testing Procedure

¢ Power Management Unit Maximum Power Point Tracking, Circuit Protection, Testing Procedure

o Batteries and Charge ControllecsBattery Selection, Battery Discharge Protection, Battery Casing, Various
Methods of Charge Controller Implementation, Testing Bdoces

TORLEVEL DESIGN

HIGH LEVEL DESIGN

The project specific high level design has changed from the one stated in the Inception Report. We all decided not
pursue the design incorporating an AC inverter and a water pump at the Energy Kiosk. Ttesise lvee felt that it
would be inappropriate and unviable both technically and financially for the pilot project of 50 homes at the Minazi
Village in Rwanda.

We have decided to keep the high level design simple, fulfilling the core duties of chargiadieneb to provide
electricity to the rural Rwandan3he design includes solar panels which have a solar tracking mechanism; a powe
management unit that ensures that the maximum power is transferred to the charging batteries; and charge
controllers andbatteries which get charged at the various charging stations.
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Figurel: High Level Design of Energy Kiosk

DETAILED DESIGN
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Figure2: Detailed System Design

Our detailed system desigoan beseen in the figure abovaVe will use two high efficiency polycrystalline 200Wp
Kyocera Solar panéfdin series. To protect them from any possible reverse currniiode is included at the output
of the panels (D3). Thelr tracker will be controlling the inclination of the panels to maganegfficiency. Iwill be
supplied by a system internal battery. This battery will be kept at con§teatt NBH S dza A y 3

Project Spark

Protection

Protectlon

Wi NA O
At the heart of the system ithe Maximum Powe Point Tracker IMPP7 circuit with a step down isolated flyback

regulating the output voltage for the charge controllers. The duty cycles of the MPPT circuit are controlled by the PI

shown in the centrewhich monitors the input and output conditions tfe MPPT and ensures that the maximum
available power is drawn from thghotovoltaicpanels and that the output is kept at a fairly constant level
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Each battery will have its own discharge and protection cinguihich will prevent it from dischargingast a certain
depth andwill trip the battery if the load current exceeds the recommended maximum (for our model this is 180A
for 5sec).

SYSTEM SIZING

Our system is designed to allow some of the poorest people in the world to take advantage of gleictribiir
households. Therefore, it is very important to size the system appropriately, as any excess in system sizing will
incurred as an unfair cost on the people. However, we need to ensure sufficient system reliability for our system t
be practially viable We have developed a Scaling Model using Micr@sgicel which allows us to determine the
specifications for any sort of system with different number of homes, costs and various other factors. This Scalir
Model is very versatile and dynamiadhallows us to make changes to various input factors to see the resulting
outcome on the overall system specificatiodglditionally, he Scaling Model can also determine the number of
Carbon Credits (CERS) that a system of any particular size will genera

In this section we will describe the procedure used to sizBrmrgy Kiosgystem in Minazi, Rwanda (50 homes).

DEMOGRAPHICS LOAD SPECIFICATION

Location Minazi Rwanda Lights/home 2
(1°44' 39 S, 2946' 17 E)

Light type and ratingWLEQYCONRAP

ATt AT S Numberof hours of light per night: 4

Note: Equatorial location therefore little daily

north-south solar direction variation SRS (UL WIS e S B

The diagram below outlines our approach to system sizing:

Location

-

==

|
4

Number of System : )
[ Homes ] Specification [ LeaslProtle
Desired Battery Busines®riven
Return Rate | Need
. ' Capacity for Extr
BatterySizing Usage

Daily Battery . Required
Influx ChargingCapacity |

Estimated Systeri

Losses

SolarPanel Sizing

Figure3: System Sizing Approach Flow Chart
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BATTERYSIZING
Ideally, we would like the customers in the village to return to the kiosk for recharge every DdaysdBattery

Return Rate). From this we can calculate the capacity (Ah) requirement on a 12V (Rated Battage)lead acid
based batt NB dzaAy3d (GKS aAONR&a2Fidt 9EOSt {OFftAy3a az2RSt
Excel which determines the optimum battery size for a battery rate of return on 7 days. The summary of the syster
specifications is shown below in the SiegIModel. The grey cells are all input cells which have values hardcoded in
them; these are the values that can be changed. All the white cells with black text are all calculated from other cell:
The formula of each cell is shown in italics on the raghhe cell.

Group Project
Scaling Model - Batteries + Loads (Lights, Mobile)

No. of Households 50 Actual data
Average no of people per household 8 Actual data
Total Number of People Catered To 400 =No. of Households x Avg. no of people per household
No. of Batteries 50 =No. of Households
Battery
Model Powerfit 12Ah
Charge Stored/Ah 12
Voltage/V 12
Price/$ 30 In RWF 16965
Documented Battery Life/years 4
Battery Life Scaling Down Factor 1
Actual Battery Life/years 4.00 =Documented Battery Life x Scaling Down Factor
Discharge Cycle
Available Charge/Ah 9.60 =Charge Stored x Discharge Cycle
Energy Available/Wh 115 =Available Charge x Voltage

Charge Controllers

Model Tekka
Price/$ 25
Estimated Life/years 10

Mobile Charger

Phone Battery Charge/Ah 0.70
Phone Battery Voltage/V 3.60
Phone Battery Energy Stored/Wh 2.52
No of Charges per week/recharge 2.00
Total Energy Req. for Mobile Ph. Battery/Wh 5.04 =Phone Batt. Energy Stored x No. of Charges per week
Light
Battery Energy Available for Lighting/Wh 110 =Energy Available - Total Energy Req. for Mobile Phone Batteries
No of Lights per Battery 2.00
Model CF Konrad LED Actual data
Type CE LED Actual data
Power Rating/W 5.00 2.00 Actual data
Total Rating (factoring in No. of Lights) 10 4 =No. of Lights x Rating
Cost/$ 20.00 26.00 Actual data
Estimated Life/years 10.00 15.00 Actual data
Luminosity/ lumens 210.00 79.00 Actual data
Operating Voltage/V 12.00 12.00 Actual data
Operating Current/ A 0.42 0.17 =Power Rating/Operating Voltage
Battery discharge time/hours 11 28 =Battery Energy Available for Lighting/Total Lighting Ratir
Average battery usage per day 4 4 =no. of hours of lighting in 'Carbon Credits' Worksheet
No of days per visit to the Energy Kiosk 3 7 =Battery Discharge Time/Avergae usage per day
No of days in a year 365 | 365
No of visits in a year 133 53 =No. of days in a year/No of days per visit

