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Abstract

Data in this report includes the work on the design of a stand-alone low voltage DC micro grid
system to power a fully DC single house in remote areas. The main objective of this report was
to investigate a maximum power point tracking (MPPT) algorithm. By simulation, the behavior
and efficiency of the system, together with the implemented algorithm were analyzed.

First the Photovoltaic module was build using MATLAB's SimPowerSystems block, delivering
power to a boost converter, controlled by the MPPT algorithms feeding a DC load and a battery.

MPPT is a technique which is responsible for extracting the maximum power from the
Photovoltaic (PV) System. The algorithm used for tracking the maximum power point of the
Photovoltaic module is the Perturb and Observer (P&QO) method which is written in an m. files in
MATLAB and used to calculate the maximum power point for different weather conditions.
Different data such as input voltage, current and output voltage, power for each simulation have
been recorded.
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1. Introduction

Fossil fuels such as coal, oil, and gas have been for many centuries the primary source of the
energy generation around the globe. Burning of the fossil fuels is leading to a considerable
amount of CO2 emission in the atmosphere that will enhance the greenhouse effect to increase,
causing higher temperature. When the temperature is increasing, that triggers the release of more
CO2 from the oceans and from the permafrost areas. All the factors mentioned above are causing
the global warming which have a direct implication on the sea level rises, extreme weather
conditions, and other serious natural and social impacts. [1-renewable course]

The growing energy demand due to the economically aspects and population growth are
shifting the world energy production from the conventional to sustainable energy sources in
order to produce enough power. At the UN Climate Change Conference held in Paris at the end
of 2015, 186 countries had announced their action plan towards the decreasing of their
greenhouse gas emissions. The target plan for the next 5 years is to keep the rise temperature
below 2 °C. The main aim of the conference was to make all the countries aware of the global
warming impact and to outline that the transition towards renewable energy is needed now. Solar
energy will play an important role in this transition. [3]

In some countries, the price that people are paying for 1IKWh of solar energy is almost the
same with the price that people are paying for LKWh coal energy. In the last 10 years the price of
Photovoltaic Systems has drop dramatically of around 75%. [2]

The low solar price is not the only advantage of the solar power implementation. The
Photovoltaic systems that are produced around the globe can be installed as grid connection
modules or can be operated as standalone mode for the remote areas where the grid connection is
not feasible. Some of the standalone or off grid systems are used also in some applications such
as outside playgrounds for children’s, street lighting. In some cases the off grid systems are
installed together with a battery backup which is needed during the evening hours when the
irradiance level is very low. [4]

Photovoltaic systems are harvesting the solar energy and are converting it into electricity and

in this process two main advantages can be mentioned: firstly is an environmental friendly
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process and secondly the maintenance cost of such a system is low in comparison with the

maintenance cost of other renewable energy technologies.

After highlighting the main advantages of the photovoltaic technology, some of the
disadvantages of PV should be mentioned. There are two main disadvantages of PV technology,
the first one is the high initial installation cost and in the second place the low efficiency

achieved for the commercial crystalline silicon solar panels around 22%.[6]
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Figure 1-1 Best research solar cells in production by year [7]

The technology development in the PV industry has shown in the last 50 years an increasing
in the efficiencies from around 10% in the 1975 to 40%-44% in 2015 for the different Multi-
junction solar sell (two-junction or three junction solar cells).

Usually the time interval between the development of a new materials and better technology for

developing higher efficiencies solar cells is around 10 years. In this time period a lot of
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researches are going on and the main goal is to reduce the manufacturing costs and to optimize

the manufacturing process.

1.1 The current state of integration of photovoltaic sources in electricity
networks

1.1.1The evolution of the photovoltaic sources worldwide
Global solar photovoltaic

Cumulative capacity in Gigawatt (GW) by end of 2014 Global capacity installed by year (GW)
(added in 2014)
B Cther nations

_ Germany 38 (2) 70! WUSA 67
China 28 (11) W Asia (without China)
60 H China
o M Europe
Japan 23 i 40

(10)

worldwide
178 GW

ol (40)

ltaly 19 (0.4) | g 30

India 3 (1)
10 .
USA 18 (7) oIl -
O B O @
_ ,L@Lb oS S S S
Other nations 17 (5) Rest of Europe 32 (5) o 4 - "5
X
Source: SolarPower Europe © DW

Figure 1-2: Global solar photovoltaic cumulative capacity [8]

According to the report of Solar Power Europe (SPE) in its Global Market Outlook 2015-2019
in 2014 around 40 GW of new solar capacity was installed worldwide, compared to 38.4 GW in
2013. This 40 GW was setting a new record in the solar PV market, which globally has a 178
GW installed capacity. As we can observe from the graph, Germany has the highest rate of
installed PV in the world, with a cumulative capacity of 38 GW. Italy has the second biggest
installed capacity in Europe with 19GW of photovoltaic technology. [2]
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1.1.2 The evolution of the photovoltaic sources in Europe
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Figure 1-3: The evolution of cumulative PV installed capacity in Europe in the period 2000-
2014. [2]

In 2009 the European Union defined the targets for the 2020 total PV installed capacity in
Europe and their targets were much rapidly reached than they expected. Already in 2014 these
targets were reached and in the same year the total installed capacity in Europe was around
90GW of PV which is consolidating Europe as a global leader for the cumulative installed
capacity. Germany is the European and global leader of these industry, with a lot of research
project carrying out in different field areas such as improving the maximum power point tracking
methods or developing new materials in order to reduce the production costs. [2]

