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1. Abstract

Solarcom is a French company that is dedicated to supply, through solar energy, remote
telecommunication devices such as repeaters of fiber optics or phone antennas.

The project is commissioned by Solarcom for the EPS work team from ENIT, and
consists in realize the design of a voltage regulator, based on maximum power point tracking
algorithms (MPPT), to control the operating point of the power source formed by an array of
photovoltaic panels, thus improving their performance and make effective control over the
method and charge status of the battery.

First is done a management, is explained in the first chapter, how is managed the
different resources during the time to finish the project in the deadline.

In the second chapter is made a little State of art to know how is the actual market in
this area ant to decide the specifications and price target.

To make the design of the device is necessary to model the physical environment in
which the voltage regulator work to validate step by step, through simulation, different
algorithms and components which will be based regulator. The software chosen to realize
the mathematical models of the different physical devices on which operation of voltage
regulator depends is MATLAB 2010b, the models were made by modeling and simulation
tool SIMULINK.

The hardware design of the device is implemented in Solid Works, and in this chapter is
explained every component that is inside the device, how it function and why it’s selected.
In this chapter is showed all necessary to build it physically.

In the software design chapter is explained every function used to make the regulator
functional and implemented it in microcontroller, the code is made in C++ language by Code
Warrior for Mororolla.






2. Management

2.1 Introduction

Management is essential to get anything done efficiently, to make the best use of
resources and to work through complexity. But also management has the responsibility to
get us to the destination, completing a less creative, but equally challenging and demanding
tasks. So, for that reason the project manager must have the ability to organize the team
project to achieve a specific goal. Plus, it is approved that the delegation of each team
member to an assigned task into the project leads to a good result for the project. Besides
this successful result it has to be noticed that this delegation of the tasks never over extends
the workload of one member of the team. Finally last but not least, one of the most
important things that management provides to the work team is confidence and optimism
about the outcome of the final procedure.

2.2 Objectives

Nowadays, solar energy consists one of the main sources that has the ability to
supply with big amount of power, many types of loads (telecommunications, etc).Our
project subject is about the loading regulation of a solar field. More specific about the
project is the necessity to create a complete photovoltaic panel with all the simulations are
needed which will be applied into the system, the MPPT algorithm. The benefits of this
application we gain from this, are the more efficiency and traceability for the solar panels.

2.3 Clients

Our project is mainly a research project given by Enit in cooperation with the
Solarcom enterprise. For this reason the most important things that our team has to do is to
define the clients and the deliverables which we will see below. In this paragraph you can
see the clients to whom we are responsible for giving them all the documents which are
consider with the progress of our work.

e For all the technical reviews: Daniel Dixneuf (ENIT’s professor)

e For all the management reviews: Philippe Fillatreau and Thierry
Desmaison(ENIT’s professors)

e For the final presentation: Enit and Solarcom

2.4 Deliverables

Using the term deliverables we describe the desirable results that should be
delivered in a certain time. In our occasion, the deliverables we should give to our clients is
all the work that has been done in all these four months, at the final presentation which will
take place at the 23th of June. This work includes the main deliverables which are the
following:

® Regulator prototype
® Final Report

® Archival work
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2.5 Structure

One important thing is the definition of the main structure of the project. In order to
define it, it is important to bear in mind the skills, the strengths and the weaknesses of each
member of the team. Besides that it must be defined how many objectives our team has to
accomplish so it will be easier to identify things like: a) Expected results, b) Necessary
resources c) responsibilities d) risks of failure or alternative solutions.

Before the definition of each task it should be considered two things simultaneously:

e C(lient satisfaction(quality, cost, time)
e Project team satisfaction

Time quality

Cost
Figure 1

Taking into account all the above, it is important also to separate the project into several
smaller work packages. This method allows organizing the management and the time better
in order to reach the final goal. As a result of this method is a detailed analysis of the entire
project into technical side, the management side and milestones.

Technical Side

e Hardware design

e Software design

e State of art

e Solar panel model

e Simulation of the solar panel model
e  MPPT algorithm control

e Simulation of the MPPT algorithm control
e DC-DC converter

e Last version of charging a battery

e 3D model

e Complete simulation of the regulator
e Commercial paper

e Final report

11
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Figure 2

Management side

e Management planning

e Management monitoring

e Project tracking
e Tracking Gantt
e Tracking costs and deadlines
e  (ritical path

Milestones (for more details see the annexe)

e 4 management reviews
e 2intermediated reviews
o Project review at 30/03/10
o Project review at 19/05/10
Final presentation at 23/06/10

2.6 WBS

The Work Breakdown Structure (WBS) consists a useful tool for project that helps to
organize and define the total work scope of the project. The advantages of this tool that
could be said are the facilitation of the progress measurement and the application of this
method to more than 90% of projects, small or big projects. Besides that, the most
important benefit is that defining smaller elements of the project —this means sub-tasks-it is
easier to handle out the amount of work that should be done.

Working with our project, we are able to present in figure3 at the next page the
definition of all the elements of the project. Their definition was made separating them to
different levels, taking into account the importance of each one. The result of this strategy is
clearly presented with the following diagram at the next page.

12
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2.7 Risks

A critical procedure inside a project is to identify and manage the risks. This belongs into the
general risk management steps. This action offers to our team the ability to work with more
efficiency and confidence, completing the project step by step.

It is easy to identify the risks by answering some questions considering about what is the
main objective of the project, what are the resources that should be used and the proposed actions
that should be taken to eliminate the risks. Taking into account all the above, it has been identified as
risks, the final report for the regulator prototype and the effort is done to respect the given
deadlines. Besides that, it is important to be referred that a successful project is when the result
satisfies the client. As consider as the resources, they are separated into the human resources and
the material resources. The human resources are the personal shortfalls (e.g. no knowledge for one
subject), the absence of a team member during the project procedure because of an illness or an
accident. After talking about the material resources, it could be said that they are the reliability of all
the information which are collected during the period that the project lasts and all the software
programs which are used, should be used legally from the team members.

As a conclusion, the work team should takes care some actions in order to prevent from
appearing these risks or eliminate them if they are existing. These actions could be the flexibility
between the human resources and that means the ability to cover this risk by working more and
efficient. It can be also referred as critical action, the store of all the information into different
storing devices or papers (reports, hard disk drive, and usb stick).

14



EPS SOLARCOM TEAM 2010

2.8. Project Planning

All the projects around the world are accomplished by making the project management. The
project management brings about the successful completion of specific project goals and objectives.
Having defined all the above and especially the deliverables, in our occasion the only useful tool that
is in our hands is the Microsoft Office project (MS project). In the next lines and figures, it will be
presented the most important results by using this software program.

2.8.1. Gantt Chart

The Gantt chart is a type of bar chart that illustrates a project schedule. A Gantt chart
illustrates also the start and finish dates of the terminal elements. Gantt charts have become a
common technique for representing the phases and activities of a project work breakdown
structure (WBS), so they can be understood by a wide audience. At the next figure, it is clear to be
seen the Gantt chart of our project.

o | WBS  March 2010 [apriza10 [ay 2010 [June 2010

Li] 0104 [07 [10 1316 [19[22 2528 31 [03 08 09 121518 21 [2¢[27 [30 (03[0 0s [ 12151821 24 27 [30 02 050811 [14[17[20]23
1 By L s e e, T
2 | E——t00% :
E = A2 o2
4y A3l 4,100%
5 vy Ad S 100%
5 |y AS e 100%
7 J_% A8 ‘_=;100%
8 |y A7 %- 1205
Eva Al _—vm
10 VY AS - 100%
11 |k A0 + 67%
12 W B b s e

- -

ERE:= 81 —&
14 |y B.2 p——
15 |y B3
16 |y B4
17 c
18 Y c1
19 VY c2
20 |y c3|
Bl c4|
22 |y c.
N 8|
24 |y c7
ElN ca
ElN c3
7 |y .10
28 |y ca1
29 |y c.12|
0 VY c.13|
z 0 —————  asn
2 |y D.1

Figure 4

In figure 4 (for more details see the annex), we are able to derive information about the
dates of each task and work package and also about the milestones that are defined.
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2.8.2 Workload

Date Issue Who When
15/03/10 | Search information All 24/03/10
18/03/10 | EPS technical review All 18/03/10
25/03/10 | Select information All 26/03/10
29/03/10 Management All

e Ms project Ahmed+Nikos 30/03/10
e Intermediate review preparation All 30/03/10
30/03/10 EPS 1st intermediate project review All 30/03/10
31/03/10 EPS management review All 31/03/10
02/04/10 EPS technical review All 02/04/10
06/04/10 | Management
e Project planning (Ms-Project) Nikos+Ahmed 12/04/10
e Management review preparation Nikos+Ahmed 12/04/10
06/04/10 | MPPT model Didac+Martin 12/04/10
12/04/10 | EPS technical review Didac+Martin 12/04/10
13/04/10 | MPPT model report Didac 13/04/10
14/04/10 | Dc-Dc converter Didac 26/04/10
26/04/10 | Model of battery Martin+Didac 30/04/10
26/04/10 | The way of charge Martin+Didac 30/04/10
27/04/10 | Report of Dc-Dc converter model Didac 27/04/10
28/04/10 | Simulation PV+MPPT+Dc-Dc Didac 30/04/10
29/04/19 | EPS technical review All 29/04/10
03/05/10 | Market study
e Products compare Ahmed 18/05/10
e State of art Ahmed 28/05/10
03/05/10 | Management
e Planning corrections Nikos 11/05/10
e Preparation for the mngt review Nikos+Ahmed 11/05/10
12_05_10 Martin 04/05/10
03/05/10 | Mathematical model report of the solar panel | Didac+Martin 12/05/10
03/05/10 Simulation of the regulator Didac+Martin 07/05/10
07/05/10 EPS technical review Martin 18/05/10
10/05/10 Design coil ( new task) All 12/05/10
12/05/10 EPS mngt review All
13/05/10 | Preparation for Intermed review 19_05_10 Ahmed 18/05/10
e Market study report Nikos 18/05/10
e Management report Didac+Martin 18/05/10
e Technical report All 19/05/10

16
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19/05/10
20/05/10
20/05/10
20/05/10
20/05/10
26/05/10
28/05/10
31/05/10

31/05/10
31/05/10
31/05/10
01/06/10
03/06/10
07/06/10
08/06/10
09/06/10
10/06/10
14/06/10
15/06/10
15/06/10
17/06/10
16/06/10
21/06/10

23/06/10

EPS 2th intermed project review
Pre-design PCB & Box
Define the microcontroller
Select sensors
Make C code for uC (code warrior)
First conversion algorithm matlab - C
EPS technical review
Management
e Project monotoring
e Project tracking
Design PCB & Box
C code function of display
C code function of ADC
Switch a relay drivers
Final C code uC
Drivers design
Design digital PCB
EPS tech review
Preparation of mngt review 15_06_10
Report of hardware design
EPS mngt review
Software report
PCB prints
Commercial paper
Preparation of the final presentation.
e Final report
e Archival work

Final presentation

Martin
Didac
Didac
Didac
Didac
All

Ahmed
Ahmed
Martin
Nikos
Didac
Didac
Nikos
Didac
Didac+Martin
All
Ahmed
Didac
All
Nikos
Martin
All

All
All
All

28/05/10
20/05/10
25/05/10
28/05/10
28/05/10
28/05/10

08/06/10
09/06/10
16/06/10
02/06/10
31/05/10
04/06/10
10/06/10
07/06/10
11/06/10
09/06/10
14/06/10
16/06/10
15/06/10
18/06/10
18/06/10
18/06/10

22/06/10
22/06/10
23/06/10

Figure 5

Doing the workload in a project, it consists the major help for all the members of the team.