Figure4: Scaling Model: Batteries and Load Worksheet
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SOLAR PANEL SIZING

The solar panel sizing is also done by the Scaling Model. The results from the Batteries and Load worksheet fe
through to the Solar Panelzéng sheet and the solar panel sizing specifications are determined as shown below. The
cells that have &Chooseg option, allow the user to select between various different options that are programmed

in using a drop down menu. The Model will appropriptehange the specifications based on some of these choices.
The choices in the following worksheet are:

1. ChooselED or CF light, which will determine the number of days between charges
2. Choosewith MPPT or without MPPT, which will determine the systersdes

Group Project
Scaling Model - Solar Panels

Batteries
No. of Batteries 50 =No. of batteries in "Batteries" worksheet
Approx no. of days per charge 7 Choose: \ LED
Working Days in a week/No. of days kiosk is open
Fraction of total battery influx at the kiosk on any given week 0.80 =Approx. no of days per charge/Working days per we
Batteries Charged per week 40 =Fraction of total battery influx x Total No. of Batterie
Influx per day (assuming perfect distribution of batteries discharging) 7 =Batteries Charged per Week/Working days per wee
Assumption of extra influx per day
Battery influx per day accounting for upward variations 9 =Influx per day x extra influx
Available charge in the battery assuming 80% Discharge Cycle/Ah 9.60 =Available charge stored in '‘Batteries' Worksheet
Voltage/V 12 =Voltage in 'Batteries' Worksheet
Total energy within the battery/Wh 115 =Available Charge x Voltage
Total energy required to charge the battery/Wh 115 =Total energy within the battery
Total energy required on a day to charge batteries at the Kiosk/ Wh 1047 =Total energy x Battery influx in a day with variations
In KWh 1.05

Solar Panels
No. of peak solar hours per day/hours Actual Data from Kigali Solar
Total power required to charge batteries/kW 0.26 =Total Energy Required in the Energy Kiosk/Peak so
Total power required for the ENERGY KIOSK/kW 0.26

Incrementing Factor - for extra influx & expansion

Total power required for the ENERGY KIOSK assuming fluctuations/kW  0.33 =Total Power Required x Incrementing Factor

Power Management Unit

System losses Choose: | with MPPT |
Total efficiency of the PMU system 93%
Total PV panel rating required for the Energy Kiosk/kW 0.35 =Total Power Required by Energy Kiosk/

Total Efficiency of the PMU System

Solar Panel Models

Solar Panel Model Name Kyocera

Price per Module/$ 1600

Peak Power/W 200

Estimated Life/years 20

Price per Watt/$ per Watt 8 =Price per Module/Peak Power

No of Modules Required 2.00 =Total PV Rating/Peak Power

Total Cost/$ 3200.00 =Price per Module x No. of Modules Required

Figure5: Scaling Model: Solar Panels Sizing Worksheet

The Scaling Model has an additional worksheet that calculates the number of Certified Emission Reductions (CE
ADSd a/ FNb2y [/ NBRAGAa¢  KioténtialigdrBingd Inodd ehé&n® lhis ptyolStivl miodekis I

shown in Appendix AHowever, for our pilot project of 50 homes the earnings are quite insignificant, hence we

KFE Sy Qi AyOfdzZRSR AlGd . dzi Ay GKS 7Fdzi dzeXisefdl ko8l yo havé to LI |
calculate additional income.

©
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The summary of the specifications obtained from the Scaling Model are shown below. The Scaling Modelhas a f
inputs that allow us to add in a buffer intbe system hence allowing us to have somerspeaapacity to expand or to
allow for unaccountedosses

( Daily Influx of Batteries: 7 )
No of Charging Stations in Energy Kiosk: 7
Total Energy Required per day to Charge
Batteries in the Energy Kiosk: 1.05kWh
Efficiency of PMU System: 93%

Theoretical PV Panel Rating Required: 350/
SolarPanel Model: Kyocera Solar 200Wp
\ Total PV Panel Rating: 400Wp Yy,

No. of Households: 50
Battery Return Rate: 7 days
Battery Usage per day: 4 hours

Battery Model12Ah deepgdischargéattery
Battery Life: 4 years

No. of Lights per household: 2

Light ModelConrad 2W LED

RELATIONSHIP BETWEEDNSUMER PATTERN ASYSTEM RELIABILITY

The Energy Kiosk a system that is assumed to serve a fixed amount of customers. The system evolution of the
Energy Kiosls primah f & RSUGSNXYAY SR o0& (KS wiz2ada 2F 2R LINRoOLI O
YpssofloadINP O 6Af AieQ RSaONROoSa (GKS NBf ALl o6Af Edefyy KoFkasi KS
insufficient energy to charge theljedzA NS R a4Sé 2F oF GGSNASaAad ¢KS WRIAf @
many factors such as, battery sizing, load specifications and expected usage.

However, it should be clear that if the demand for charging is greater than the reliabithg afystem, it will create

a dynamically unstable system in which it there is a NET build up of batteriesetbdto be charged An excess of
charged batteries in the systemdssirablewhen the system stability is considered. In the following sectiwasvill
mathematicallyanalyg it KS NXBf I (A 2 YsB5K hddLIRB G b SBH A e QF WRI At e O2ya
the conditions under which we can ensure no NET build up of depleted batteries.