Denmark cumulative PV installed capacity is not shown in the graph, because the percentage
of this renewable energy source is very low. Denmark has decided to invest more in the wind
industry and today is the world leader when we are referring to the wind power installed
capacity. The percentage of energy supply coming from the wind power technology is more than
40% and the targets for 2020 are optimistic nearly 50% of the energy should come from the wind
power plants. [9]
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2. Problem formulation

2.1 The problem

Commonly, when a PV module is directly coupled to a load, the operating point is rarely at the
maximum power point or MPP. Having a satisfactory Maximum Power Point Tracking
algorithm working together with a high efficiency converter is a must if you are investing in the
photovoltaic industry. Whether you are using, P&O algorithm connected to a boost converter,
buck converter or a boost-buck converter any external factors such as temperature, irradiance and
shadings can lead to overpowering consequences, such as shifting of the I-V curve and implicit
shifting of the maximum power point.

In order to overcome these problems and to maintain the MPP different control strategies have
to be analyzed and optimized according to the selected algorithm.

In this case the Perturb and Observe strategy has to be analyzed together with the advantages
and disadvantages of this method. The main problem is making the simulation work, since we
already know the PV array is producing a non-linear output power which has to be properly

controlled in order to interface it to the DC loads and the battery.

2.2 Task at hand

This project will analyze a DC micro grid system. The first step was the research part, the
understanding of the PV array model and the working principle of the DC/DC converters. Later a
PV array model was built together with a DC/DC converter model in Simulink. A control
strategy was implemented which will be directly connected to the DC/DC boost converter. This
converters are connected to the PV array output for MPPT objective, such as extracting the

maximum available power for a given irradiance level.

Specifically the DC system that combines all the components that makes the PV array to
respond to the different external factors has to be modeled.
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2.3 Project Delimitations

e The PV array block used in the Simulation part has not the identically same parameters as the
one used for the Experimental part
e The PV block is a prebuilt block that is available in the Simulink library
e Two different solar module were used in this project
e For the Chapter 3.5 the solar module : Soltech 1STH-215-P with a Maximum Power
Phax = 213.15W
e For the Chapter ..... and for the experimental part the solar moduel: Solar Panel
Model: JTM90-36M with a Maximum Power B,,,, = 90 W
o A fixed step change (Increment value used to increase/decrease the duty cycle D) was used
for each perturbation
e The practical implementation of the whole system wasn’t possible and just the boost

converter prototype was built.
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3. Modelling of PV Panel

3.1 Photovoltaic cell

Photovoltaic (PV) module consists of a number of PV cells connected in series or in parallel
depending on the desired specification of voltage and current. The arrangement of the cells in a
series connection is needed due to the fact that their operating voltage is in the range of hundreds
of millivolts and the current produced when the solar cell is absorbing the incident light is in the
rage of some amperes. For this series connection the voltage is added and the PV module is now
operating at a voltage range of tens of volts and the current range is remaining in the same rage
of some amperes. In order to increase the current level of a PV module a number of strings are
connected in parallel and in this manner the preferred power level of the PV module is achieved.
In order to calculate and represent the (I-V) characteristic of a PV module, the voltage value has
to be multiplied with the number of cells in series and the value of the cell current has to be
multiplied with the number of strings of module connected in parallel.

In practice when the PV panel is mounted on the roof of the house the nominal current and
voltage values can differ from manufactures datasheet (STC 25 C) characteristics because of
shadowing effect or due to different orientation of the module in respect to the sun position. The
fluctuating operating conditions are known as mismatching and can conduct to a serious decrease

in the overall output power of the PV module.

Solar Call 1
7 Bypass
Diodea
Solar Call 2
E_ Bypass
Diode

Figure 3-1: Operation of solar PV under partial shading condition [21]
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Figure 3-2: I-V and P-V Curve under partial shading condition [21]

In order to reduce the effect of mismatching or the effect caused by broken cells the PV
manufactures are connecting two or three bypass diodes in parallel to a string of series connected
cells, depending on each manufactures.

The bypass diodes are installed on the rear side of the panel and normally in a passive mode.
They will be active and ready to bypass the exceeding current when a group of cells are not
working or are producing a current lower than the one of the other subpanels in the string.

By adding a second diode in parallel with the first diode the model can enhance and a better

performance can be achieved. [10]
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3.2 Mathematical model of PVV Module

Photovoltaic modules are modeled using an equivalent circuit type, based on the behavior of
the diode with a characteristic exponential, which differ in the procedure of calculation, accuracy
and number of parameters involved in the calculation of the characteristic I-V. The model shown
in the Fig 1.4 is a single diode model, but also other models with two or three diodes can be
implemented.

When the PV cell is absorbing the incident light coming from the sun, electron-holes pairs are
generated creating an internal electric field which result in a photo-induced current generation.

The generated photo-current flows in the opposite direction to the forward diode dark current. [1]

I ,i ;4
= L) N g R 4

Rg > 4

IFigure 3-3: Single diode model accounting for Ohmic losses [10]

The equation Eq. 3.1 represents the photo-induced current which is clearly dependent on the
different features of the semiconductor material used in the manufacturing process of the solar

cell. The photo current varies linearly in respect with the irradiation level and temperature.

Iph = Ipn,stc * G [1+ oy * (T — Tspc)]
STC

Eq. 3-1

9|Page



Voltage Control of Hybrid Photovoltaic/ Battery Power System [

AALBORG UNIVERSITY

Where:

G - Solar irradiation
Gstc - Reference solar irradiation
Tstc - Reference cell temperature

Ipn,stc- Photo-current at Gsre and Tsr

a; - The temperature coefficient of the current, defined in STC as:
_dl
“ = ar

Eq. 3-2

When no external voltage is applied, the photo-current continues to flow and it can be measured
as the short circuit current (Ig.).