Each one of the work team is informed about the responsibilities and of course the assigned task that

he has to do during the project.

2.9 Project monitoring
This section explains all the requirements needed for monitoring the project’s progress. This

includes technical and management process of monitoring, as well as the formal reporting

requirements. It provides a guide for better practice for:

e Planning and conducting project review meetings.

e Centralize all information relating to the project.

e Preparing quality reports.

e Summarize the results and distribute to relevant stakeholders.

17



2.9.1 Tracking Gantt
Project monitoring should help, not hinder the project. Therefore, it is recommended to
update the project progress at a given date:

e According to the predefined, important project milestones
e According to a predefined update frequency
e Inrelation to the handling of a particular critical problem

The tool that is usually used is the tracking Gantt in the MS-Project. The Tracking Gantt view
provides a list of tasks and related information, and a chart showing baseline and scheduled Gantt
bars for each task.

The baseline can be used to compare the original plan that has been done for the project with
the actual course of the project. The Tracking Gantt view shows the tasks that should have been
started earlier or later than they were planned, with the danger of exceeding their original budget,
and lasting longer than the original planning.

In our project we defined two dates to update the project progress:

e Project status update as at 14/06/10

D ‘ WBS ‘TaskNanE ‘ Duration ‘ ‘Start ‘ Finish By'10 ’ZﬁMay‘m ’5 May'10 [07 Jun*10 [14 Jun 10 21Jun'10
o TIW[T[F[S[S M[T[W[T[F[S[S M[T[W[T|F[S[S|M[T[W[T[F[S|S | M[TIW[T[F|S[S|M[TI[W]
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Figure 6

In figure 6(for more details see the annex), we are able to derive all the information about the
tasks in the critical path and all the completed tasks until that date.
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In figure 7 (for more details see the annex), we can see the difference between the two dates,
which is ore in the critical path. So we can say that all the tasks are completed one day before the
final presentation.

2.9.2 Results
It is well known that the management is very important for the procedure of a technical
project. It directs the team members to take the good decisions during the project.

After that, there are technical, management reviews, simulations and validation for every step
in the project. This project monitoring leads to some certain results, useful for import much
information about it. Using the software program Microsoft Office project (MS Project), it is an
important tool that enables all the team members to read all these information. At the next figures,
it is presented some results about the management for the solarcom’s project.

Dates
Start: Mon 173410 Finish: Wed 23610
Baseline Start: MA Baseline Finish: M
Actual Start: Mon 17310 Actual Finish: MNA
Start Variance: 0 days Finish Variance: D days
Duration
Scheduled: T4 days? Remaining: 0,42 days?
Baseline: 0 days? Actual: 73,58 days
Variance: T4 days? Percent Complete: 99%
Work
Scheduled: 1.840,98 hrs Remaining: 21 hrs
Baseline: 0 hrs Actual: 1.819,98 hrs
Variance: 1.840.98 hrs Percent Complete: 99%
_Costs _
Scheduled: 50,00 Remaining: $0,00
Baseline: 50,00 Actual: 30,00
Variance: 30,00
Task Status Resource Status
Tasks not yet started: 1 Work Resources: G
Tasks in progress: 3 Overallocated Work Resources: ]
Tasks completed: 52 Material Resources: 1]
Total Tasks: 56 Total Resources: &
Figure 8

In this figure 8, it is presented all the information for the duration of the project (duration), the total
working hours (work), the total tasks in the project and the resources.
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Resource Work Summary Report
m Work Availability Work  m Remaining Availability =~ m Actual Work
600
500
400
=
© 300
3
200
100
0
Martin Nikos Unassigned
Work
Figure 9

In the figure 9, the results is the summary of all the work that has been done during these four
months for every member of the group. This diagram summarizes the total work availability, the
work that has been done, the remaining work and the actual work. It is important to refer that the
work is calculated in hours.
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3. State of the Art

In this part of the project we have studied the prices of regulators which are already in
existence and on the market in order to compare them with ours.

Considering the current state of affairs in the Gulf of Mexico, and the worlds’ dependence
upon oil and petroleum products for energy, the market of solar energies may be close to a large
growth in the public domain. Currently, the market for solar regulators is largely centered in the
private sector with large government contracts, providing power to stationed personnel in remote

locations. However, as more people choose to ‘go green’, and as electricity and gas rates for the

home rise, more homeowners will choose to adapt their homes to solar energy.

Energy products must work efficiently and properly, but where cost of the product is
concerned, in order to bring solar energy further into the public domain, it must be more affordable
for the average person. This is where our project, to create both an efficient and cost-efficient, solar

regulator becomes evident.

In our study of the market, we realized that the price of the MPPT-rgulators depends on four

different characters:

> Efficiency

Maximum Charging Current
Max. PV Off-Load Voltage
Power

YV V VY

The different product compared are products of the following five companies:

> TrisStar
» Morningstar
> Steca Solar
> Esomatic
» Soltronic
Ne Name Price[€] pn[%] Imax[A] Vin max Power[W]
offload[V]
1 TriStar MPPT-45 450 99 45 72 1200
2 TriStar MPPT-60 550 99 60 150 1600
3 SunSaver 226 97,5 15 75 400
MPPT(morningstar)
4 MPPT 2010 Steca 215 98 20 100 500
Solar
5 IVT 150 97 30 60 600
MPPT(Esomatic)
6 MPPT100/20 260 97 20 95 600
7 Soltronic MPPT 189 97,5 20 75 600
7520
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3.1 Comparison of the properties

3.1.1 Efficiency
The efficiency means that the output of the MPPT charge controller might vary continually to
adjust for getting the maximum amps into the battery.

Therefore the efficiency can affect the price of the regulator, and as you can see on figure 10,
the price of regulators varies depending on the efficiency.

Efficienc

90,5

o9

al,s

%°

975

Figure 10

3.1.2 Maximum charging current

The maximum charging current is when the current limit phase of charging is flowing into the
battery, because the battery voltage is below the set point. The charger senses this and sources
maximum current to try to force the battery voltage up.

During the current limit phase, the charger must limit the current to the maximum allowed by
the manufacturer to prevent damaging the batteries.

In our study of market, we found that the price is also dependent of the maximum charging
current. On Figure 11 you can see how the price increases depending on the current, with the
exception of one product where the price is less than the other although he has 30A.
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Maximum Charging Current
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6]
I8

€

S00

Goo

Figure 11

3.1.3 Max. PV Off-Load Voltage
Regulating the voltage of a transformer is a requirement that often arises in a power

application or power System. Limit the dimension of the array that can be connected in the input.

The prices of the compared products are disposed depending the value of the voltage. Figure

12 shows that the product designed should have the price of 200€ in comparison to the market in

voltage topic.

Max. PV Off-Load Voltage

200 300 400

[

boo

3.1.4 Power

This parameter means the power that can hold the regulator, most solar panels used with
batteries are not operated at their output power, but are forced by the battery voltage to a lower-

power output.

The designed product will employ Maximum Power Point Tracking to give more energy from

the solar panels.

Figure 12
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Therefore the price of the regulator increases with the increase of power. The graphic shows
which price should be the regulator designed, because it will let the solar panel run at its most
efficient voltage, extract the most power as possible, and charge the batteries at their voltage, with

almost no loss.

Power

6]
1418 )

o 100 200 300 400 oo Goo

€

Figure 13

3.2 Conclusion

The product designed for Solarcom-Team of ENIT has been compared with other product
already existing in the market with similar characteristics and technology to take an idea of the price
that should be have the regulator designed in the actual market.

Efficienc 98.5% 420€

Max input voltage

For the Efficiency topic is, Solarcom-team regulator should acquire a value of 420€, for the
maximum output current 600€, for the maximum input voltage 200€ and for the power 550€. This
meant that to create an effective competence for the similar devices is necessary to increase the
maximum input voltage to create a device with 500€ very competitive in the market.
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4. Photovoltaic panel model

Mathematical model of photovoltaic (PV) panel is used to simulate regulator algorithm. The
model represents properties of real solar panel and its reactions to external conditions such as
changes of temperature, solar irradiance and it’s possible to control its response by voltage.

4.1 Electrical model

For the purposes of simulation of controller is sufficient to use a one diode model shown on
figure 14.

AYAVAY °

R Series

.
GD PV Current Source Ez Diode § B Shunt

Figure 14 Diode model

4.2 Mathematical model
This model is defined in Simulink by equations of equivalent circuit

One cell model:

V+1-R
I=1p; —1Ip _R—S
SH
Panel and array model:

=Ny Ly =Ny L (1) 1), LR
N - Rgy

Where:
I - Current of PV panel

R -Series resistance

I,;; - Current produced by solar irradience

Ry - Shunt resistance

I, -Current of diode

N - Number cells multiplied by number of panels in series
V - Volatage of PV panel

N, - Number cells multiplied by number of panels in paralel
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Equations of: irradiance current, short circuit current, open circuit voltage, diode dark saturation
current.

A

Loy :ISC(T)' 1
REF

ISC(T):ISCREF(1+KISC(T_TREF))
oc (T )= Vocrer (1+KVOC (T —Tipr ))

3 11
T 4 Egup v ——
ISI(T)=IS1REF£_) e [T TREFJ

T, REF

~

__q
A -kB-T

Tyer - Reference temperature 298,15 °K

y

T - Actual temperature of PV panel

I¢. - Short circuit current of PV panel
Ve - Open circuit voltage of PV panel
I, - Diode saturation current

A -Solarirradience

E,» - Band gap of silicon semiconductor
q - Elementaryelectron charge

kB - Boltzman constant

K -Temperature constant

qep - at reference temperature

Computation of diode dark saturation current from boundary conditions.

T=TpsV =Voei Ny =151=0

v
0=1,, - I -1)- -
SH
V,
ISl (eVOC'y _ 1): IPH _ ROC
SH
v
1., - _oc
] _ RSH
Sl eVoc‘y -1
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4.3 Simulink model
From this equations it was made Simulink model of PV panel

™~
v 1
Voltage
Imput

= ™ n
Lamibda =
Solar

Iradience

Imiput
(2 }mle=z72.18 3
Cell .
Temperature )
Imput Tref

5 ™
[ tref |—lu+272.15 4
Short-circuit
current1

Voo

Wooo flup

Lv ]
-
ad
o

i1

Open-circuait

voltage
Iz
= Ty E
- =T
Short-circuit
cumrent

Ea
iy |
-\.l

Rsh
Rsh ™
G- R

™ B

FPower

Product
read Cuput

Cument
Cuput

Figure 15 Simulink PV model
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From model was made subsystem which is used to simulate other regulator parts, this model
can be setup by setup window.

Figure 16 Simulink subsystem of generalized PV module

To could change panel easily has been created a mask with different parameters that can be
changed.

This setup is divided to three sections, basic setup, advanced setup and constants.

-

E Function Blod.:ll-c P?mnreters:‘(imemlized Py Mcﬂkl‘l

Generalized mathematical model of salar cell (mask)

Mask description

Basic setup Adwvanced setup I Constants |
Open-crcuit voltage - Voo [V]

0.6092592592592593

Short-circuit current - Isco [A]

8.23

Murmber of cells in series - Mz [-]

54

Murmber of parallel cells - Mp [-]

8

Figure 17 Subsystem setup
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4.4 Simulation and validation

On figure 18 and 19 is comparison of real PV panel characteristic and simulink mathematical
model of PV panel characteristic.