MATHEMATICAL DESCRON OF THENERGY KIOSKSTEM
TheEnergy Kioskan be described by the following system:

Eq.1 m(t+ 1) = am(t) + (T —m(t))
m(t) = Number of batteries in the Energy Kiosk at day ¢
a = Probability function to describe the ‘loss of load probability’
¢@ = Probability function to describe the ‘daily consumer return probability’
T = Total number of batteries in the system

FromEgq.1, we can see that the system has a memory property i.e. the previou® gayformance will affect the
current system performance. ldeally, we would like the current@gyaformanceto be independent of the
LINS @A 2 dzad R & Q.ave wisltNdoRikeNolsgad& buildipdBoatteries FromEq. 1 we can see:

m(t+1) = am(®) + ¢(T —m(t))
m(t+ 1) = am(t) + T — em(t)
Eq.2 m(t+ 1) = oT + m(t)(a — @)

From the above equation we can see that to make the system absolutely mdesgyve require the following
condition to be satisfied:

Vi
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a—¢@p=0

That isif the system probability of failure is eglto the daily consumer return probability, we will have no average
NETbattery build-up over time. We can identify three different modes of operation that results in different system
characteristics:

i. a=¢

ii. a>g@

iii. a<@
Let us characterize each of thesatss and define the overall effect on the system performance. The case for (i)
results in the following equation:

Eq.3 m(t+1) = ¢T

FromEq.36S Ol'y &aSS GKIFd GKS agdadsSy Kra f2ad Adagahhé&y2]
batteries received back into the system at ALL times 7). However, it should be noted that$h WNB I A 2
a0 o AEqRihat@esuked inEq.3is hard to maintain, hencA KA & adldS OFy o©S 02yahi
Therefoe, it wouldbe uradvisable to design a system to operate in this state.

The condition of state (ii) results in the following system equation:
Eq.4 m(t+1) = T + m(t)(a — @)

ltcanbeOf SI NI @ aSSy GKIG (GKS 0@ SledRlol AaybitcohidNasittewm S
current output. Furthermore, we can see thtte system is unstable and will converge higher thha system
capacity whichwill result in a NEBuild up of charge i.e.

L =Ilim{,,, m(t) =T [1+Z—a]

as(1>a—-—¢>0)
This can be shown as follows:
m(t+1) = T + m(t)(a — @)
Let® = (a— )
m(t+2) =T +m(t+1)0

m(t +2) = T + (T + m(t)0)0

m(t +2) = oT + 0T + m(t)®?
In a similamannerit can be shown that:

m(t +3) = @T + @TO + @T®? + m(t)®3
m(t +4) = T + T + @T®? + TP + m(t)p*
Following this pattern, we can generally express the following conjecture:
Eq.5 m(t + M) = [T YM=4 o™ + m(t) oM

Furthermore, we can see that the resultBig. 5 is valid when the following condition is met:

A>a—@p>-1)
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Let us see the effect of converge@sM — co:

M-1
N}im m(t+ M) = A}im T z g" |+ m(t) g™
n=0
M-1 T
. %
1 z n Ml= —
n=0
— T = °T _ d
Hence, Eq.6 L =limy_ ,m(t+ M) = ke T [1+<p—a]

FromEgq. 6 we can see thathe only case at which —» T is whena — 1 i.e. when the system is 100% unreliable.
Furthermore, we can see th#te result is the same again for thnditiona = ¢. We @n simply plot the graph of
Eq.6 and seethat L — T asa increases Furthermore, we note thathe lowest L is whem = 0 (i.e. thesystem is

100% reliable) i.eL =T [&] whena = 0. From this we can also see that condition {8ithe most appropriate

one to keep a small system stable with no NET build up of depleted batteries.

In addition, we can determinehe required battery charge capacity (C) that tBeergy Kiosk requires. Thus, the
condition for dynamic stability of thEnergy Kiosls:

%
Eq7  Tx[giZ]<c
We can gain some ingptant insight into the internal workings of thEnergy Kioskrom the Capacity Formula.
Firstly, we can note that to ensure NO NET build upattEbies, one could design thepacity of the Energy Kiosk to
be very near the total amount of batteries pregein the system (T). However, such a system would not be cost
effective unless the unreliability of was very great.

In addition, it can be noted that the probability variables do have an inherent variance associate with them. To som
extent, the Capacitfrormula suggests a relationship between tiehaviourof the failure rateof the system (which

is mostlygoverned by the sun) and the consunterhaviour Intuitively, the previous statement does make sense;
the behaviar of people igo an extentgovernedby the weather. This can be showm the following alternations of
Eq.7:

Kol
T-C

CKS F2fit26Ay3 O2YRAGA2 YoisoBdad N2 62 G & NA 6 &z08 (2 (K

Eq.8 ¢9<-—x[l-aq]

(0p))
Qx
(¢
Q.

1. Insufficient solar radiation
2. Higher than expected consumermand on the system
3. System breakage

CONCLUSIONS

In this section we have been able to show a relationship betwbenconsumerbehaviouralpattern and system
reliability to ensure a dynamically staliiergy Kioskystem. We have shown that the controlliragcfor in order to
ensure a dynamically stable system is the system capacity i.e. how many batteries can be charged at the same ti
in the Energy KioskTherefore, the condition for a dynamically stable system will be very useful to ensure proper
system siing and therefore also allow usitaprove the overall economic viabilibf the system.

Li akK2dzZ R 0SS y20GSR>Z d&heigy KiGkeliatblity &iging yWrobabilitg, Zialvs tHatysystem
reliability can drastically be increased if a few extrarged batteries are kept in thEnergy KioskThe calculations

9
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suggesthat for a 50 home system, we should aim to have 6 batteries on the shelf to increase system reliability to
above 99%.

Furthermore, we can easily see that our system will be dynalpisshble and will ensure no NET build up of
discharged battery.

SOLARPANELS & SOLAR TRAGK

SOLAR PANELS

There are currently three different types of panels openly available on the market. These are polycrystalline PV cel
monocrystalline PV cells andY 2 N1LJK2dza 2NJ W¢KAY CAfYQ LIyStao t2fe
available ones and the cheapest type. Monocrystalline panels tend to be slightly more efficient than polycrystallint
panels, however their large difference in price compareth®polycrystalline ones does not justify their cost for the
extra efficiency obtained. Amorphous panels are still an emerging technology, although they have been unde
development for a few years now. A visit tsalarpower plant outside Kigali duringpé preliminary survey trip to
Rwandashowed that they use 250kWp aforphoussolar panels from FirstSolar. Amorphous panelscirarlythe

best choice of panels due to their efficiency under local climate conditions. These panels however are not open
availablefor systemsbelow 30 kilowats. Hencethe bestchoice of panels igolycrystalline.