The current though the diode 14 is representing the non-linearity of the 1-V curve. By applying
the Kirchhoff's current low, based on the equivalent circuit presented in the Fig 1.4 the following

equation is found:

I'=1Iph—Td—Isn

Eq.3-3
Where:
| - Output current of the Photovoltaic module
I - Current flowing through the diode
Ig, - Shunt current
Ion - Light generated current
ex(V-IxRs) V—1xRg
= Tpn —To[e ™ ATT —1] = (——)
Eq.3-4
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Where:

Rg,, - Shunt resistance
R - Series resistance
A - Dimensionless factor
k - Boltzmann constant
e - Electron charge
T - Temperature
I, - Reverse saturation current of the diode
The series resistance R represented in the single diode model is essentially influencing the
slope of the I-V curves at high voltage levels. If we are referring at the open-circuit voltage, it
can be stated that any decreasing in the cell quality is resulting in a decreasing in the curve slope
because of the high voltage drop that over the series resistance.

An approximated equation can be written:

dv
Ry = EI V=Voc

Eq.3-5

In the case of the shunt resistanceRgy,, the lower the value of the chosen resistance, the higher
the amount of current that is drawn by the resistance is. That will result in a decrease of the
output current, and in the same time in a decline of the slope of the curve at low voltage level.
The approximated definition can be written as following:

dv

A
~

Rsh dI | I=Isc

Eq.3-6

The cell efficiency is directly influenced by the values of the two resistances which is

expressed though the curve factor or through so called fill factor. The expression for the fill

factor is defined as ration between the multiplication of the voltage and current values of

maximum power point and the multiplication of the open-circuit voltage and short-circuit
current.[10]
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The fill factor is defined as: [11]

Vi * |
FF = MPP MPP
Voc * Isc
Eq.3-7

Where:

FF - Fill factor

Vmpp - Voltage value at maximum power point

Impp - Current value at maximum power point
Voc - Open-circuit voltage
Isc - Short-circuit current
0 I-V curve |
Pmax
-
@
=
(®]
o
Vmpp Voc
Voltage
Figure 3-4: Characteristic 1-V and P-V curves of a photovoltaic module [13]
The solar cell efficiency n can be expressed as following: [11]
Pmpp _ Impp * Vipp
P, Incident solar irradiance * Area of the solar cell
Eq.3-8
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_ VOC*ISC*FF
T G(D*Ac

Eq.3-9

Where:
G(t) - Incident solar irradiance
Acq - Area of solar cell

Prmpp —Maximum power point

3.3 PV Array

A Photovoltaic array is build-up of multiple solar PV module which are wired together in
order to produce the necessary amount of power that is needed for fulfilling the requirements of a
house or office building. The PV modules that are constructing the PV array are producing direct
current (DC) and can be firstly connected in series to achieve the desired voltage and in order to

produce more current the individual strings are coupled in parallel.

There are four main factors which are playing an important role in the calculation of any
photovoltaic module output. Firstly the efficiency of converting the solar energy into electricity
has to be taken into account, which for the today's commercial use the efficiency is between
15%-24%. Secondly the load resistance decides where the module will operate on the curve of
current and voltage (I-V). The most efficient operating point is where the maximum power can
be extracted, the function of maximum power point tracking method is to move this changing
operating point to the point (Pmax) where the panel produces the maximum power. [11]

In Figure 3-5 the I-V curve is represented under different temperature conditions but constant

irradiance.
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Figure 3-5: Output I-V characteristics of the PV module with different temperatures under
constant irradiance [12]

The current that is generated by the solar cell is directly proportional to the solar irradiance and
is not highly influenced by the temperature. One of the most affected parameters by the increase
in the temperature is the open circuit voltage. While temperature is increasing the voltage is
decreasing.

The voltage output of crystalline-silicon cells falls about 0.5% per degree centigrade
temperature grows. For that reason the module are more efficient in areas where the outside
temperatures are moderate and the person who is mounting the PV module will leave enough

space behind the module in order to allow the air to circulate for cooling the panel.
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Figure 3-6: The effect of temperature on the P-V characteristic of PV module under constant
irradiance [12]

In figure 3-6 it is shown the effect of temperature on the P-V characteristic of the PV module
under constant irradiance (STC irradiance 1000W/m2). As the cell temperature is increasing
from 10 °C up to 70 °C the power is decreasing from 53.8W to 39.3W. As already mentioned
the current is not highly influenced by the temperature but on the other hand, the voltage is
directly influenced by the temperature.

The common configuration for the solar PV panels is a series connection with 30 to 36 cells.
Each sell is transforming into electricity around 0.5 V so in total the panel can deliver 15V to
18V depending on the configuration. The modules are design to charge 12V batteries, but
without a control method they will not charge the battery completely. The produced current of a
PV cell is around 2A to 3A depending on the manufacture and because of the series

configuration the same amount of current is flowing through all the cells.
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3.5 Matlab- Simulink Model of Photovoltaic module

For the Simulation part of the Photovoltaic module the PV block from the Simscape library
was used and the configuration of the Panel was modified in respect with the desired output
power.