10 2500 T T T 250
1000 [W/m] Solar irradience:
9 9F R
1000 kW/mA2
s — 2008 | -200
800 [W/mid] /“
? L 4
! % \ 800 kW/mA2
& | —sworprm ; s 06| 1150
& /N | EE
=, | T gl 600 kW/mh2 _ T
% ST FE
E Ua o
o, AN oodf {100
\\ \ 400 kwf i
3 / ‘ 3t 4
2 \ 50 21 2DD|'S 4 50
1 it J
- | A
o \ o 0 AR fm 2 0
1] 5 10 15 20 25 30 35 40 0 40
Voltage [V]
Voltage V]
Figure 18 Real PV panel characteristic Figure 19 Simulink model characteristic

The photovoltaic panel simulated the correct function is verified looking at the data sheet
characteristics and can be used to show and verify the next devices that depends for PV panel like a
source.

To show more information about the simulated solar field see data sheet in annex.
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5. Maximum power point algorithm design

This section has developed a new method for detecting the maximum power point of the
photovoltaic panel to get the best possible performance, this is named dPdV.

5.1 Basic study

There are four different possible cases

MPP

Pk

pd

Pik-1)

ViKY W(k-1)

MPP

Pk
Pk-1)

VT (k)

Decreasing the voltage of the photovoltaic
panel increase the service panel power

Increasing the voltage of the photovoltaic
panel increase the service panel power

P P
-~ a~
hAEE MEP
Pik-1)
Pik-13 —
Pl \
Pl
Wik)  Wik-1) o Vik-11 ViKY
Decreasing the voltage of the photovoltaic

panel decrease the service panel power

Increasing the voltage of the photovoltaic

panel decrease the service panel power

Figure 20, 4 possible cases to study

These four cases can be summarized in table 1

(+ increase, - decrease)

S1 S2 S3 S4
Voltage + - -
Power - + -
Consign - - +

Then the algorithm only needs this operation to make a decision:

Consign =

dP dv

dt dt
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5.2 Code designed to implement the algorithm dPdV
The control id directly connected to the switch, for this reason the output is translated in 0 or 1,
when a 0 is in the switch gate, there is Voc in the panel and Vbat when it’s a 1.

Switching between this points, controlling the duty cycle though the MPPT algorithm it’s
possible to select a voltage in the panel, that have the desired result.

function ¥ = fen(dpdv,Volt)
- if (dpdwv>0)

- Volt=-1;

end

if (dpdw<0)

- Yolt=1:

end

W =1 hon s W M
|

v = Volt;l

5.3 Matlab model of dPdV MPPT algorithm

P
dPdv uC e Derivative
Power [ dpdy
fon Y 1
~{ P Voltage — 1 = —"..PWM
Derivative r"ublt _‘f'
“ioltage Relay
Embedded
MATLAB Function

Figure 21 Simulink block diagram

First is implemented the operation necessary to make a decision, and in the embedded function
there is the code of the algorithm, see figure 21.

5.4 Test of MPPT algorithm

To test the MPPT algorithm modeled, has been selected a changing irradiance source to see the
algorithm tracking in the maximum power point in different cases.

5] Source Block Parameters: Repeating Sequence1 rz|

Repeating table (mask) {link)

COutput & repeating sequence of numbers specified in a
table of time-value pairs. Yalues of time should be
rnonotonically increasing.

Farameters

Repeating §  Tima values:

Sequence’]
[[05610.1] |

COutput values:

[[110505) |

[ oK H Cancel ” Help ]

Figure 22 Setup of source in MPPT simulation
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From the second 6 to 10 the irradiance will be the half.

The figure 23 shows the maximum point tracking power, in 1 second can be at some distant
point in the MPPT found.

Figure 23 State of PV panel

This picture shows the response of the DC-DC converter for the changes in the panel to charge
the battery.

Figure 24 output controlled current
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6. Voltage Regulator design

6.1 Modeling DC-DC converter
To control the photovoltaic power system is necessary to use a DC-DC converter, the most

adequate is the Buck converter, its operation is to reduce the input voltage, the figure 25 shows the
topology used.

s
TR

Figure 25 Buck Converter

By differential equations that define the behavior of the buck converter of figure, has been
created the simulink model.

LdiL =V.-D -V,
dt Cc BAT
A ]
CW =] - l -D

Where i, is the current of the battery, | is the current of the photovoltaic field, V. is the voltage
of the photovoltaic field and D is the PWM parameter control {0,1}.

LDC_DC_Conwverter
D)
Wy
] "utl'l.f what * Productl Add1 1ic Integratord
lpo (ol
] —’.-2
Ibat O b Ibat
1L Integrator
Vbat

Figure 26 Simulink block diagram of DC-DC converter
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6.2 Simulation of DC-DC converter
The object of the first simulation that have done it's for validate only the static part of the
model, choosing a constant duty cycle to validate the equation.

Scope
e A

Scope2

Figure 27 Validation of mathematic model

With a constant in Duty Cycle parameter 0.5, the voltage of the battery will be the half of the
panel and the current the middle, Pin=Pout.

Voltage of photovoltaic field:

Figure 28 Voltage of PV panel
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Current of Battery:

Figure 29, Output regulator current

With the buck converter modeled is necessary to design a PWM control to monitore the
maximum power point while interacting with the power zone of the panel with Switch.

6.3 Design of PWM control

The PWM controller is based on the tracking algorithm point of maximum power of PV panel
with a small modification on the output that result in changes in the voltage of the panel changes the
pulse width (duty cycle) for control via Switch.

dPdvw uc

Power (-

[dpdv

Step

step  fen

< Puuhd  ‘voltage taf

0kt

step .‘. Embedded

hMATLAB Function

Add Relay

Figure 30 PWM control block diagram

6.4 Simulation of DC-DC converter in PV panel
To check the operation of the designed controller has performed the simulation with the
photovoltaic panel with the MPPT algorithm, see figure 31.
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| voltage Imput Power Quput Pr;:;ower - [
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- Generalized PY Module
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dFdv uc

¥
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i Power (-
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Batteny status
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Figure 31, DC-DC converter complete simulation

The simulation is also useful for designing the values of inductance and capacity of the
condenser and coil of Buck converter.

The simulations are performed to constant battery voltage, irradiance and temperature, 12V,
1000Wh/m2/day and 259C. The step of increment of the controller is defined to 0.01 and the
frequency of the microcontroller 40kHz.

The complete system consists of six solar panels located in parallel, to perform the final design
of the different components of the DC-DC converter is performed with complete system simulation.

6.5 Capacitor design
The capacitor needed it’s a power capacitor not normal, it’s necessary to support big currents,
the next equation represents the current that will cross the capacitor.

P 1600W

= = 24.314
NS * VPV 2 * 329V

IC(A) =

The typical parameter that explains the maximum current that can cross the capacitor is in
efficacy value, then.

1 5 1
ICef: ?‘I‘I dtzglc

The capacitor selected needs to support 8.1A, and the maximum voltage of the panel array is
60V, see figure 32.
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Vishay BCcomponents Aluminum Capacitors, 101/102 PHR-ST -

Power High Ripple Current Screw Terminals v

Figure 32 Capacitor
ELECTRICAL DATA AND ORDERING INFORMATION FOR 101 SERIES
STANDARD HIGH POST HIGH CURRENT
Cn HOMINAL | I W | ESR| 2 M5 DISC ME DISC
Un | oowg |CASESIZE 100Kz [ b0 | max. | max. sT ST BOLT NUT sT ST BOLT NUT
U @DxL | g5°C | | " |100Hz |20 kHz| ORDERING | ORDERING | ORDERING | ORDERING
{mmj) (A (maz) | (2 CODE CODE CODE CODE
MAL210...... | MAL2101...... | MALZI01...... MAL2101.......
gro0| 3sxe0 59 | 0sa | 42 25 18472E3 EQ472ES
8800 | 35x60 66 | 088 | 38 25 18682E3 EBEAZE3
g800 | 35x80 73 | 088 | 30 18 2BE82E3 BBEAZE3
[ 10000 35 x 80 (] 1.26 Fii 18 18103E3 SB103E3
10000 | 35x105 B8 | 128 | 22 14 2810363 ER103E3
15000 | 35x105 87 | 18 | 19 14 18153E3 5B153E3
15000 | S0x80 | 121 | 189 | 18 1 28153E3 EB153E3
22000 Sox@0 | 111 | 277 | 18 15 18223E3 Sae2ES
22000 50x105 | 143 | 277 | 12 8 2822363 BRZZIES
33000 | 50x105 | 128 | 418 | 14 12 18333E3 58333E3 . .
33000 | 65x105 | 165 | 416 8 B 28333E3 EBIAIE3 48333E3 BEIIIEI
47000 | 65x105 | 156 | 582 | 10 B 18473E3 SB4TIE3 384TIE3 TBATIED
47000 | TEx105 | 186 | 542 8 B 284TIE3 EB4TIED 4B4TIE3 BA4TIEZ
6.6 Coil design
The equation to model the function of inductor is:
di; Aiy
=Ly =W At
Then, working in 40kHz:
Vgar AT AT 25-107° B
L=—"-—=24—=24———=125-10"°H = 125uH
Ai; A, 5

The power inductor needed is 125uH 70A, it will be made manually because is so expensive in
the market (see coil design chapter).
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6.7 Functional DC-DC converter simulation
For a quick and precise response regulator have been adjusted inductance and capacitance
values in 140uH and 10mF standard.

In this section have been simulated the operation of the entire system, grouping of photovoltaic
panel (2x4), DC-DC converter and tracking algorithm for maximum power point.

The model of the panel simulated is Sharp MD-198UC1 with 198W polycristaline sylicon.

The power maxium result is 1486W in 70ms, see figure 33.

Figure 33 PV panel Power with MPPT algorithm

State of the panel, the MPPT in finded in 70ms, 49V, the voltage beguin in 54V for the charge of
the coil and capacitor, and the picture shows that is quickly going to the MPPT, see figure 34.
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Figure 34 Panel state with MPPT algorithm

State of battery, the maxium battery current 62+2.5 A, is beginning to charge at the maxium
current in 70ms, see figure 35.

Figure 35 Output Regulator

The PWM control is responsible for carrying the panel to the point of maximum power by the
high frequency switching switch, see figure 36.
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Figure 36 PWM control
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7. Coil design

For smoothing the output current of the regulator is necessary to use coils. Coil parameters
needed to be 0.125 mH at 65 A current at maximum output deviation of plus or minus 5%. Power
Coil with such parameters is not on the market or its price is too high. For this reason it is necessary
to propose a specific power coil.

7.1 Steps to design the coil
Computation was made by core selection procedure from company Magnetics for cores made
from MPP material.

Only two parameters of the design application must be known: required inductance and the DC
current. By the following procedure was determined the core size and number of turns.

7.1.1. The choice of the number of coil cores
Because was necessary to reduce inductance to one core, was chosen tree cores for coil.