We have chosen to use 2 modules of the Kyocera 200Wp solar panels as they are known to be reliable, efficient, &
moreover locally available in Rwanda.

SOLAR TRCKNG

There are several methods of optimizing a phottaicl system. Several advarschave been made in semiconductor
physics to allovthe manufactureof more efficient and cost effective solar pandi&irthermore, there areelatively
simplemethods of ncreasing the efficiency @ PVsystemthrough the inclusion ogolar concentrators and solar
tracking. Each of thesmethodshasits own benefits anddrawbacks For our projects we will be usingame-axis
solar trackingnechanism to optimise our solutidfor use in rural communities in equatorial Afri€a.

THEORY

The solar radiation isimilar to anelectric field.Fromelectromagnetic theoryit is known thatthe electric flux that
pas®s through an enclosed surfaceridated to the angle of the surface in respect to the direction of the electric
field.

The greatest power output of the panel is achieved when the panel is perpendicular to the direction of the solal
radiation. The solar panel power output can be relatedht® incoming power as:

Eq.1 Pyt = Py, X cos (a)

Therefore,it can beseen from the above formulathati K SNBE | NS aAIYAFAOLIYG | Ryl
Bydesigninga solar trackerthat is able to improve the average power output from thelar panels, we can reduce

the overall sizing of a stationary system, hemedudng the cost andthe required solar panelarea. As our system

will be specifically designed for communities in rural Africhas to be a low cost and low maintenance syst

Several technicahspects of this type of systeneed tobe determinede.g.

1. How often shouldthe solar panelbe adjustedto achieve the perfect balance between motor energy
consumption and NET energy gained?

10
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2. How to ensure a low maintenance and load (e.g.whether or not to incorporate dackup system, auto
reboot, warning signals etc.)

The following condition must be met during a day cycle to justify solar tra¢&ng
Eq.2 Enotrack < Eout(W) — Egp(W)

Where:

Eno 7rack = Energy Output from the panel with no tracking during one day cycle

E,ut (W) = Energy Output from the panel with tracking during one day cycle

Estp(w) = Energy consumed on tracking during one day cycle

w = The number of position adjustments per hour

FromEgq. 2 we can see that efficiency gained from solar tracking is highly dependetitearefresh frequency (w).
Intuitively, if we follow the sun continuously, we woub@ continuouslyusng energy on the tracking motor and
therefore such system would most likely efficient. Converselyinfrequent tracking would create seduction in
the possible power output possible from the solar panel.

It can benoted that the refresh frequency idependent on the maximum system deviation angle from the €)nl
the step frequency of our system@sand that after each step = 0, we can approximate the energy lost due to this
step resolution:

E, cos(0) + E, cos(®) y 1+ cos(0)

Eq.3 Eout(q)) =E, X 2 1 2

Where:

E, = Energy obtained if tracked continuously (panel perpendicular to the sun at all times)

@ = Max Panel Deviation Angle (MPDA)

FromEq.36S Oly RSTAYS (KS W5S@&Hphdirzy Fy3atS STFFAOASyOe

__ 1+4cos(0)

Eq4 &g 2

Computational data obtained from satellitegndicates that the yearly average amount of peak hours in Rwanda
excluding any tracking is 4.9 ho&ee AppendiB). Furthermore, we know that the number of peak hallnerease

to 6.7 ifa two-axis trackingnechanismis introduced Therefore usin&q.2 and Eq. 4 we can redefine our condition

of stepper motor operation as:

Eq.5 VVp X (SQ)PHtrack - PH)>ESfP(W)

Rwanda is an equatorial country located in the centre of Africa. We tiewveloped a computer progmin Matlab®
to predict the solar path as function of day of the year and the hour of thé*ti@ye code for the Matlab® Program
is shown in Appendi€. The results from Kigali, Rwanda were compared with results from LondikinWe found
that the variation of the solar path in Kigali was of a magtallermagnitudethan that ofLondon. Furthermore, we
can also note that théorth-South movement in Kigali is narr@vcompared to the same movement in London
any givenday ofthe year. Therefore, we have decided that a enés eastwest trackerwill result in theoptimum
balance between cosffectivenessand efficiency gained. The results from the simulation can be found below:

1L
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' i

[ Kigali |

Figure6: Top graphshows the absolute norttsouth difference in solar position as function of day and hour
The bottom graph shows the day length pattern as function of the day of the year

From the above simulation outpuit, is clearthat the Day Length remains nearly caast throughout the year in
Rwanda. The Day Length simulation output for London is as expdbtediays areshorter during the winter and
longer during the summer. Furthermore, it can be seen that in RwandaNtr¢h-South deviation isinsignificant

and t has amaxmum deviation of 25.118during a solar year. The deviation in London is found to be 43.994
Therefore, seeing that th&lorth-South angle is not significantly affected during any particular day in Rwanda, we
suggest a simplBastWest axis tacking to impove power output with monthly Nrth-South angle compensation on

the solar panel support structure. Even if tNerth-Suth tracking is ignored, we expect a significant improvement
in power output.

SOLAR TRACKER HARR®WRESIGN

Our intentionis to use a stepper motor that is
connected to the solar panel via a gear bo>‘ = ‘ = Sl\;lert)per '.
Furthermore, we have decided to use an-sifielf otor 4
stepper motor driver circuit. Our control system ' -
will be embedded into a PI®) which will control

the direction, speed and refresh frequency (w). ‘

Figure7: Solar Tracker High Level Design

The following componesthave been selected

Photodiode 1 PIC_ | Stepper Motor

[ BS520E0F [ PIC12F629 || R<173611 || 191-8340

The driver board is capable of providing the stepper motor with appropriate stepping sequence and is also capab
of controlling the speed of the movementhdrefore, the only input the PIC needs to provide the driver board is the
following control signals:

1. Direction
2. Speed (set by the clock frequency of the board)

12
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The photodiode will detecthe surrise and thereafterthe PIC will implement the designed tradkialgorithm that
will move the stepper motor in grogrammed manner. Furthermore, upon detection of the sunset by the
photodiode, the PIC will ensure that the Solar Panel is returnétd twiginal starting position.