Table 1. Solar Module Datasheet [Solar Panel Model: Soltech 1STH-215-P]

Specifications Details Values
Maximum Power (P, q) 213.15W
Open Circuit Voltage (V) 36.3V
Short Circuit Current (/) 7.84 A
Maximum Power Voltage (V,pp) 29V
Maximum Power Current (Impp) 7.35A

Temperature coefficient of I/, (%/deg. C) | -0.38

Temperature coefficient of I, (%/deg. C) | 0.065

After understanding the behavior of a Photovoltaic panel under different irradiance and
temperatures a small simulation experiment was conducted for a better understanding of the
system behavior under different changes in irradiance. The first part of this simulation was to
perform a manual MPP tracking under different level of irradiance and constant temperature.

The module was connected to a resistive load and by varying the load resistance from 0.5 ohms
to 13 ohms the maximum power point of the module was found. A current measurement block
was connected in series in order to measure the current produced by the panel and for the voltage
measurement a voltage measurement block was connected in parallel to the PV output. Four
different irradiance level where tested and the measurements values where wrote down in an
Excel file and then I-V curves and P-V curves for all four irradiance levels where plotted on the

same graph.
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Figure 3-7: PV module and the load simulation for manual MPP

After changing the resistance load values for each irradiance case, the following I-V curves were plotted.
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Figure 3-8: I-V curve for different irradiance levels
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Different illuminations are changing the values of the short circuit current of the PV module.
With a low irradiance value we expect a decreasing in the short circuit current, which will shift
the curve further down to the X-axis. The magnitude of the current output from a PV module
depends directly on the solar irradiance and can be increasing by connecting solar cells in
parallel or by increasing the irradiance level.

In the case when the irradiance level is bigger than the standard test condition one, therefore

we will observe an increasing in the short circuit current value and the curve it will shifted up.

P-V

300

250 VAN

_ / / \ —G=1250W/m2
§ 150 e G=1000W/m?2
// G=750W/m?2
100 — —G=500W/
/ \ - m2
o /

Figure 3-9: P-V curve for different irradiance levels.

Because the power is a function of the current and voltage, we are expecting that the
maximum power point it will also shifted to a lower value. For the irradiance values lower than
the standard test condition value 1000W/m2 the P-V curves are shifted down, and different
operating points were manual founded. The operating point for each irradiance level was found
with the same procedure, namely by varying the load resistance from 0.5 ohms to 13 ohms.
Because the current is influenced directly by the incident light, the P-V curve it will be also

shifted up, above the reference value of the P-V curve.
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3.6 Electrical characteristics PV module Simulink

In the table below the electrical characteristics of the PV module used for the simulation part

are shown. The solar panel type is a 90 W mono crystalline module.

Table 2. Electrical characteristics of PV Module [Solar Panel Model: JTM90-36M ]

Specifications Details Values
Maximum Power (Pyqx) 90 W
Open Circuit Voltage (V) 225V
Short Circuit Current (/) 53 A
Maximum Power Voltage (V,pp) 18V
Maximum Power Current (Impp) 4.99A

Temperature coefficient of I, (%/deg. C) | -0.38
Temperature coefficient of I, (%/deg. C) | 0.065
Cells 36

The I-V and P-V curves for the module are shown in the following graphs. Also the maximum
power point can be seen on the graphs.

-V Curve
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Figure 3-10: I-V curve characteristic
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Some of the important parameters of the PV panel are define below:
e Short-Circuit Current, I,

When the voltage over the terminals is equal with zero, a short-circuit current can be
measured. The short-circuit current can be define as the maximum value of the photo generated
current in the PV module. It is pictured in the upper left corner in the Fig.15.

e Open-Circuit Voltage, V,,.

If no current flows through the external circuit, the open-circuit voltage can be measured
and is representing the maximum voltage of the PV module. The open-circuit voltage is
illustrated in the bottom right corner in the Fig 15.

e Maximum Power Point, Mpp

A PV module can have a single maximum power point under fixed irradiance and
temperature, which is representing the maximum possible output power that can be extracted.
Some of the literature are defining the maximum power point as the operating point of the PV
module. The Mpp is illustrated below in the Figure 15. [16]

P-VCurve

0 5 10 15 18 20 i
Voltage [V]

Figure 3-11: P-V curve characteristic
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4. The Boost Converter

The boost converter is used to step-up the voltage from a low voltage level to a high voltage
level. From the equation of power, we know that P= voltage (V)*current (1), in case that the
output voltage will raise, the output current is necessary to decrease.

A DC boost converter can be supplied from many sources such as DC voltage sources, batteries,
fuel cells. The working principle of the converter is to frequently opening and closing an
electronic switch. Two operation modes of the converter will be presented in the following

chapter.
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Figure 4-1: The boost converter Simulink circuit with a DC voltage source

In the Figure 4-1 an equivalent circuit of a DC-DC boost converter is shown. The circuit was
built in Simulink, and the input source is a constant 10V DC voltage source. Other components
such as an inductor, capacitor, diode and a MOSFET transistor are used in order to build the
convert. The input for the transistor is a pulse generator signal with a frequency of 10 kHz and a

pulse width of 70%. A 50 ohms resistance is considered the load of the system.
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Figure 4- 2: The output voltage is boosted and the converter is working as expected.

The converter is boosting the voltage from 5V to 23.8V and in the case of the current, the
input current will be higher than the output current. The input current can be calculated from the
Eqg.4 assumed that we know the desired output boosted voltage, the load current, the efficiency

and the peak to peak ripple current values.

V, 1 Al
Iin zlout*(out)*_+_L
Vin n 2

Eq.4-1
The power out of the boost converter is equal with the input power multiplying with losses, and

the losses are expressed by the efficiency factor n.