L 0125mH

L, = = 0,041667mH

N CORES

7.1.2. Computation the product of LI*
LI’ =L,-1* =0,041667mH-(66,6A )’ =185,185mHA>

Where:
L = inductance required with DC bias (mH - millihenrys)
| = DC current (A - amperes)

7.1.3. Selection of core from "core selection chart”
From MPP core selection chart on figure 37 was chosen core 55908.

55908
55868 | 26y

- 55191
55440 L 55111
55091 |

55083 |- 55716
60p

55071 | — 35076
L 5594

55586
125p - 55350
55310
160y - 55204
55378 200, | s

300
55045 J

- 55125

35035 - 55285
Sis - ssus

- 55025
55235 / - 55015
55175 s

55135

Cores Listed by Geometry Faclor

0.0001 0.001 0.01 0.1 1 10 100 1000

LIZ, mH-amperes?

Figure 37 MPP core selection chart
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7.1.4. Core properties from datasheet
Permeability

1 =26Hm™
Nominal inductance of core
A, =37+8%nH/Turn® - A, =37nH/Turn’ *0,92 = 34,04nH/ Turn
Nominal DC resistance
R, =0,03450/mH
Path length
1, =19,61cm

7.1.5. Number of turns needed
L, =0,041667mH

S 0,041667mH2:34’99z35
Aun \34,04nH/Turn

The magnetizing force (DC bias)

H:tums'1=35'66’6A:119A~Turn

1 19,61cm
1
09- \

€
08

0.7

0.6
0.5
04

Per Unit of Inifial Permea bility

0.3 1

0.2 5

0.1
=

0 §==E-__———_—

] 10 DC Magnefizing Force (NI/em) 100 1000

Figure 38 Permeability versus DC bias curves for MPP cores

From figure 38 was chosen Per Unit of Initial Permeability 0.73 and was used to correct number
of turns.

furns,_, = t(‘;% - % — 47,95~ 48
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7.1.6. Choosing of wire

T_ 00604 _ s 22mm?
J 3A/mm

Y 2
d= S-4 = w/22,22mm 4 = 5,319mm — Choosing of wire 5,5mm with isolation(x AWG 4)
T T

7.2. Analysis of the preceding result yields

A=

7.2.1. Real magnetizing force (DC bias)
0 - turns g, -1 _ 48-66,6A
At 1 19,61cm

¢

=163A-Tum

7.2.2. Choosing of Real Per Unit of Initial Permeability

n.;- % ﬁ““‘%

% Y NG g % %

0.7 1

0.6

0.5
04 -

Per Unit of Initial Permeability

0.3

0.2+
0.1 -

0 M

I 10 DC Magnetizing Force (NI/em) 100 1000

Figure 39, Permeability versus DC bias curves for MPP cores

From figure 39 was chosen Real Per Unit of Initial Permeability 0.55 and was used to correction
of minimal inductance of core

7.2.3. Correction of minimal inductance of core

A nieear = Ap i * 0,55 = 37 nH/ Turn® *0,55 = 20,35 nH/ Turn

7.2.4. Minimal inductance of coil
Lirear = AL meear - UM pga - = 20,35nH/Turn? - 487 .10 mH/nH = 0,0468864mH

Liear = Liggar * Neores = 0,0468864mH -3 = 0,140mH

7.2.5. Calculation of winding factor of core
Total window area of core

W, =1799mm’
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Area of wires
A ges = A-turn g, =22,22mm? - 48 =1066,66mm’
Winding factor of core

Ve 2
f, = Awres 100% = M -100% = 59,3%
W, 1799mm

7.3 3D Model

7.3.1. 3D model of cores of inductor
Dimension of cores are from datasheet of core (in annex)

2010

NZN

NZ\N

17,02

51,06

©48,20

B78,90
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7.3.2. 3D model of inductor

%ﬁgm Ry '_:-

i
i

. ;

N D
A 4,2? -‘.—,.‘1:4%/ "‘;'/:-4 . |

7.4 Results

Minimum calculated inductance of coil 0,140mH
Maximum diameter 89 mm

Maximum height 78mm

Weight approximately 2.67 kg

Minimal diameter of core of copper wire 5,3mm
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8. Complete model
In this report is explained the last algorithm implemented in the microcontroller in charge to
control the state of the panel as a function of the charge state battery.

8.1 Irradiance sun cycle model
To simulate the complete system in the real weather conditions has been modeled the
irradiance sun cycle (kWh/m2/day). The equation that defines the day irradiance sun cycle is:

_(x—12)?

Irradiance(kwh/m? /day) = e~ 8

Figure 40, Irradiance solar cycle

8.2 Battery characteristics

The battery modeled and selected is a lead-acid battery, the characteristics shown below are
typical of a high-capacity battery, but in order to perform a simulation has been manually tweaked
only the values associated with the carrying capacity of the battery. The battery simulated has 100
times less capacity than the real.

Battery (mask) Manirurm Capacity (ah)

Implements a generic battery that madel mast popular battery |D'32552 |
types. Uncheck the "Use parameters based on Battery type and Fully Charged Yoltage ¢v)
nominal values" parameter to edit the discharge characteristics.

28,1310 |

Parameters | Wiew Discharge Characteristics || Battery Dyn 4 E] MNorminal Discharge Current (A)

Battery type |Lead—Acid V| |62.5 |
MNominal Voltage () Internal Resistance (Ohms)

[24 || |o.000768 |
Rated Capacity (Ah) Capacity (&h) @ Mominal vaoltage

|o.3125 EEEE |
Initial State-OF-Charge (%) Exponential zone [Voltage (), Capacity (4h)]

E | [24.4342  104167) |

Figure 41, Battery mask
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8.3 Battery model

The figure 42 shows the model of a battery, implementing the different equations that define
the function of a battery, have an input by current and response with the voltage that determines
the level of charge of the battery.

Exp

™
Exp
it |t o 100°(1-ugd WBatt. o) T
+ H BattEQ -Batt k(B att. QABatt O-ul1Fu(1) }4 =lia_n/n/(
E_NL

+ - L _—/F 600 T oF

| t E
+1—{ U3 B att K u(Z (B att QB att Q-u(11) |4 %o q—-<—|,—_| |l

E_dyn Discharge int(i} itinit
-
i 50C (%)
i_st »
| ‘—|' A Current filter Ly
4{% n l—Jt
| [ 1 Cument (4)
e Eorete [0 % e ;
E_dyn Charge Batt_Tozst | current 3 Cm>
(-
¥ “bitage )
?7
Add
2°Batt E0 [Hefip
- ¥ iz
| = ;

Saturation
Dynamic

Figure 42, Simulink battery block model

8.4 Simulation of battery
In this part has been simulated only the charge and discharge of the battery to find the points of
voltage and select the levels to cut the charger.

8.4.1 Discharge cycle
Figure 43 shows a cycle of discharge of the battery, in green there is the % of charge of the
battery and in blue the voltage of the battery.

Figure 43, Discharge cycle

The lower limit with a maximum discharge of 10%, corresponds to Vbat=22.5V.
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8.4.2 Charge cycle
The figure 44 shows a charge cycle of the battery.

Figure 44, Charge cycle

The battery is full charged when the voltage of the battery is Vbat=29.5V.

With the model of the irradiance sun cycle, the battery, and selected the levels that it works is
possible to design the algorithm to control the charge of the battery.

8.5 Control battery algorithm
This part is designed to change the panel state in function of the necessity of the battery and is
created following the next rules.

» When the battery is 10% of his capacity, and there is not irradiance to supply the load (night),
the battery cut the transmition of power to the load though a mechanical switch (relay), to
not be destroyed.

» When the battery is full, the output power of the regulator should be the power necessary to
supply the load plus the power to maintain the battery full.

» When the battery is between 10% and full, is charged though MPPT, at maximum power.
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8.5.1 Supply algorithm
function v = fon(dpdv,Volc,Vpv,Vhat, V1, V2, iLOAD, iMATN, iL)
if [(Vpv>Vhat)fsunshine

if [ (V1<=Vhat)] && (Vhat<=V2))%level to charge
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Figure 45, Block diagram of uC software

if (dpdw>0)% MPPTI()
Volt=-1;

end

if (dpdw<0)
Volt=1:
end% MPPT end

end

if (Vhatx=V2)3full level
if (1L« (iLOADHiMATM) ) 2 MATNTALILN ()
Volt=1:

end

if (iL» (iLOADH+iMATN )
Volt=-1;

end
end
end
v = Wolt:



8.5.2 Cut load algorithm

1 function v = foen(Vhat,V1,V3i, vl
2

3 - 1if Vbhat<Vl

4 - Vhat=-1;

5 ernd

6 — if wyl==-1 &£& Vbhat<V3

7 - Vhat=-1;

g end

9

10 = v = Vbhbat:

8.6 Maintain the charge
In this part has been done the simulations of the complete system when is going to full the
battery, to validate the maintain algorithm. With a load current of 5A and maintain current of 1A.

8.6.1 Constant irradiance
Selecting a constant source of irradiance 1.1kWh/m2/day. The charge of the battery begins in
95%, and begins to charge in the MPPT.

When the battery is full, Vbat=29.5V, the algorithm to charge the battery is changed to the
maintain algorithm, the current of the battery goes to 1A (maintain current) and the load is supplied,
see figure 46.

Figure 46, State of battery, maintain algorithm with constant irradiance

The control of the panel is correct, increase the voltage from the MPPT to reduce the output
current to the one that is necessary to supply the load and maintain the battery charge, when it cross
the regulator, see figure 47 and 48.
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Figure 47, State of PV panel, maintain algorithm with constant irradiance

Figure 48, PV panel, maintain algorithm with constant irradiance

8.6.2, During irradiance solar cycle
Selecting the model of the sun in source of irradiance with 5A of load, 1A of maintain current
and beginning with the battery at 80% of charge. During the night, or the hours of low irradiance the

load is supplied by the battery, and its discharged a little bit, when the sunshine appear, increase the
irradiance incident in the panel and charge the battery.
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When the battery is full, change the MPPT algorithm to maintain algorithm, decrease the
current until maintain current, and the sequence repeat, see figure 49.

Figure 49, Battery status, maintain algorithm during solar cycle irradiance

In the next picture there is the state of the photovoltaic panel, all the time in the MPPT. But
when the battery is full increase the voltage to reduce the current, see figure 50 and 51.

Figure 50, PV status, maintain algorithm during solar cycle irradiance
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Figure 51, PV panel power, maintain algorithm during solar cycle irradiance

8.7 Cut of load

In this section has been done the simulation to verify the function of the algorithm in charge to
protect the battery, if the battery is discharged more than the parameter discharge maximum
capacity, can be destroyed.

To prevent a batteries will discharged more than normal should disconnect from the load, thus
avoiding the continuous unloading and loading is allowed only. To implement this protection is
situated a power relay between the load and battery controlled by the algorithm cut load.

The simulation parameters were: load current=30A, %charge=15%, Vempty=22.5V and
Vsafety=24V.

This critical load is unusual, but is selected to take the battery to limit and to could simulate the
battery in a critical state.

The figure 52 shows different parts, when the voltage arrives discharging at the lower limit
(22.5V), the load is cut for the battery to protect it. Then, with the little current of the panel, the
battery is charged a little bit.

When the voltage is stabilized again at a security level of voltage (24V), reconnects the load, and
continuous discharge of the battery.

When high levels of irradiance are present in the photovoltaic panel, charges the battery at high
speed, this cycle is repeated again for the next day.
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Figure 52, State of battery, cut load algorithm

The picture shows the current that cross the relay during the day, when the battery is at the
empty limit, the relay cut the supply of the load to safe the battery, see figure 53.