THE PIC

The PIC (Programmable Intgjént Computer) is an industry standard microcontroller used in a wide range of
applications. In essence, it is a programmable (put/Output) device. The choice of a PIC is generalletam
five parametersNumber of 1/0 requireglperipherals needepmemory sizemicrocontroller speegphysical size®

Our main criterion for selection ishe number of I/O pins. The specifications of our PIC are determined by the
algorithm desdbed below. We will have only onieput from the photodiodeto make the program run or enter
Sleep Mode. The outputs of the PIC are determined by the inputs required by the motor, dievene for the
direction of rotation and another for the step pulses. Therefore, we only require 3 I1/O portpehgherals are
required and the memory usage is small with very few variables. The microcontroller speed should be high given th
this will provide a more accurate calculation of time, and the physical size is not a matter of concern for oul
application

{

The PIC12FE® microcontrollermeets our requirementslt has voo —o[[1
6 1/0 pins and can be run with a 20MHz oscillator, giving a C cpqr crioscicLrn —
speedof 5MIPS. It also includes 1B§tes of EEPROM memon ce«igioscacikout «—|]
which could be used to store some fixed parameters like t GP3MCLRVpe —]]
motor frequency It includes an ®it Timer module with a Figure8: PIC12F629 Chip Diagram showing I/O Ports
corresponding prescaler which can perform the operation

described in the software.

:|<— Wss
]q—» GPO/CIN+ICSPDAT
]-1—- GP1/CIN-ICSPCLK

]-_-. GP2/TOCKI/INT/COUT

=]

[X]

-4

=]

PIC12F629
o

S
o

Product Status Volume | Architecture | Memory | Program | Program | Self | EEPROM| RAM | I/O Pin Max. CPU Internal
Family Pricing Type Memory | Memory | write Data Pins | Count | CPU | Speed | Oscillator
Kbytes Kwords Memory Speed | MIPS
MHz
PIC12F609 In $0.63 8 Flash 1.75 1 No 0 64 6 8 20 5 4 MHz,
Production 8 MHz
PIC12F615 In $0.70 8 Flash 1.75 1 No 0 64 6 8 20 5) 4 MHz,
Production 8 MHz
PIC12F629 In $0.70 8 Flash 1.75 1 No 128 64 6 8 20 5 4 MHz
Production

Figure9: Specifications of Different PIC Ch{ig3
THE STEPPER MOTOR

The RS 213611, is a hase Unipolar Stepper Mot@river Board. It requires four externaloatrol signals to
function:

[ B: Full Step/Half Stepl I C:Clock ] [ D:Direction ] [ E:Pre-Set

The PIC will be responsible for the Clock input and the Direction Input. The Direction Input will be important tc
ensurethat the system is reset tadts original position after the 9 o] |

end of the day. Furthermore, the clock input will allow the PIC t i'H

control the number of steps the Stepper Motor takethus 2—_:_"_:24 T ;,m.ml Y -
ensuiingthat the desired average angular velocity is maintained p — mm = RS 247361 S L

E ——mm 21[\92%23[21% K
J 13 - = a

The RS 198340, is a 12Volt 494mMn stepper motor with OE';—'

steppirg angle of 1.8, Therefore, depending on our update -+ ™ g_;:r

frequency (w), we need to ensure that sufficient number of ste " x =

are taken so that the average angular velocity of dér hour. Figure 10: RS 218611 Stepper Motor Driver Board Circ
Diagram
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PIC TIMER ALGORMH

The operation of our solar tracker will be based on moving the stepp
motor the required number of steps at discrete intervals of time so th
the panels wilbe perpendicular to the solar radiation mosttbe time.
In order to implement this, we need to be lebto measure timeThe
rate at which the panels will move will be short enough to be measur
in minutes.

Therefore thePICneeds to be programmetb act as a timer. Initially,
the PIC will be kept in sleep mode for power sayaposes As soon as
the sun rises, the photodiodsvill initialise the program. It will then
countthe minutes until the motor has to be driven and then restart th
count again. The PIC wdlso have to remember the number of steps
the motor takes, given that once the sgnts,the panels will have to go
back to their initial position by taking back as many steps as they t
during the day. The microprocessor will then enter sleep mode ag
and restart the cycle.

To implement this program, we will use the timer module called TM

Start
|

Project Spark

.

LED on?

Initialise
Variables

Y

InterruptCount > Niar
interrupts/sec?

lYES

-Increment SECONDS
-Clear InterruptCount

}

NO

YES

l

T Sleep Mode

e

I

Panels return to
initial positon

o

LED on?

f

Run Motor

Tvss

included in most PECBY enabling this timer, the memory location 0x0

of the PIC will keep track of the number of instructions processed. - ESECONDS 2
increment of TMRO depends on the value of firescaler If it is set to YES
1.1, TMRO will increment its valuerfevery instruction, if set to 1:2, l

every two instructions, and so on. The maximum value ofdtescaler ~ noementMilutes | 4
is 256. Whenever the value of TMRO reaches its maximum (256 for a

bit timer), an interrupt will occur. Figure11: PIC Timer Algorithm Flowchart

MINUTES > Minutes for
NO-. driving motor?

The time that every instruction takes can derived from the crystal clock frequency driving the PIC. Therefore, we
can derive the rate at which interrupts will be called from the values of three variables: the crystal clock frequency
the initial value of TMRO and the prescalelence by knowinghe frequency of the interrupts, we can calculate the
number of interrupts needed for a second to have pas$ed.