Pout

n

Py =

Eq.4-2
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In the design process of the boost converter, each component of the converter has to be chosen

carefully in order to satisfy the system requirements. The MOSFET transistor has to be able to
operate with currents bigger than the input current from the Eq.4-1.
When you are searching for the transistor, the maximum rated voltage at which the transistor is
working is a very important limitation. The value of the maximum rated voltage can be found in
the datasheet and paying attention to this limitation can prevent a possible damage of the
MOSFET.

The maximum duty ratio at which the converter can operate is another important practical

limitation, which has to be taken into account.

The duty ratio can be defined as following:

D=1-

Vout
Eq.4-3

The value for the maximum duty cycle can be determined from the below equation Eq.4-02.
Each boost converter has a maximum duty cycle, above which the regulator will not be able to

work as a boost. [15]

D = Vin—Iout*[ R1+R2+2xRy ]
Vintlout*[R1—Rz]

Eq.4-4
Where:

R, - Parasitic resistance of inductor
R, - Parasitic resistance of transistor

R}, — Load resistance
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4.1 Closed switch operation of the Boost converter

In this chapter the closed switch operation of the Boost converter will be discussed in detail.
When the gate of the MOSFET transistor used in the Simulation is closed, the diode is reversed
(like an open circuit). Applying Kirchhoff’s voltage law in the loop including the source, the
inductor and the MOSFET transistor. The voltage across the inductor is equal in this case to the
voltage source. [14]

dai dai V.
v, = VS‘ = —t Or —L==
dt dt L
Eq. 4-5
Where:
v, - Voltage across the inductor
V; - Source voltage
L - Inductor
i; - Inductor current
Vr ||r
LA » o O—e
—=
+ i,
S -
E gl _\-\Il p— = |I.'I
L - = O
=

Figure 4- 3: Equivalent circuit for the switch is closed [14]

From the above figure of the equivalent circuit for the closed switch can be stated that the rate
of change in current is constant and as a consequence the current raises linearly during the time

that the switch is closed. The change in inductor current can be calculated as following:
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Aip, _ Aip Vg

At D+*T L

Eq. 4-6
Where:
D - Duty cycle
T - Switching period
From the Eq. 4-6 the Ai; can be computed as following:
(AiL, )ciosea = VS*S*T
Eq.4-7

Where:

Ai; - Inductor current ripple

When the switch is in closed operation mode, the inductor will store energy in the inductor in
the form of a magnetic field. We have some amount of current flowing through the inductor and

some amount of energy stored in the inductor.

'|'Ir.
r.'i iy
foa T
Closed Open Ad
L
D1 r i1
‘rmin _L
J::_ r.-_; I~ I I
' pr r i
a) b)

Figure 4- 4. Boost converter waveform a) Inductor voltage b) Inductor current [14]
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4.2 Open switch operation of the Boost converter

At the time when the switch is opened, since the inductor current cannot change immediately,
the diode turn into short circuit or so called forward-biased in order to allows the inductor current

to flow through. Energy gets transferred from the inductor to the output capacitor. [14]

Vp=V.—=Vy
;’fﬂ'ﬂ'\ .
- e
i
+ L L+
Y, 7\ - - -
5\-'}; TS ;Fu

Figure 4- 5: Equivalent circuit for the switch is open [14]

Making the assumption that the output voltage V, is constant, applying Kirchhoff's voltage

law, the voltage across the inductor can be founded:

V=V, = V=Lt
Eq.4-8
The above equation can be rearranged and written as:
diy _ VsV
dt L
Eq.4-9

Where:

V; - Source voltage

V- Output voltage
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As in the previews mode operation, the rate of change of inductor current is a constant, but in
this case the sloop is negative and the current is changing linearly. The equation for the change in

inductor current of the open switch mode is expressed below:

At (1-D)T L

Eq.4-10

Solving the Equation 4-10 for Ai; -inductor current ripple the following equation can be solved:

. (Ve=V)(1-D)T
(Ai )open = OL

Eq.4-11
Using the Equations. 4-7 and Eqg. 4-11 for the condition of steady-state operation, the net change

in inductor current must be equal to zero:

(AiL )closed + (AiL )open: 0

Eq.4-12
Vs*D*T + (Vs—Vo)(1-D)T — 0
L L
Eq.4-13
Solving the Equation 4-13 for V,
VW(D+1-D)—-V,(1—-D)=0
Eq.4-14
VS
Vo = 1-D
Eq.4-15
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From the Equation. 4-15 we can state that the output voltage is the ratio between input voltage

and (1- duty cycle).

The duty cycle can takes values between zero and one, and in the case that the switch is kept
always open, the value of the duty cycle is equal to zero and solving Eq.4-15 it is found that the
output voltage in this case is the same with the input voltage.

By increasing the duty cycle, the denominator of the Eq.4-15 is becoming smaller, and that is

conducting to the rise of the output voltage.