Figure 53, Relay cuts the load

The figures 54 and 55 show the response of the panel from the changes of the load and the solar
irradiation day cycle.
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Figure 54, State of PV panel, cut load algorithm

Figure 55, PV module power, cut load algorithm
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9. Regulator device pre-design

9.1 Box

Size of box was affected by coil as a biggest part of regulator assembly and predicted size of
printed circuit board. As can be seen on figure 56 the box maximum dimensions are 110mm x
200mm x 92mm (width x length x height). The maximum dimensions of coil are: diameter 89 mm and
height 78mm.

Figure 56, Box outside dimensions

9.2 Cooler

Main part of box is cooler, which is used as a base for other parts and it's too important for
cooling switch.

"

Figure 57, Cooler
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9.3 Sheet metal parts box
Other boxing will be made from sheet metal parts.

110

Figure 58, Side sheet metal part

Figure 59, Front sheet metal

The cooler and the sheet metal parts will be made from aluminum 5052-H32. This aluminum
alloy has tensile strength of 230 MPa, thermal conductivity 137 W/(m*K) and density only 2680
kg/mA3.

This material is used for example in applications include electronic chassis, tanks, pressure
vessels etc... It has good formability, maintains high corrosion resistance and weld ability.

By using same material for all chassis will be prevent from electro-galvanic corrosion in wet and
aggressive environment for example near see or petroleum industry.
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9.4 Inside the box

Figure 60, Render of inner parts

As is shown on figure 60, printed circuit board shapes are affected by parts such as coil or
switch. For connecting and assembling are used normalized or mass produced screws.

Weight of all predesigned assembly is 3.7 kg and its represent most of all weight of complete
assembly.
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10. Results of Modeling

In this part of Project, modeling and simulating, have been made functional models of all devices
and physical systems that interact in the project: irradiance solar cycle, PV module, microcontroller
maximum power point tracking algorithm and load and battery charge control, DC-DC converter
reducer type (buck) and battery.

Each and every one of them has been tested separately and together, in static and dynamic
tests. Therefore, the results of the simulations verify the correct design of the photovoltaic panel
regulator device and the designs of control algorithms to be implemented in the microcontroller.

The next chapters is explained how its done the hardware design, BOX and PCB’s, software
design, algorithms and functions implemented in uC, and an economical paper.

The next chapters explain how is maked the hardware design, power and digital PCB, the
components selected to make it, the software design, translation of algorithms to C code, create the
functions to manage display and ADC converter etc.
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11. Hardware design
In this chapter is explained and designed all the components necessaries to make the
regulator, the block diagram of the figure 61 shows all the important components that are used.

PV array

C Load sensor

~
J
PWM sigaal

C Bat sensor

C PV sensor \ Cortrol
ADC 12 bit » el
( algorithms
V PV sensor : & Display
T Bat sensor

V Bat sensor

Load

Figure 61, Block diagram of hardware components

The components necessary to finish the device are: 3 current sensors, 2 voltage sensors, 1
temperature sensor, 1 switch, 2 power diodes and 1 power relay. The capacitor and coil have been
designed in regulator chapter design.

11.1. Voltage sensor

To measure the voltage of the panel and the battery and realize a feedback for the uC, is
necessary to monitor this voltages, the way designed to implement this voltage sensors is explained
in this chapter.

11.1.1 Electrical model

The electrical model selected to function like a voltage sensor is showed in figure 62, is
composed by a resistor divisor. The input voltage is between 0 and 100V, for the design, and the
output that is needed is between 0 and 5V. Is selected a small capacitor in the output of the voltage
sensor to use it like a filter for the fluctuations in the power line sensed.
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Vin 0~100V

Vout ~5V

I C‘l = ].':]?I}F

Figure 62, Electrical voltage sensor model

11.1.2 Resistors design
To reduce the current and the loses in the voltage sensor, have been chosen a very big

impedance in the first resistor, the second one have been designed to satisfy the rules explained

before.

R1 =100k

The equation that represents the function of the electric circuit is:

R2

Vo=V o1 R2
Then:

V,-R1 _ 5-10°
(Vip —1) (100 —-1)

R2 = = 5.05kQ = 5kQ

11.1.3 Result
The sensor resultant is a block that convert an input between 0 and 100V to an output

between 0 and 4.76V, because is selected a normalized resistor of 50k at the maximum power it
dissipates 9.5mW and there is a capacitor of 10pF at the output to filter the switching currents and
connect with uC. The figure 63 represents the characteristics of the sensor.

Vin 0~100V I::> Voltage sensor I::> Vout 0~4.76V
Ny

Prozer = 9.5mMW

Figure 63, Voltage sensor characteristics

11.2. Current sensor
The current sensor is a critical part, because is connected in the power line and is a better

solution search for an integrated circuit in charge to do this thing that design a sensor using passive

components.
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11.2.3. Characteristics

The Current Sensor that has been selected is ACS755xCB-100, the most important
characteristic is that can support 100A in the power pins and have low loses

. The typical
characteristics are summarized in figure 64.
w W
MicroSyaiams, e,
Characteristic Symbol Test Conditions Min. T}Fp. Max. Units
Primary Sensed Current I 0 - 100 A
Supply Voltage Vee 45 5.0 55 Y
Supply Current lec Ve = 5.0V, output open 6.5 8 10 mA
Output Resistance Rour lour = 12 MA - 1 2 0
Output Capacitance Load CLoap VOUT to GND - - 10 nF
Output Resistive Load Rican VOUT to GND 47 - - kQ
Primary Conductor Resistance Rermary  |lp = +100A; T, = 25°C - 100 - i)
Isolation Voltage Viao Pins 1-3 and 4-5; 60 Hz, 1 minute 30 - - kv

Figure 64, Typical characteristics of current sensor

The package is showed in figure 65, have two power pins, that are connected in the power
line, and the three digital pins are Vcc GND and OUT, the typical supply necessary to function is 5V
and the out pin is directly connected to uC analog port.

11.2.2. Response

Figure 65, Current sensor package

The step response of the current sensor is showed in figure 66, there is in yellow the power
line, step of 50A, and the response in mV is quickly and precise.
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ci

cZ

Figure 66, Step response of current sensor

To show more information about the sensor see data sheet in annex.

11.3. Temperature sensor

The temperature of the battery can be a problem, because if it's so high the acid, that the

battery is composed, can start to boil and the battery can be destroyed.

To safe this possibility is designed a function inside the control part that is in charge to control

if the temperature of the battery arrive at the limit established, to monitor this variable is necessary

the use of a temperature sensor in shape of probe, to connect in the battery and use it like a

peripheral to send the necessary information.

The temperature sensor that has been selected is a Pt-1000 named ESMB-12, the typical

characteristics and the shape of the package is showed in figures 67 and 68.

69

Code number 08781184
Designation Pt 1000 Universal sensor
Min. tem perature oeC

Max. temperature 100 =C

Time constant 20s
Material 18/ 8 stainless steel / 2,5m PVC cable
Enclosure IPS4

Electrical connection  2-wire cable (2 x 0,2 mm2)
Mounting For pipe or flat surface or in pocket

EAM 5702421054566

Figure 67, Table of characteristics of temperature sensor



Figure 68, Probe of temperature

The temperature sensor is based in a Pt1000, the resistance characteristic is showed in figure
69, this sensor, is supplied with a constant 5V, the current that cross the Pt1000 change with the
temperature linear with the resistance. To monitor these changes in voltage is necessary to connect
the sensor through a divisor bridge topology, see figure 70.

fa® |

EGER4. 1.1

1700

- /

1500 /
1400 }

1300 j

T

1100

1000

.

=30 O 30 60 S0 120150 180 °C

Figure 69, Resistance characteristic of Pt1000 ESMB-12

+5V

R=2k

Pt1000

oV .

Figure 70, Connection temperature sensor
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With this connection the information is codified in the voltage of the Pt1000.

The equation that determines the function of this sensor is:

VoV = Vee - Pt1000 _ 5 v
oV) = R Priooo ~ 2. 10° 1
P£1000

The curve of the sensor is in figures 71 and 72..

Vo by Pt1000 resistance
2,40
2,30 /—1—7‘6@;—2,30
S 2,20 600; 2,22
© RSyl
£ 2,00
= 19 /Ms
2 1,80
=}
© 170 &1000;1,67
1,60
1,50 T T T T T T T 1
1000 1100 1200 1300 1400 1500 1600 1700 1800
Resistance(Q)
Figure 71, Temperature sensor curve resistance
Vo by Pt1000 temperature
2,40
2,30 lr(aoe,—z,so
; 2,20 0;2,22
T 2,10 /,1%.{
© )y &)
£ 2,00
> /
g 190 ~_A50; 1,88
2 1,80
=]
© 170 &5 167
1,60
1,50 T T T 1
0 50 100 150 200
Temperature(2C)

Figure 72, Temperature sensor curve temperature

To show more information about the sensor see data sheet in annex.
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11.4. Switch

The switch is a critical part of the regulator, is in charged to control the voltage of the PV array
switching between open circuit voltage, characteristic of panel, and battery voltage and it is
controlled by PWM output of uC though a driver.

The device more indicated to realize this task is a Power Mosfet for its lower loses and the big
switching frequency, the Ixis Power is the company selected to provide the Power Mosfet for the
prices and performance of their devices.

11.4.1. Preliminary Technical Information

Features
» International standard packages
» Fast intrinsic diode
» Avalanche Rated
» Low Q and Rds ON
» Extended FBSOA
Advantages

» Low gate drive requirement
» High power density
» Fast switching

Applications
» Load switches
» High side switches
» Low voltage applications such as automotive, DC & DC converters
» Inverters and battery chargers
» Audio and Medical applications

11.4.1. Characteristics

For the correct function of the regulator is necessary to support the maximum levels of the
power line that it will be work. The maximum current is 66A because it’s a regulator of 1.6kW and
the maximum voltage is 60V in the case that the do an array of more than 2 panels in serial. The
maximum frequency of the PWM output of uC is 40 kHz. The last characteristic is a heavy package, is
necessary to be able to connect the power line cables, 22mm?2 size.

The device that has been chosen is a Power Mosfet P-channel, and the typical characteristics
are summarized in figure 73, the maximum voltage in drain is 65V and supports 120A between drain
and source, the typical resistance at 25 degree is 0.01Q.

IXTP120P0O65T

» Vbss=-65V
> ID25=-120A

> RDS(on) <10mQ
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PolarP™ and TrenchP™ Summary Table

Id @ Te=25°C Rds{on) @ trr @ R{th)IC
Part Number Vdss (max) V [A) Te=25°C (Q) Te=25°C (ns) {°CwW)
TrenchP P-Channel Power MOSFETs
IXTA32POST -50 -32 0.036 1975 46 26 15 a3 TO-263
IXTP32P0ST -50 -32 0.036 1973 46 26 15 83 TO-220
IXTA140P0ST -50 -140 0.008 13500 200 53 042 298 TO-263
[XTP140POST -50 -140 0.008 13500 200 53 042 298 TO-220
IXTH140POST -50 -140 0.008 13500 200 53 042 298 TO-247
[XTA28P0BST -65 -28 0.045 2030 46 31 15 a3 TO-263
IXTP28POEST -85 -28 0.045 2030 46 31 15 a3 TO-220
IXTAI20P0EST -65 -120 0.01 13200 185 53 042 298 T0-263
IXTP120P0E5T -65 -120 0.01 13200 135 53 0.42 293 T0-220 |
IXTH120P0OEST -65 -120 0.01 13200 135 53 042 298 T0-247
[XTA24P0BST -85 -24 0.065 2090 41 40 15 a3 TO-263
[XTP24P0BST -85 -24 0.065 2090 41 40 15 83 TO-220
IXTA9EPOEST -85 -96 0.013 13100 130 55 042 298 TO-263

Figure 73, Typical characteristics of Power Mosfet

The package selected is showed in figure 74, it’s a heavy package with big screws to connect
with safety the power line and have the integrated cooler under the package perfect to connect with
the principal cooler of the regulator box.