T _ fxraL
instruction — 4

The period for a PIC instruction

prescaler X (256 — TMRO;p;tiq1 + 2)

Period for TMRO interrupts

Tinterrupt = T
instruction

(+2 needed because two instructions go by without incremenfifiROwhenever we write toit. We will have to
write to TMRO every time an interrupts is called)

1

Number of interrupts per second Nint/sec = T

interrupt

The PIC will remain in sleep mode when no light is detected by the driislors As soon as sun is detected, the
software will be launched. It will enter an infinite loop where it will constantly check if the number of interrupts
called is greater than the amount we need for a second to elapse. By checking this condition, ilTMd&htwip PIC
instructions and interrupts will be called at a ratéT;, orrupt -
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There will be a point when this condition becomes true and we will increment a variable assigned to count second
LT 6S KI@SyQi NBIOKSR c¢cn aSO2yRa &Sz GKS LIN®WEINI Y
increment a variable used to count minutes and reset the seconds register.

The program will continue with this process until the count of minutes is greater than the threshold specified by the
user after which the motor should take a given number of stepshétt point, the motor will be driven and the PIC

will have to remember the number of steps taken by the motor during the day by incrementing a variable. Finally
the program will check if the LED is still on. If it is, it will reset the variables usgectmnds, minutes and steps, and
NEAGFNI GKS ¢gK2tS LINRPOSaad LF AG AayQiu Al gAfft Lz

TESTING

The primary test on theolar tracking module will be tdeterminethe most efficientrefresh freqency of the motor

i.e. how often weneed todrive the motor.It is imperative that westrike the right balance between power gained
from solar tracking and power consumed by the mofbhis testing will be done usingspeculative approachnd
trying different valuesof the refresh frequency (a priori in the order of tens of minutes) both theoretically and
practically until the most efficient solutiois determined Anotherinteresting test will be determining the effect on
the overall efficiency of manuglladjusting the panel or 3 times a year to account fdlorth-Suth tracking. This
canonly be tested theoretically since a whole yeauld be requiredo take practically takeaneasurements.

Another issue is the robustness of the tracker. The PIC @dgomvill have to be tested by gting lightonto the
photodiode, which would then trigger the whole mechanishio successfully pass this test the tracker would have to
ensure that the solapanel complets the cycle for a day and retusrto its initial po#tion. This process will be
repeated several times determine the reliability of the program and to establish whetlaebackup system will
have to be includedo compensate for the power loss during an errdhe entire structure will alschave tobe
tested for harsh weather conditions such adnd, heavy rainfall and dusty conditions

POWER MANAGEMENT UNI

Systems powered by PV cells suffer from a great susceptibility to rapidly changing Solar Insolation levels. This cat
the IV output characteristiof a PV panel to change. Unless special circuitry is deployed, most loads will not be able
to adapt their own 4V characteristics to these changing circumstances and may at best simply cause the panels t
operate inefficiently and at worst cause the systpermanent damage. Either outcome is most undesirable as we
are trying to cost optimise our system and hence want as little wastage as possible as well as protect the syste
adequately from permanent damage.

The Power Management Unit (PMU) is designeéneure that the panelsperate attheir maximum efficiency. It

will control the power flow from the generation side to the load side (in this case the charge controllers) and protect
the system from reverse current flow amarge current flows. The outpuvoltageof the PMU will bebetween 12V
15Vwhichwill be monitored and if necessary adjusted by a micro controller in the PMU.

THE iV CURVE PREDICAMENT

The ¥V characteristics of a typical PV panel are shovtherfigure belowIt can benoticed that the FV characteristic

is strongly influenced by thénsolation level and the operating temperature of the PV cells. Although the
temperature may vary significantly, it is not something that will change very rapidiglationlevels on the other
hand carchange rapidlyby moving clouds for example.
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Figurel12: Typical +V characteristics o& PV module

Under normal circumstancesve would aim to operatat the ¥nee poinfof the horizontal and vertical sections of

the FV chaacteristic which will allow us talraw the maximum amount of power available from the panels
Assuminghat we are operating athe kneepoint at aninsolationlevel of 600W/m, our load will be demandinga
current ofabout 4.7A. The problem arises wherthsolationlevel drops significantly, to 200W/nfor example. The

load will still want to drava current ofabout 4.7A as we are stidperatingat a similar voltage level as before. This is
however not possible anymore and by trying to satisfy the Idachand the operating point begins tslide up (to

the left) the FV curve increasinthe current. This causebe voltage level to collapse and the systemsettle at a

much lower operating point. This means that we are far from the maximum power oofpthie panels (under the
currentinsolationlevel). Energy that is not used by the load will then have to be dissipated through the panels in the
form of heat which will in turn reducefficiency As can be seen ihe figureabovee G KS LI yStwea YI
output follows an inverse relationship with respect to temperature, i.e. the hotter the panels the less efficient they
become.

MAXIMUM POWER POINRACKING (MPPT) C@ERC

The above mentioned problem can be overcome by allowing the panels to onlytemerahe i+ O dzZNIIS Q&
pointQd ¢ 2 NHzy GKS &eé & ahe idealiopevating pormtmouldShe tha KakiyrORbwer Point
(MPP) as shown itne figure below By forcing the system to operate at a certain power point however we may not
be ableto supply the desired output voltage or current. The system will have to be designed to work with one or the

other at a fixed levef? 9
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Figure13: MPPs of photoultaic systems with varying indation levels
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IMPLEMENTATION OF PMIPUSING DBC CONVERTERS

The problem of forcing a certain operating point onto a system can be solved by connectin®@ &fverter
between the PV panelsnd the load*?™?. Using a Switch Model Power Supply (SMPS) for tle@€onverterwe

can control the duty cyclevhich in turn controls the output voltage and hence the operating point of theefm

The panels will be producing energy at all tim&kerefore,it is important to design the SMPS such that it draws
constant current (aspposed to in intervals). This is important so as not to destabilise the voltage level of the panels,
especially mce that is thevariable we wish to control. A&imple and robust circuit to use is tiBwost SMPSThis
circuit has an inductor on the input and as long as itis designy R O2y G NRf f SR O0OAl (GKS
continuous mode it will also draw current continuously from the PV panels. General design specifications can &
found in the literature for this circuitHowever, it is important tanderstandthe equaton relating output and input
voltage

Vo 1
Vi 1-6

To operate at the MPP theircuit needs to be

operatedat duty cycles between 10% and 60%
A duty cycle of 10% is relatively low and henc T_ Dl
will require a large inductor (choke) in the
millihenry region to keep the boost from going

&
+
. : . . \/i | Vo
into discontinuous mode. When sizing the —
)

output capacitor we have to find a trade off
between reaching the desired voltage leve
before the next samplef the input currentis .
taken by the micro processor and havingaege Figure14: Boost SMPS Circuit

voltage swing on the output.