For the computation of the average current passing the inductor, will start with the
supposition that the average power provided by the source will be equal with the average power

absorbed by the load resistor. The output power can be calculated as: [14]

V2

PO == R == VO * IO
Eq.4-16
Where:
Py- Output power of the boost converter
R - Load resistance
V, - Output voltage
Iy - Output current
The input power can be defined as:
Vi Iy =Vyx 1,
Eq.4-17

By equating the Eq.4-16 and Eq.4-17 and by applying the formula for the output voltage from
Eq.4-15 the following equation resulting: [14]
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_ Vo2 _ [/A-D) _ Vi
Vox I = 0R - R T (1-D)2

Eq.4-18

The next step is to solve the above equation for the average inductor current and after making

different replacements, the expression for I; can be written in the following form:

Vs Vo? __ Voxlp

I, = = =
L™ (1-D)2+r ~ V&R Vs

Eq.4-18

In order to calculate the maximum and minimum inductor currents, firstly the values for the
average inductor current has to be calculated. Second step will be the use of Eq.4-7, where the

values for I 4, and I, ,;, can be found as following:

a Aip Vs Vs*D*T
IL,max - IL 7 - (1—D)2*R 2L
Eq.4-19
3 Aip Vs VsxD*T
lmin =4 52 = 2R ™ T 2L
Eq.4-20

Where:

I, max- Maximum inductor current

I}, min - Minimum inductor current

The output voltage Eq.4-15 was founded starting from the assumption that the inductor
current is continuous, and that is implying that the current is always positive. Under the
condition of continuous inductor current, the minimum value of the inductor can be found from
the Eq. 4-20. [14]
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In the next equation the boundary between continuous and discontinuous inductor current can be
expressed as following:

Lo =0= v B VexD*T
i (1-D)2xR 2L
Eq.4-21
Vs Vs*D*T Vs*D
(1-D)2xR - 2*L - 2*L
Eq.4-22

From Eg.4-22 the minimum value of the inductor current can be found solving the equation in respect

with the variable L:
__ Dx(1-D)?+R
Lmin - 2+f
Eq.4-23
In order to provide a margin to ensure continuous-current operation the actual value of the

inductor will be higher than the L,,;,, value.

In the design process of a boost converter is often favorable to define L in terms of a desired

Ai; as following: [14]

I = V¢xD*T — Ve¢xD
AiL AlL*f

Eq.4-24
Where:

Lnin - Minimum inductor current
L - Inductor current
f - Switching frequency

Ai;  -Inductor current ripple

30|Page



Voltage Control of Hybrid Photovoltaic/ Battery Power System [

AALBORG UNIVERSITY

Output Voltage Ripple

The previews equations were defined under the hypothesis of constant output voltage,
meaning an infinite capacitance. The effect of such a capacitance can be seen in the output
voltage fluctuation or ripple.

The change in capacitor charge can be find from the following expression:

AQ I=(-2) * D+ T = C % AV,

Eq.4-25
If we solve the equation 4-25 in respect to the voltage ripple the next equation can be found:[14]

VoxD*T  Vo*D

AV, = =
0 R=x*C RxCxf
Eq.4-26
AVy D
Vo  RxCxf
Eq.4-27
Where:
AV _
— - Output voltage ripple
Vo

R -resistance

31|Page



Voltage Control of Hybrid Photovoltaic/ Battery Power System [

AALBORG UNIVERSITY

The capacitance can be calculated from the Eq.4-26 and the expression is given as following:

D

G

Eq.4-28

The equivalent series resistance of the capacitor has an important influence on the output
voltage ripple. The voltage ripple of the equivalent series resistance can be found with the help

of the next expression: [14]
AVO,ESR =Ai, *x1, = IL,max * 1
Eq.4-29
Where:

AV, gsg - Output voltage ripple due to capacitor equivalent series resistance
I} max - Maximum inductor current

T, - Equivalent series resistance
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5. Maximum Power Point Tracking Algorithm

5.1 MPPT main characteristics

The maximum power point tracking algorithm has the purpose of extracting the maximum
power from the photovoltaic module and transmit the maximum power to the load.

During a day under different irradiance conditions, different maximum power points can be
observed. If the Photovoltaic module is connected straight to a load, the operating point is
seldom the maximum power point. Even in the case when a battery is connected directly to solar
module, the panel is not working at his maximum power point and the battery can be damaged.
The connection of the panel directly to the battery without of a MPPT means that the module is
forced to operate at battery voltage, which is in most of the cases lower than the maximum
operating voltage. In order to overcome this power losses, a maximum power point tracking have
to be implemented together with a power converter.

A power converter is necessary for the sake of adjusting the energy flow from the PV array to
the load. For this project a boost converter was used to track the maximum power point of the

array.

Battery
BE
Powe
Cnmrur:ur I‘Dad
1} DC
Veoltage & Current PWM Generator

Sensing

b i

MPPT Algorithm + Duty Cycle Adjustment

Figure 5- 1: System schematic PV array-MPPT-Load [17]
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In the figure 5-1 it is shown the system schematic of the simulated model. As the panel is
operating, the voltage and current of the photovoltaic module will be sensed and the
corresponding power will be calculated. The second step is to determine if you want to move up
or down on the duty cycle of the converter in order to adjust the maximum power. Different
maxim power point algorithms are used in the literature for the duty cycle calculations.

For this project the Perturb and Observe algorithm was used, and the main idea of the
algorithm consists in the increase or decrease of the duty cycle based on the comparison of the

powers.

5.2 Perturb and Observe MPPT algorithm

The perturb and observe (P&O) algorithm is the most well-known maximum power point
tracking algorithm which is suitable for any photovoltaic system. As described above the
algorithm is used for finding the maximum power point. A PV module has a single maximum
power point under constant irradiance and temperature and the P-V curve is described by a
parabolic function.

Supposing that the operating voltage of the photovoltaic module is perturbed and whether the
power produced by the PV array is increasing, the operating point has been driven toward the
MPP. In this particular case the operating voltage has to be perturbed in the same direction.