Figure 74, Package and symbol of Power Mosfet

To show more information about the Power Mosfet see data sheet in annex.

11.5. Diode

To keep the discharge of the battery trough the panels during the night and complete the
function of the DC-DC converter is necessary two power diodes with high electrical characteristics
and low loses.

The diode selected to make this functions is an parallel agrupation of VF40100C with isolated
package. The technical applications, information and characteristics are summarized in the next
points.

11.5.1. Preliminary technical information
PRODUCT BENEFITS

» Low Losses
Low Noise Switching
Cooler Operation

VYV V VY

Higher Reliability Systems
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» Increased System Power
» Density

PRODUCT FEATURES

» Ultrafast Recovery Times
Soft Recovery Characteristics
Popular ITO-220AB Package
Low Forward Voltage

Low Leakage Current

YV VYV VYV

Avalanche Energy Rated
PRODUCT APPLICATIONS

» Anti-Parallel Diode

Switch mode Power Supply
Inverters

Free Wheeling Diode
Motor Controllers
Converters

Inverters

Snubber Diode

PFC

VVV VYV VVY

11.5.2. Characteristics
This diode is made by two diodes in parallel, and has an isolated package, see figure 75. The
typical characteristics of the diode are summarized in the figure 76.

ITO-220AB

VFamooC
PR O PR 2

D—NJ °
P2

Figure 75, Diode isolated package
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A4
VISHAY.

PRIMARY CHARACTERISTICS
Ir A 2x20A
VRERM 100V
lEsm 250 A
Veatlp=20A 0.61 W
T, max. 150 °C

Figure 76, Diode typical characteristics

One of the most important characteristic of this diode is the current that can cross it with very
low loses, the figure 77 shows this characteristic, to reduce the loses in the diodes is designed a
matrix of 2 diodes in the input, to cut the panel in night, and three in the output to discharge the coil
in the battery. Every diode is composed by 2 diodes, this meant that there are 4 diodes in 2 packages
in the input and 6 in 3 packages in the output.

100 ——
= 1|_ i Ci
= 'y = 150"
g V| ,?f’
E 1
D10 =T,=125C = =
B
) N I
g X7 T, =100°C
& )74V R
g 4.
e AFA N
= FH
E 711 1 Tn=25°|3
2 FEil fJ'

or V11

] 0.2 0.4 0.6 0.8 1

Instantanecus Forward Voltage (V)

Figure 77, Typical Instantaneous Forward Characteristics Per Diode

To show more information about the power diode see data sheet in annex.

11.6 Regulator 5V
To supply all the integrated circuits from digital PCB, power PCB, sensors etc, is necessary a
regulator that convert the voltage of the battery to 5V, this converter will be located in the power

PCB, and provides energy to all the IC’s.

75



11.6.1. Characteristics
The Regulator selected is the typical LM78MO05V from National Semiconductor with TO-220

package, see figure 78, and the typical characteristics are showed in figure 79.

Figure 78, 7805 Regulator 5V package

LM341-5.0, LM78M05C

Unless otherwise specified: ¥V, = 10V, Gy = 0.33 uF, G5 =01 pF

TO-220 Power Package (T)

oND ——
[T ———Np

IRPUT

National
Semiconductor

Symbol Parameter Conditions Min Typ Max Units
Vo Output Voltage IL= 500 ma 4.8 5.0 2 W
5 mA < 1< 500 mA 475 5.0 5.25
Pp < 7.5W, 75V = Wy = 20V
Ve une Line Regulation T2V = V= 28V I = 100 mA 50 my
IL = 500 mA 100
Ve LoaD Load Regulation 5mA = 1= 500 mA 100
la Quiescent Current I, =500 mA 4 10.0 ma
Alg Quiescent Current Change 5 mA = 1= 500 mA 0.5
TEV =V, = 25V, 1 =500 mA 1.0
'S Output Moise Voltage f =10 Hz to 100 kHz 40 uv
M"J Ripple Rejection f=120 Hz, I, = 500 mA - "
AVg
WVin Input Voltage Required I, =500 mA 7.2 W
to Maintain Line Regulation
Ao Long Term Stability I = 500 mA 20 mvkhrs

Figure 79, Typical characteristics of 7805 5V Regulator

11.6.2. Connection

The connection between 5V regulator and the rest of circuit is showed in figure 80. In the input
of the regulator is connected the battery, with a capacitor to smooth the current and protect the IC.
The 7805 convert the voltage of the battery to 5V that show in the output, and in this pin is
connected all the supplies of the PCB’s like uC, sensors etc.
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- LR ]
T LMTEMEY T . .
0.33 uF LhS4 1T 1 uF
GHD

Figure 80, Connection of 7805 5V Regulator

To show more information about the LM78MO05C 5V Regulator see data sheet in annex.

11.7. Analog to digital Converter (ADC)

The algorithm designed to control the PV panels, work in a frequency of 40kHz, this mean that
every 25us, a control sign is in the switch. In the other hand, to function the algorithm is necessary to
manage 6 analog sensors; this meant that in 25us all the analog signals must be converted to digital
and the entire algorithm calculated by the uC. The uC is not able to do this, because only have one
ADC integrated and need 15us for every conversion.

This problem has been solved though the use of an external ADC and connected to the uC like
a peripheral. The IC selected to realize this task is ADS7864 from Analog Devices.

11.7.1. Electrical characteristics

Al specifications T, 10 Ty, +V, =+ = +3V, Ve = intemal 2.5V and T, = BMHz, f.,p e = 500kHz (unless otherwise
noted).
PARAMETER TEST CONDITIONS ADSTBESY ADSTEEAYE UNIT
MIN TP MAX MIN TP MAX
Digital InputiOutput
Logic Famiy CMOS CMOS
Logic Levels
Wik lps = +5pd 30 W+ 0.3 30 +Vp + 0.3 v
Vi Iy = +5ua 03 .8 -0.3 .8 v
Vion loy = -G00pA a5 35 v
Ve Iy = -E00pA 04 04 v
External Clock 02 a 02 a MHz
Cata Format Bnary Two's Complement Binary Two's Complement
Power-Supply Requirements
Power Supply Violtage, +V,. +Vp 478 5 525 475 5 525 v
CGuescent Curent. +Va, +Vpo 10 10 mé
Power Dissipation 50 50 miy

Figure 81, Electrical characteristics of ADS7864

11.7.2. Preliminary technical information
FEATURES

» 6 Simultaneous Sampling Channels
» Fully Differential Inputs

» 2us Total Throughput per Chanel
» No missing Codes
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Parallel interface

1MHz Effective Sampling rate
Low power: 50mwW

6X FIFO

YV V V V

APPLICATIONS

» Motor control
» Multi-Axis positioning systems
» 3-Phase power control

11.7.3. Function
The ADC have 6 analog channels to convert, and is capable to convert 2 channels
simultaneously because have two ADC implemented inside.

The first step is the choice of the operation mode, for this application has been selected FIFO
mode, because is necessary to convert signals and read it from the internal memory of ADS7864 at
the same time. When the mode is selected is necessary to manage which channel is going to be
converted, the order of the channels, the figure 82 shows how it can be chosen.

cLOCK — 4 |— s —
|~ =

ROLOA ty—= U — U

s
AEZET I.—-—L -—

Figure 82, Sample and Hold control signals example

All start with a reset, and trough the control signals HOLDX, is possible to do the schedule of
the signals that is going to be converted, in this case, the conversion will begin with channel B, after
that channel C and after 2 times channel A, in every channel there are two signals converted
simultaneously, in total 6 signals.

The FIFO and conversion is managed though BUSY and RD signals, the figure 83 shows how this
signals function.
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REEBET
Converskin Conversion
Charnel B Channzl
RO L

Converskon
Channel A

[

req. 5 emply =moty empty =mpoty emply

req. 4 emply =mpoty emply =mpoty chC1

req. 2 emply =moty empty =moty ch 0

meq. 3 emply =moty empty ch B4 ch B1

req. 1 emply ch A1 empty ch B ch BO

mneg. 0 emply ch A0 ch A&i ch &1 ch Al
ty 1 k

Figure 83, FIFO example

Start with RESET, that erase all the memory registers of FIFO, when is selected a channel to
convert, in this case first A second B and finally 3, the signal BUSY it’s at high level during the
conversion, when it finish, return to low level and this meant that there are two signals converted in
the FIFO, AO and A1l for channel A, to refresh the output and send the digital information to the uC
must be an impulse in RD signal, when this occurs this data is erased from the FIFO and is sent
through the digital outputs. The figure 84 shows the structure of the information sent from the ADC
device though digital output to the uC.

3-Bit Channel

Informaticn 12-Bit Data Word

Valid Data

Figure 84, Output data structure

For our purpose is only necessary the 12 data bits, because the manage is done with the uC
and all the time is known the sensor precedence of the data.

The software that controls the ADC device is explained in software chapter.

11.7.4. Connection

The external ADC is connected like in the figure 85, in the ports from 27 from 48 is connected
directly the sensors, the device is supplied with 5V from the regulator, the control signals are
connected directly to the uC and the same with the digital outputs.
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Figure 85, Connection of ADS7864

For more information about ADS7864 show the data sheet in annex.

11.8. Drivers

To be effective the control consigns that send the microcontroller, through the outputs, to the
power line is necessary to increase the energy of these signals. To solve this problem have been
designed drivers to connect between power line and microcontroller.

11.8.1. Power Mosfet driver design

To open or close the power Mosfet is necessary to put a voltage between gate and source of -
10V and a level of charge of 240nC. This meant that is necessary a floating supply for the driver
because the reference (source) is changing in the time between 0 and -60V (maximum).

The electrical circuit to connect the driver to the switch is showed in figure 86.
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0 {ov, -60V}

VDD

PWM :
pCinput
L B
VSS :r 24V
v | LM78m12C {_} P

Figure 86, Driver Power Mosfet Schematic

With this topology, the driver is always supplied with 12V and is able to apply the voltage and
current necessary to change the state of the Power Mosfet.

The capacity of the capacitor determines the speed of the system and the resistor limit the
current that cross the diode.

The energy of the capacitor is:
E, = 1 CV 2
1 2 0

The energy necessary to change the state of the Power Mosfet is, see figure 87:

E0=QV

21} T—— /6
0 Vpg = - 50V
lo=-85A /

ST 11a=-1ma 4
- A
2 8 Vi
? 5 Ta
$ /

2 A
L/
0 20 40 60 80 100 120 140 160 180 200 220 240
Qg - NanoCoulombs

Figure 87, Gate charge
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Q=240nC and Vgs=-10V

Then the energy total:
E, ==CVy? = QV

E2 is too:

When V1 is capacitor voltage discharged and VO when is charged.
The minimum capacitor necessary is:
Cnin = 12.6nF
To be sure multiply this capacity by a factor of security:
C = Cpin - 10 = 126nF
Normalizing:
C = 150nF

With a choice of 50mA of current limited in the diode, the resistor is:

R—V— 24V = 4800
1 50mA

The 12V regulator selected is LM78M12C, to see more details about the regulator show data
sheet in annex.