Following some basic PSpice simulatian inductor of about 1mH and a capacitor of about 500uF should be
adequate for the series coupled solar panels. Accurate calculations regarding component values can only be ma
once the input impedances of the charge controllers are better defined.

The output voltage from théoost SMPSwill realisticallyoperate at a maximum voltage of about 120V (assuming
that current will always be drawn from the panels and hence the inputageltis ® more than 30V per panel and

the maximum duty cycle used is 50%). This voltage however is much too high to be used by the charge controlls
Hence we will need to step down the voltage to about 115Y .

A simple way to step down voltage is to wsBuck SMPS. The problem with this circuit in our case is that the output
voltage is directly proportional to the duty cycle. Hence a duty cycle of about 10% would be requireg tingin

the voltage. OperatingMP&at such low duty cycles, as mentionbdfore, can be troublesome. A better option is
to use an isolated flypback SMR8ich has a isolatingstep-down transformer The transfer ratio of this SMPS is as
stated below and the circuit is shovixelow:

Vo N2 6§
Vi N1 1-6
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Figurel5: Isolated Flyback SMPS Circuit

The advantage of this circuit is that we can scale the output voliagey botha preset factor as well as by adjusting
the duty cycle. For our desigthe ratio of N1/N2 = 10neaning wewould only require the duty cycle to adjust for
slight discrepancies. Even if the output voltage of the boost isW8é\Wvould still onlyrequirea duty cycle of 60%. To
keep the voltage output at a constant leytie microprocessor wilhave tomonitor the output voltage and adjust
the duty cycle of the flyback accordingly.

The algorithm used is a standard perturb and observe alguoritis described in \Bala§paper®. When initialising

the algorithm for the first time it ismportant to start off with a duty cycle of 100% émsure that we start off lower
down the V characteristic curve. From thene, the program should start the MPPT algorithm with a duty cycle of
20%. A good value for thauty cycle increment (C) remains to be determined experimentally but we predict a value
of about 1% should be a reasonable values to start with.

A suitable choice of microprocessor is REC18F2221. It contains 4 1/O ports, 4 timers, 2 PWM modules a@bdia
A/D converter. Further details can be found in the data sheet.

CIRCUIT PROTECTION

To ensure that the PV system we put in place at the Energy Kiosk is safe for both the equipment and the personr
running the Kiosk we have incorporated various fantitection mechanisms into the system. To protect the system
from high currents, we have included fuses at the input and the output of the PMU. These fuses have a maximul
current rating which will be determined once the prototype is built, and will briek circuit if this is exceeded
within milliseconds. Each charge controller has its individually secured power line so that if any of the charg
controllers should develop a fault which may cause it to short circuit, only the faulty circuit will be cuooff
additional safety, we may incorporate circuit breakers at the input of the PMU and at each of the charging stations.

Additionally, due to the high incidence of lightning in Rwanda, the Energy Kiosk will have lightning arrestors arour
it, so as to asure that all the equipment is not destroyed in the event of a lightning strike. A map of lightning
incidence in Rwanda is shown in Apperidlix

TESTING

We will first simulate the entire MPPT in PSpice with an accurate load definition. After this haadoeempished
the circuit will be builiand tested in the laboratory before a prototype is going to be field tested in Rwanda.
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Figurel6: MPPT Algorithm Flowchart
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BATTERIES AND CHARGZENTROLLERS

BATTERSBELECTION

The batteriecan bemost expensive components of the PV systsithey need to be replaced quite frequentihe
choice of batteries is therefore extremely important and care must be taken into maximising their lifetime by
choosing a type that is suitable for a PViegsof our scale. Several points must be considered when selecting the
type and size of battery.

The households must be able to use the battery without having to visitBrergy Kiosk for recharging too
frequently. This and the estimated power usage peuseholdwere the main factors when deciding the sizing
methodology as discussed previously

Apart from the battery sizing, the type of battery will be of great importance to the PV system also afdesveral

types of batteriessuch as leaehacid, ni&ekthydride, nickekzincetc.*” However, the leagicid battery appears to be

the best option for PV systems. This option gives the highest capacity per@bléard has a lower initialost than

many other options®. It is commonly used in PV systems and is readily available in most parts of the world. Ou
system will therefore make use of lead acid batteries.

The two main classes of batteriesat must be conidered are shallow and deegycle batteriesThe lifetime of

shallow cycle batteries wibe significantly reduced if they aseibject to repeated deep discharge, iadischarge

above 20% of its capacitghallow cycle batteries would require customé&rsecharge the battery often and their
lifetime is likely to be compromised.

It is therefore desirable to employ deep cycle lead acid batteries. These can withstand repeated discharging up
80%.However it is important to note that even for these baties shallower discharge cycles may increase their
lifetime. It is important to recharge the batteries completslyon after discharging, as sulgion occurs when they

are left ina dischargedstate over along period time. Sulphation resulitsa permanent loss of capacity.

The choice must now be made between open vent and sealed batteries. Open vent batteries require wate
additions, i.e. manual maintenance. Sealed batteries, on the other hand, do not require manual maintenance and ¢
they are liquidtight, they can be used in any position without leaking acid. For this reason, sealed batteries are
suitable for applications that involve theansport of the batteryHence, it is imperative that we use sealed batteries

as the Energy Kiosk concept re@sipeople to transport batteries to and fro from the Kiosk

We also have to take into consideration the weight of the battery as we would not like to have our customers carn
heavy batteries for large distances, just so that they can get electricity iarek. Heavy batteries will also prevent
people from using our services. Hence, we need to find a battery as light as possible.