If the power produced by the PV module is decreasing, as a consequence the operating point
has been driven away from the MPP. In this case, the direction of the perturbed operating voltage
has to be reversed. In this manner, the operating point of the PV module will progressively reach
the maximum power point and will fluctuate around it. A detailed visualization of the P-V curve
can be seen in the figure 5-2

In the simulation part of the algorithm, a fixed step change (Increment value used to
increase/decrease the duty cycle D) was used for each perturbation.

For a better efficiency a dynamic step value can be used, but that requires more knowledge in the
specific MPPT algorithms for PV and is beyond the scope of this thesis. [18]
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Figure 5-2: P-V characteristic with MPP [19]

One of the main reasons for choosing the Perturb and Observe (P&O) algorithm instead of

other well-known was that this method is suitable for any PV module, doesn’t need any

knowledge about the PV array and works fairly well under different environmental conditions.

Another advantage of this algorithm is the quickly implementation on digital controllers.

There are also some disadvantages of P&O algorithm which will be highlighted below.

In the first instance after finding the operating point its keeps fluctuating around the MPP and a

small amount of energy is wasted. Another drawback is that this algorithm has a poor

performance in case of the rapidly changing of irradiance level and the probability to track the

MPP in the wrong way. [16]

For a better understanding of the algorithm, one can take a look at the flow chart of the Perturb

and Observe algorithm which can be seen below in the figure 5-3.

35|Page



Voltage Control of Hybrid Photovoltaic/ Battery Power System

L

START

Sense Vik), I(k)

AALBORG UNIVERSITY

Yes

Decrease Vref

Increase Vref

Decrease Vref

Increase Vref

L

!

!

!

Figure 5- 3: Flow chart Perturb and Observe method [17]

As can be seen from the above flowchart the P&O algorithm is fairly easy to follow,

transforming this into Matlab /C code inside a Simulink function. The final C code of P&O

algorithm can be found in the Appendix [A. c]
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6. Simulations and results

6.1 Constant Irradiance and constant Temperature without battery

After understanding the working principle of the boost converter chosen for this project, and
after deciding which maximum power point tracking method is more suitable, a Simulink model
was built in order to simulate different environmental conditions, like changing irradiance,
changing temperatures.

The first model was simulated with constant irradiance and constant temperature as can be seen
in the next picture. The simulation was conducted without a battery connected to the output of
the system.
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Figure 6-1: System schematic PV-MPPT-Boost converter-Load with constant irradiance and
constant temperature
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In the above simulation, it have been used the 90 W mono crystalline module described in
figure 6-1 which is connected to a MPPT controller. The boost converter is needed to adjust the
energy flow from the PV module to the load. The converter is designed to boost the voltage from
the 18V the V;,,, value of the PV to a constant 44V the desired output voltage value. The
photovoltaic electrical characteristics can be found in Chapter 3-6. The photovoltaic panel is
connected to DC resistive loads but in this scenario the battery was not connected at the output of
the system. The frequency chosen for the simulation was 20 KHz and the values for the inductor
and capacitor of the boost converter were calculated in order to meet the design considerations.
In the above simulation the module is connected to a resistive load of 250hms. A breaker is
added in the Simulink model which after 10s will added to the system another resistance which is

connected in parallel with the first resistance.

In table 3 can be found the boost converter components together with their characteristics. The
derived formulas and calculations can be found in Appendix [A. b]

Table 3. Boost converter components

Components Characteristics

Inductor 44 pH-11A

Capacitor 160 pF -63V

Diode Fast recovery rectifier diode 1N400
MOSFET 60V - 0.07 Q - 16A

Resistive load 25 ohms —after 10s (breaker) 150hms

Below the graphs for voltage, current, input-output power of photovoltaic panel can be found.
The 90W mono crystalline panel used for the simulations has a:
Vinpp = 18V

Lypp = 4.94 (voltage and current close to maximum power point of the PV)
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Figure 6-2: Photovoltaic voltage with breaker

As can be seen in figure 6-2 after connecting the second resistive load, the voltage is dropping
from the V,,,,, value to a smaller value of around 10V. By adding a new resistance load to the
system, the value of the equivalent parallel resistance will be always smaller than any other
resistance exiting in the circuit. Without a battery connected to the output of the system the
voltage will decrease depending on the value of the second resistance. The decrease in the
voltage level will affect also the input and output power of the module. Both powers will

decrease and the PV module will not operate anymore at maximum power point.
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Figure 6-3: Photovoltaic current with breaker
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In figure 6-3 can be seen the PV panel current graph where after lowering the load resistance at
the time interval 10s the current is expecting to increase with decreasing the voltage level.

In the first 10 seconds when just 25 ohms resistance is connected as a load, the current is stable
and is working around the maximum current of the module. After 10 second when the second
resistance is connecting in parallel with the first resistance the voltage is decreasing as can be

seen in the figure 6-2 and the current is increasing as we can see in figure 6-3.

5 Boost Qutput Voltage
I I

55

50\ _
45| :

aof -

T
1

Voltage [V]
[ N w o
o o o o
T 1 T 1
| 1 | 1

-
(5,
1
1

—
(5] o
1 I
| 1

o

Time [s]
Figure 6 -4: Output Voltage of the Boost Converter

The desired output voltage of the system was chosen to be 44 Volts and in order to achieve
this voltage level, a boost converter was used. The input voltage, output voltage, the load
resistance value and the frequency has to be taken into account in the calculation process of the
inductance and capacitance. After 10s when the breaker is opening and the second load
resistance is connecting in parallel with the first load resistance, the boosted voltage has the same
behavior as the PV voltage and a decrease can be observed. In order to produce the extra voltage

from 18V to 44V the boost output current is expecting to drop.
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Boost Output Current
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Figure 6-5: Output Current of the Boost Converter

The output current of the boost converter is dropping as expected in the first 10 second with
around 2A and as we note in figure 6-5. After connecting the second resistance the current is
slowly increasing and has the same behavior as the Photovoltaic current shown in figure 6-3.