The driver selected is ADP3630 from Analog Devices, is supplied with 12V and is able to send
an output of 2A.

The typical characteristics al showed in figure 88.
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Parameter Symbol | Test Conditions/Comments Min Tvp Max Unit
SUPPLY

Supply Violtage Range Vo Q5 18 v

Supply Currant loo N switching, INA, TNA, INB, and TNE 1.2 3 mé

disabled

Standby Current le D=5V 1.2 3 ma
UvLD

Turn-Cn Threshold Voltage Vuaoow | Voo rising, Ta =25°C 8.0 87 Q5 W

Turn-Off Threshold Voltage Voo | Voo falling, Ta = 25°C 7.0 .7 8BS v

Hysteresis 1.0 v
CHGITAL IMPUTS (IMA, INA, IME, INB, S04

InputVoltage High VH 2.0 v

InputVoltage Low Vi 08 v

Input Current In OV <Vin< Voo =20 +20 LA

5D Threshold High Vao_H 1.19 1.28 1.38 W

Ta=25%C 1.21 1.28 1.35 v

SD Threshaold Low VoL Ta=25C 0.95 1.0 1.05 v

S0 Hystaresis Vap_wesr | Ta=25°C 240 280 320 mv

Internal PulFUp/Pull-Dioveen Current 5] LA
QUTPUTS (OUTA, QLUITE)

Output Resistance, Unbiased VDD =PGND 80 ko

Peak Source Current See Figura 20 2 A

Peak Sink Current See Figure 20 -2 A

Figure 88, Typical characteristics of driver ADP3630

The diode selected for this application is 1N5401 from Fairchild Semiconductor, with a

maximum reverse voltage of 100V and maximum direct current 3A.

To see more information about the driver or the diode see data sheet in annex.

11.8.2. Relay driver

To switch the relay it's not enough the control signal that send the microcontroller, is

necessary to amplify this signal with power. In the specifications of relay is written that is necessary

for the model of 5V, 80mA to charge the coil and create the magnetic field to close the contact.

The driver designed to realize this function is showed in figure 89.

uCsignalRelay

e — &=
g2
1 &

83

Figure 89, Relay driver



This driver is composed for a pair of resistances that create a voltage sufficient to turn on the
transistor 2N3904 that make a current between collector and emitter of 200mA, enough to close the
contact of the relay. When the signal of microcontroller is a zero, there is no voltage between base
and emitter and the transistor is open. The coil is discharged by the diode 1N4148.

11.9. Display

The display is used to show the state of the regulator in real time in the front of the package of
the regulator, the display selected is MC1602F-SYR from EVERBOUQUET, and the module is made by
a matrix with 2 lines and 16 characters in every one, see figure 90.

Figure 90, LCD display

11.9.1. Description of characteristics
STN LCD MODULE 2X16

Character Size: 4.86mm

Display Mode: Reflector

Height, display area: 36mm

Width (external): 85mm

Active Area Height: 16mm

Color, font: Green

Height, character: 4.86mm

Width, active area: 64.5mm

Number of colors: 1

Resolution: 5 x 7 Dots + Cursor

Temperature, storage max: 70 °C

Supply Voltage D.C.: 5V

Interface Type: Parallel
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11.10. Power PCB

In this PCB is designed all the power line, the Buck regulator, coil, capacitor, power diodes,
Power Mosfet, drivers, sensors, the connection to the outside and the supplies for the digital PCB.
The communication between PCB’s is made through a PATA connector and is sent the values of the 6
sensors and the supply and reference for the integrated circuits.

In figure 91, 92 and 93 is showed the PCB designed for the power line.

Figure 91, Top Power PCB

Figure 92, Bottom Power PCB
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Figure 93, Complete Power PCB

11.11. Digital PCB

In this PCB is designed the digital part, all that something in common with the microcontroller,
like display, ADC converter or reset button. This PCB is the mind of the device and control all the
power line.

The figures 94 and 95 shows the Digital PCB.

Figure 94, Bottom Digital PCB
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Figure 95, Top Digital PCB

11.12. Box

In this chapter is showed the box where is stored the PCB’s, and is composed by aluminum and
in the back have the cooler, se figure 96.

Figure 96, Box and cooler
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11.13. Complete device

This chapter shows the final device implemented, see figures 97 and 98.

Figure 97, Device without box

Figure 98, Complete Device
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11.14. Loses

In this chapter is calculated the loses of the compete device to know the efficiency of the

prototype and if is made in the correct way.

11.14.1. MOSFET
The loses of the power Mosfet are divided in two parts, when the switch is ON, there are loses

for connection and between connection and disconnection there are loses by commutation, when

the switch is OFF there are not loses.

The time to switch between OFF and ON is 32ns and the time for ON to OFF is 82ns, the
resistance between drain and source is 12}, these parameters are specified in the data sheet of
Power Mosfet. The calculation is done in the worst case, when all work at maximum, With a voltage
in the array of panels of 60V and a current of 24A, and in the coil 60A and 24V, all working at 40kHz,

period of 25us.

Loses by commutation:

Vps - I 36V - 604
Pcom = —% (Tow + Torr) = > 25.10-6

(32:107°+82-107°) = 4.9W
Loses by conduction

1 2 1 2 -3 -6
Pcon =?(1D RpscomTon) = W(m +12-1073-0.54 - 25-107°) = 23.32W
Total

PMOSFET = 28.228W

11.14.2. Power diodes
The diodes are composed by arrays of diodes in parallel, the power diode in the source of the

Power Mosfet is made by 6 diodes, every one support a current of 10A in the worst case, the Duty
cycle in MPPT is 0.54 and the characteristic of voltage of the diode is showed in figure 99.

100 i —
z =
= Ty=150°C ] el
5 TS
3 10 = T,=125°C = 7
-E i
: A 7T, =100°C
£ ) ZAvi ol
5 iaAnne
3 ] T Ta=25°C
' 4/ -

on

1] 0.2 0.4 0e 0.8 1
Instantaneous Forward Yoltage (V)

Figure 99, Voltage in diode
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In this case, with a current of 10A for every diode working in a temperature of 1002C, there is a
voltage of 0.5V.

Ppropes) =1-Vp - (1 —D) = 604-0.5V(1 - 0.54) = 13.8W
For the power diode connected in the drain of the Power Mosfet.

This diode is made by an array of 4 diodes in parallel, the current that cross everyone is 6A,
and works in a voltage of 0.45V, see figure 86.

Ppropem) =1 Vp = 24A - 045V = 10.8W

11.14.3. Others
In this part is contemplated all the other low loses parts, like integrated circuits, DC-DC
converters for supply them, drivers, the coil and little components like resistors and capacitors.

The loses are estimations always worst than the reality but approximated.

Other components Loses
Integrated circuits 800mW
DC-DC converters 2W

Drivers 2W
Coil 4w

Little components, C, R 200mW
TOTAL 10W

11.14.4. Total loses

The total loses are summarized in figure ..., this shows the worst case of efficiency of the
regulator designed and it’s only approximately 1 hour a day, maximum irradiance hour, in the other
hours the efficiency is better.

The figure 100 shows graphically the loses in the device.
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Loses(W)

TOTAL
Other(digital, drivers, etc)
Protection panel diode

Power Diodes

Power mosfet #

0 10 20 30 40 50 60 70

Power Power Protection |Other(digital, TOTAL
mosfet Diodes panel diode | drivers, etc)
M Loses(W) 28,228 13,8 10,8 10 62,828

Figure 100, Prototype loses
The global efficiency of the regulator in the worst case is:
n=96.1%

This shows the efficiency of the prototype, the next steps before implementation are work on

PCB and components to reduce loses.
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12. Software design

This chapter explains the functions designed that implements the function of the regulator
simulated and designed in Matlab Simulink. To create a functional device is necessary more functions
than only the control algorithms, like ADC converter control or display function.

To create the functions in the Microcontroller has been used Code Warrior software and C
language, to explain the functions in this chapter has been used flux diagrams to be easier to
understand and explain it, to show the real code compiled and implemented in the device see the

annex.

12.1. Device selected

The microcontroller selected is a Motorolla 8 bits 42pins not SMD, MC9S08GT60, the reason of
this selection is for the facilities of Motorolla and the efficiency of this model is enough for the
application, the figure 101 shows the package of the microcontroller selected.

The most important thinks that are used in this microcontroller are the digital common ports
(5 ports) and 16 bit timer to create Real time interrupts.

Figure 101, MC9S08GT60

For more information about this device, show MC9S08GT60 data sheet in annex.

12.2 Structure

This chapter explains the structure followed to create the different functions that compose the
complete software implemented in the microcontroller in charge to control the regulator, see figure
102.

Regulator

Initializations (Libraries, Port map, I/0, constants, Vectors)
Algorithms

» MPPT

» Maintain

» Cutload by charge

» Overtemperature
Analog to Digital Converter

» ADC control

> Save data

> Convert to physical units
Real time

» Setup timer

> RSI
Display
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TPM1SC
setup REGISTER
TEMIMOD REGISTER

Timer TPM1MODL e
REGISTER

POR Busy Reset Save Data IH’: Eo?::Ir::i)ts g
ADC o 12 PhYs

PORTOUT
PORT OUT ‘ 6

Vpv UM BORTOUT

o] MPPT ™™ il [ RSI LR oo
VpvO

TPMISC_TOFlTPMlMODHlTPM]MODJ
REGISTER  REGISTER ~ REGISTER

Icoil

" Maintain "™

Vbat

Vsafi
CONSTANT [REciENEE Cutload ™
CONSTANT Ll utioa

Rel

\

That (
Rl Timit | Oyertemperature

CONSTANT [ELECL:LSR

.

——I Display

Figure 102, Complete software system

12.3 Main

This part of the code is the principal code and is only in charged to call the functions with a
particular schedule, the idea is to call first the initialization of the timer, to start counting the 25us,
after that, full the vector of external information from the sensors, later, the execution of the

algorithm and finish with the refresh of the display.

The main code is explained in figure 103 though a flux diagram.
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Initialization

Prepare the timer to

count 25us #Init_timer()

Refresh the values of
the sensors and store »ADC_control()
them in vector

Convert this vector in
physical units » Convert_phy_units()

Volt, Ampere, 2C

Calculate the value of

the control output »Algorithm()

Refresh Display

END

Figure 103, Main flux diagram

12.4 Control algorithm functions

In this chapter is explained every function used to implement the control algorithm designed in
the previous chapters and how is translated in C code.

12.4.1. MPPT

This function, when is called, is in charge to calculate the next point of the status of the PV
panel to increase the power that can provide it.

In figure 104 is showed the I/0 schematic and figure 105 explains how is made in C code.

To show the real code implemented in microcontroller see annex.

94



EPS SOLARCOM TEAM

PWM

Vpv f N
Ipv
Power0 M P PT
VpvO
W,

Figure 104, 1/0 MPPT

Initialization
> lpv
»>Vpv

A 4

Move around dynamic MPPT =
» Calcuate Power
» Differential algorithm

Array Load (A)
8
H

Power calculation
Ipv Vpv

Fig4  The |-V & P-V CURVES

Array Watts (W)

APower/At
51 S2

54

Volt + -
AVoltage/At

Pow + +

Con + = +

AP/AV calculation
Statelor State 4
State2 or State3

END

> Store state of panel

Increase voltage
Increase power
»PWM=0

Decrease voltage
Increase power
»PWM=1

Figure 105, MPPT function
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12.4.2. Maintain

This function is in charge to control the current that supply the load and the current that
maintain the charge of the battery when it is full. The idea is to follow a consign to control the panel
that make at the output a current enough to supply and maintain battery and load.