The choice has now been narrowed dowrlight, lead-acid, deep cycle, sealed batteri§he final factor in deciding
the battery nowislocal availability.

Findings fronthe survey trip made in January 2Q08dicatedthat the Powerfit S30(produced byExde Industrial
Technology(see Figure 27 iMppendixE) is locally available in Rwanda. This is a deep cycle battery that can
withstand discharge up to 80% and has an expected lifetinf2dbfears taking into account the heavy usage and
harsh environment irRwandaWeighing in at 2.6kg, it is also extremely light hence can be carried large distances
The fascinating feature abothis battery is the fact that thelectrolyte is contained within a glass mat.

Thegeneraladvantages of thispecifichattery and its capacitare:

1. Spillages from damaged batteries are prevented due to the sealed glass mat battery
2. Light battery, hencamaking it easy to transport
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3. Reduced potential safety hazards due to smaller battery size, reduced acid leaks, and lower output currents
4. Low internal resistance due to more efficient battery cell structure

5. Small seldischarge current increasing the lifiete of the battery

6. Smaller batterysize makes it cheaper for the Energy Kiosk to replace

BATTERY PROTECTION

As highlighted earlier,hie batteries are the most expensive components of our systkra to their frequent
replacementand hence they need to be Weprotected so that they do not break down during their heavy use.
Furthermore, leaeacid batteriescanbe potentially dangerous to the user. Battery protection is therefore necessary,
to protect both the battery and the useilhe battery protection wiltonsist ofthe battery casing and protection
circuitry.

BATTERY CASING

In order to prevent the user from misusing the battery, extra casing is provided which includes electrical contacts fc
2 LED lightsa cell phone chargeand an optionalradio plug/catact for general applicationsThe casingcan
accommodate a display made of Light Emitting Diodes (LEDs) whichthieostate ofcharge othe battery.

Thiscasingwill allowthe end user to use the batteg A (1 K2 dziT WRANBOG 02 ysielimdatiay thé A (i K
possibility of makinglangerous falseonnections The state of the casing will allow us to determine if the customers
are handling them recklessly, thus allowing us to revoke the deposit that the users have paid on the batteries

The qudity of the casing can be tested by putting it through a series of mechanical tests, to ensure that itds stron
enough to protect the battergluringdaily use transporation.

PROTECTION CIRCUITRY

In order to prevent the battery from excessive disclegrgircuitry is needed to
detect the level of charge present at any given time and prevent the battery fr(
being discharged above the maximum set level. The level of charge can be '
estimated by measuring the open circuit voltage across the battery tersyinfter

the battery has been at rest (i.e. not be@ use) for at least 3 hour&®

LVD with LED lights to sho
state of battery

Thermal fuse

By setting a reference voltage,Mand measuring the open circuit voltageoV t
between the battery terminals, the two voltages can lmenpared. When M-drops

below the reference voltage the battery must be disconnected from any Ioads,‘
that further discharge is prevented. This is the principle ofloav Voltage

Disconnect circui{LVD) and will be used by our system totpct each indiidual Figure 17: High Level Design of Batte
battery. Protection Mechanism

In addition to preventing excessive discharge, it is desired that the LVD uses light emitting diodes (LEDs) to disp
the state of charge of the batteryThiswill indicate to theuser when the battery must be returned todhEnergy
Kioskfor recharging.

Vief must be chosen to correspond to the battery being 80% discharged, as discharge above this level will shorten tl
batteries lifetime. The voltage across the terminals corresponding to this will vary depending on the battery type. |
will therefore be necessary to test a real battery for an accurate reference point. For now, we can assume that it is |
the range 11.5V¥ 11.8V". Any difference between this range and the actualdf the batteries usedy our system

can be compensated for by scaling the components of the LVD appropriately.
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The temperature of the battery holds some information about the battery. If too much current is drawn from the
battery or if it is damaged, the temperature of the baty will increase. A thermal fuse can be added to the
protection circuitry. If the temperature is too high, the fuse will blothis will protect the usefrom damaged
batteriesand if the increase in temperature is due to too high curretitss, will praect the battery.

The LVD circuit which is shoumFigure 18peratesas explained belowA more detailed description of the circuit
with all the equationsan be found in the Appendx *®

Figurel8: Low Voltage Disconnect (LVD) Circuit Diagram

The circuit detects the battery voltage indirectly through the voltage at nodeArégulting from the potential
divider formed by R1 and RZhis voltage is compared to the voltage at node B, (Whichis selected such that
when the two voltages are equal, the voltage across the two battery terminals corresponds to the battery being 809
discharged (i.e. M). When this occurs the output of the comparator is high, which turns thbgnnel MOSFET off,
thus disconnecting the load.

However, when the load is disconnected the battery voltage increases. This causes the comparator te,oscillat
repeatedly turning the MOFET on and off. To avoid this R6 is added; part of the output voltage of the comparator i
fed back to so that when the output of the comparator is high,isvincreased compared to thexMn order to
prevent oscillation, ¥must be increased sufficiently; this will be determined by the internal resistance and the
maximum discharge current.

Two LEDs have been added to indicate the state of the battery. When the load is connected to the battery a gree
LED is turned on, indicating that the battery is sufficiently charged for use. When the battery is discharged th
output of the comparator idigh, turning the red LED on. A thermal fuse is added in series to the battery such that
the connection to the load is cut off if high temperatures are reached. As explaarédr, thisallowsthe protection

of both the user and the battery.

In order © determine the component values, the relationship between the battery open circuit voltage and its state
of charge must be known. This relationship will be found experimentally during the next stéigje pifoject. The
component values will then be seted accordingly.

TESTING

Before implementing the entire systemin particular before connecting the LVD to a battery, the circuit can be
tested by applying a variable DC powsgurcein the place of the battery. By varying the voltage betwetbe
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