The 1/0 schematic is showed in figure 106 and C code algorithm implemented in
microcontroller is explained in figure 107 though a flux diagram.

y o
4

Icoil

lload

PWM
Imain Maintain

Figure 106, /O Maintain

Initialization
»Icoil
»lload A
»Imain

\ 4

Select minimum control e
current point rou_mebvaryenes
» Maintain battery charge

> Supply Load

v
N
§ i

H

Aray Losa (A)

= r FOF R OREOEE
\
Array Watts (W)

P

X
Vo-max Q200

mv v

Decrease voltage
Increase current

| lower than point
IF (Icoil<(lload+Imain))

Increase voltage
Decrease current

I lower than point
IF (Icoil<(lload+Imain))

END

Figure 107, Maintain flux diagram
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12.4.3. Cut load by charge
This function is in charge to protect the battery of overdischarges, the idea that if follows is
monitor, every time that is called, the state of charge of the battery and cut when the level is critical.

Figure 108 shows I/O schematic and figure 109 explain the C code implemented in
microcontroller though a flux diagram.

Vbat é \

Vsafety Relay
Vempty CUt |Oad

RelayO

Figure 108, I/0 Cut load

Initialization

»Vbat
»Vempty
»Vsafety

) 4

Batterycharge
lower than limit

Cut load
=y Cutloa
IF (Vbat<Vempty » Relay=0

Connect when
safety charge level
IF (Vbat<Vsafety)

Cut load
"* »Relay=0

Normal Function
IF (Vbat>Vsafety)

NOT cut load

»Relay=1

END

> Store actual relay
state

Figure 109, cut load by charge function
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12.4.4. Overtemperature

This function is optional, and can be selected for the user to use it or not because it use an
external temperature sensor that can be connected or not, and the other parts of the device can
function without this one.

When the battery receive a bulk continuous charge, the acid that is allocated inside can tart to
boil, to protect the battery of overtemperature, when this is detected, the control of the system
switch to maintain state.

That

Tlimit

Overtemperature || Mintin)

Tsafety

Figure 110, 1/O0

Initialization
> Tbat
>Tlimit
»Tsafety

A 4

T bigger than limit
IF (That>Tlimit)

IIQ Call maintain()

Connect when
finish cooling
IF (That>Tsafety)

llﬁ Call maintain()

Normal Function
IF (Tbat<Tlimit)

END

Figure 111, Overtemperature function
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12.5 ADC functions

The sensors provides an analog signal that is necessary to convert in digital to be used for the
microcontroller, to make this is used an integrated circuit analog to digital converter (ADC) to that
provides this signal in digital like peripheral.

12.5.1. ADC control function

This device is managed by the microcontroller trough control signals. The I/O schematic, figure
112, and the function implemented in microcontroller that control the external ADC is explained in
figure 113 through a flux diagram.

I[X]

Enable

Reset
Mode

ADC 3

Hold
3

Busy

SaveData()

Figure 112, 1/0 ADC
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Initialization
» Reset
»Enable
> Mode FIFO

) 4

Sample and Hold
»HOLDX

X meant channel

»Channel A, (A0 Al)
»Channel B, (BO B1)
»Channel C, (CO C1)

While finish

conversion M
|

»BUSY

L

Refresh output X0 E = E
) »RD HOE :
Change : :
channel

Save Data()
> [X0]

3-Bit Channel

Vakd Data Information

12-Bit Data Word

Refresh output X1
»RD

Save_Data()
>1[X1]

END
> Disable

Figure 113, ADC control function

12.5.2. Save data function

This function is created to store the information that provides the analog to digital converter,
the information is sent in parallel way, using 12 ports of microcontroller. This function read this ports
and manage the information to store the data in an integer database of microcontroller.
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The I/0 diagram is showed in figure 114 and the function implemented in the microcontroller
is explained in figure 115 through a flux diagram.

PT

12

Channel

Save Data

Figure 114, 1/0 save data

Initialization
> Select channel X

A 4

Store 4 High bits
»PTA3,2,1,0

v
Move to High
integer part
»1[X]<<4
v

Store 8 Low bits
>PTB

Figure 115, Save data function
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12.5.3. Convert to physical units

The data that is stored in the microcontroller is a binary word of 16 bits that represents a
number between 0 and 5V, to make a control of the state of the system is necessary to convert it in
the physical unit that comes.

a) Voltage sensors

The information is codified in a signal between 0 and 4.7V, where the 0 correspond to 0V and
the 4.7 correspond to 100V. The ADC is supplied with 5V, then, 5V represents the binary word of 12
bits FFF in hexadecimal. Then is possible to make the curve that represents the function of this
sensor, see figure 116.

The binary word that correspond is 100V, 4.7V codified is:

. 4.7 - 4096 .
B(integer) = — g = 3850 int —» FOA hex

Voltage sensors curve

350

A 100;328
300

‘qi:
g 250 /
% 200 —
g 150 /
£ 100 /
& 50 /
0 00 ; ; . . .
0 20 40 60 80 100 120

Voltage (V)

Figure 116, Voltage sensors curve

With this curve it’s easy to calculate the factor of linearity to determine inside the software the
physical variable codified in the binary word.

_dy Ay 3850
™= ax " Ax 100

The equation that converts the binary word to the physical units is:

Binary Word(integer)
38.5

Physical Voltage(integer) =
The real resolution of this conversion is:

100
Resolution = 1LSB =

b) Current sensors
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The output of the current sensors codifies a current between 0 and 100A in a voltage between

0 and 400mV.Then is easy to calculate the curve for current sensors, see figure 117.

0.4 - 4096

B(integer) = z

= 328(integer)

Current sensors curve

350

/ 100; 328

— 300
8 250 /
=
[=
= 200 /
g 150 /
e 100 /
@
c
@ 50 /
O G,G T T T T T 1
0 20 40 60 80 100 120

Current (A)

Figure 117, Current sensors curve
The linear parameter that connects the physical variable with the binary word is:

dy Ay 328
m—a—ﬂ—m—3.28

The equation that converts the binary word to the physical units in the current sensor is:

Binary Word (integer)
3.28

Physical Current (integer) =

The resolution in the current sensor is:

Resoluti —1LSB—100—03A
esolution = =325 "

c) Temperature Sensor

The range of output voltage of the temperature sensor is between 1.67 and 2.3 that

correspond from 0 to 2259C, the digital numbers that correspond to this maximum and minimum

values are:
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o 1.67 - 4096 .
Bmin(integer) = — 5 = 1368(integer)
) 2.3-4096 .
Bmax(integer) = — g = 1884 (integer)

Then, the curve of the sensor in digital is, figure 118:



Temperature sensor curve

2000
1900 e
1800

1700 —

1600

1500 //

1400 &=57T368

1300

1200 T T T !
0 50 100 150 200

Binary Word (integer)

Temperature (2C)

Figure 118, Temperature sensor curve
The linear parameter that connects the physical variable with the binary word is:

_dy_Ay_1844—1368_25
MTa T 190~
The equation that converts the binary word to the physical units in the temperature sensor is:

Binary Word (integer) — 1368
2.5

Physical Temperature (integer) =

The resolution in the temperature sensor is:

190
Resolution = 1LSB = ——— = 0.4°C
esotution 1844 — 1368
The 1/0O diagram is showed in figure 119 and the code implemented in the microcontroller is
explained in figure 120 though a flux diagram, first is converted to physical units the two voltage
sensors, positions 0 and 1 of the table, after that, the three current sensors, positions 2, 3 and 4 of

the table and finish with the temperature sensor, position 5.

IX] Convert to IX]
physical units

Figure 119, I/0 Convert to physical units
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Initialization

»1[0..5]
»X=0

Convert voltage
sensor I[X]
I[X]=1[X]/38.5

Convert current
sensor I[X]
1[X])=1[X]/3.28

Temperature sensor
I[5]=(1[5]-1368)/2.5

END

Vpv | Vbat  lpv | lind| Ibat | That
[ |

Figure 120, Flux diagram of Physical conversion function

12.6 Real time function

This function is in charge to launch an interrupt with a frequency of 40kHz to realize a periodic
control of the switch, this is composed by two parts, to count the time is used timer 1 of
microcontroller and a the routine of service interrupt refresh the outputs of the regulator when it
overflows.

The internal clock of the microcontroller is working in a frequency of 40MHz, this meant that
every 25ns there is a tick in the clock. Is needed every 25us one overflow of the timer to make an
interrupt with a frequency of 40kHz. Then, is necessary to count 1000 ticks.
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The timer 1 is a timer of 16 bits, this meant that can count from 0 to FFFF hex ticks. 1000 ticks
in hexadecimal is 3E8 hex, then, is easy to calculate the number to put in the microcontroller to
count 1000 ticks.

Timer value = FFFF — 3E8 = FC17

If the timer start to count every time in FC17, there will be one overflow every 25us, and
interruptions with a frequency of 40kHz.

The 1/O diagrams are showed in figures 121 and 122 and the code implemented in
microcontroller to realize this function is explained through a flux diagram in figure 123.

TPM1SC
. TPM1MODH
Setup Timer
TPM1MODL
Figure 121, 1/0 Setup timer
PWM

RSI Relay

TPM1SC_TOF TPM1IMODH | TPM1MODL

Figure 122, 1/0 RSI
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Initialization
»Setup Timer

Enable interrupts
No PWM mode
Fixed system clock
No pre-scaler
Timer value start
»TPM1SC=50h
>»TPM1MODH=FCh
»TPM1MODL=17h

END

RSI

Clear flag
»TPM1SC_TOF=0

Refresh
outputs
»PWM
» Relay

Timer value start
>»TPM1MOCDH=FCh
>TPM1MODL=17h

END

Figure 123, Real time function and RSI

12.7 Display function
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2010

To show to the user like an interface the state of the regulator is used a display, the flux
diagram that explain the control function designed in C code is showed in figure 124.



Display

LCD delay()
» Counter(loop)

Prepare to write
inthe LCD
»RS=0
» Impulsion

Initialization
» Display on
»Impulsion
» Display clear
» Impulsion

Separation of the
digitsas
characters

END

Figure 124, Display function
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13. Conclusion

For the Design & Simulation have been done the models of irradiance solar cycle, PV panel, uC

algorithm (control battery and MPPT), DC-DC converter and Battery and have been tested static and

dynamic, separately and together. This verifies the correct function of the design of the regulator and

the control algorithms.

For the implementation is made the Software that implements the control algorithms, ADC

control, real time function, display and for hardware have been done all the necessary to build the

device, digital PCB and power PCB, box.

With all this designs and reports has been created the design of a new device to control PV

panels and extract them more efficiency using MPPT algorithms. The name of the device is MPPT

TRACKER S.M.K.B. EDITION.

MPPT TRACKER S.M.K.B. EDITION

Power 1.6kW

Vpv max 63V

Vbat nominal 24V

Maximum current charging 66A

Efficiency 96_98%
Dimensions 230x114x100mm
Weigh 4.6Kg

Display interface

Diode protection integrated

Smooth coil integrated

MPPT algorithms technology

Power Mosfet technology

Fast Direct Interrupt Controller

Low loses
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