The boosted voltage was achieved with the help of the MOSFET transistor which is receiving a
PWM signal for opening and closing the gate of the transistor. As a consequence of the voltage

rise the current is decreasing.
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Figure 6-6: Input-Output Power under constant irradiance and temperature

The system was simulated under constant irradiance and constant temperature at standard test
condition (STC) where the PV maximum power that can be extracted under this conditions is
90W. The photovoltaic module is connected to a maximum power point tracker which is using
the Perturb and Observe algorithm in order to follow the maximum power point of the panel. As
can be recognize in figure 6-6, the output power is following the input power with very low
margins variations.

For the first 10 seconds the maximum power tracking is achieved and immediately after the
breaker the power is dropping to approximately 40W because the load resistance is decreasing.
More than half of the power is lost because of the load decrease and in this scenario the PV can’t
draw anymore the maximum available power. In a remote area where no connection to the grid is
available the amount of power that is lost is influencing the overall efficiency of the PV system.

In order to overcome this problem, a battery need to be connected in parallel with the load

because the MPPT charge controller is working most effective with battery connection.
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The rest of the power which normally will be lost is now charged into the battery and during the

night or during cloudy/rainy days the load can be supplied by the battery.

6.2 Constant Irradiance and constant Temperature with battery connected

The second model was simulated with constant irradiance and constant temperature as can be
seen in the next picture. In this model a battery was connected on the output of the system in

order to overcome the power losses problems presented in the first simulated model.
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Figure 6-7: System schematic PV-MPPT -Boost converter —Battery with constant irradiance and constant
temperature
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In the above simulation the only difference from the simulation that can be found on Chapter
7.1 is that in this case a 44V (50Ah) battery is added to the model and was connected in parallel
with the load resistance. After connecting the battery, the following graphs for voltage-current of
the PV, boosted output current -voltage and power were plotted in order to observe the
differences.

Firstly the PV voltage and current will be plotted and analyzed.
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Figure 6 -8: Photovoltaic voltage with battery connection

In the above figure, the voltage of the PV module against time was plotted. It was used the
same panel configuration - 90 W mono crystalline module as in the first simulation from Chapter
7.1 which was directly connected to a MPPT charge controller.

The same configuration of the boost converter was used, the only difference in the above
Simulink model is the battery connection. The frequency chosen for this simulation was the same
20 kHz.

44 |Page



Voltage Control of Hybrid Photovoltaic/ Battery Power System [

AALBORG UNIVERSITY

As can be notice in figure 6-8, the MPPT charge controller is forcing the module to operate at
maximum voltage. Even after 10 second when the breaker is open and a change in the resistive

load occurs the MPPT controller is working well and is maintaining the maximum voltage level.
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Figure 6-9: Photovoltaic Current with battery connection

The current of the photovoltaic module is also stable after two seconds and the operational
current is achieved. Even after the breaker when a second resistive load is connected in parallel
with the first resistive load, the current remains constant and no changes are occurring.

The MPPT charge controller together with the battery connected at the output of the system is
maintaining the current at maximum operating point in order to extract the maximum available

power. The aim of the MPPT is to work around maximum power to get maximum amperes into
the battery.
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Figure 6-10: Output Voltage of the Boost Converter

The maximum output voltage of the PV is 18V at standard test conditions and with the help of
the boost converter the voltage was stepped up to the desired voltage level of the system which
was chosen in the design process. The input voltage, output desired voltage, the load resistance
value and the frequency are very important parameters in the calculation process of inductance
and capacitance.

After 10s when the breaker is opening and the second load resistance is connecting in parallel
with the first load resistance, a big spike can be observed in the figure 6-10. The spike is indicate
that a change in load occurs at that point, however the MPPT algorithm is keeping the boosted
voltage constant. Because in this simulation a battery is coupled, no voltage drop occurs after the
breaker and the same behavior is expected also for boost output current.
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Figure 6-11: Output Current of the Boost Converter

The output current of the boost converter is dropping from around 5A to 2A, and the current
drop is the effect of the voltage raise. After connecting the second resistance in parallel, the
equivalent resistance of the parallel connection is lower than the load resistances but this drop in
load resistance is not influencing anymore the current. Considering the connection of lead-acid
battery at the output of boost converter the current continue to be constant after the breaker.

The boosted voltage was achieved with the help of the MOSFET transistor which by
receiving a certain V; threshold voltage, the switch is opening or closing. As a consequence of
the voltage rise the current has to decrease in order to keep the power at the maximum operating
point.
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Figure 6-12: Input and Output Boosted Power

In this chapter the system was simulated under constant irradiance and constant temperature at
standard test condition (STC) where the PV maximum power is 90W. The module is connected
to a maximum power point tracker which is using the algorithm (P&OQ) in order to extract the
maximum power out of the photovoltaic panel.

The input PV power and output boosted power are plotted in the above picture. The output
power is following the input power with very low margins variations. For the first 10 seconds the
maximum power tracking is achieved and immediately after the breaker a spike can be noticed in
the output power, nevertheless the MPPT control algorithm is keeping the power constant
without changes. In this case the extra power was fed into the battery and it can be used during
the night or during cloudy days for the sake of providing enough power for continuously load

operation.
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Figure 6 -13: Battery current
In figure 6-13 the battery current is plotted, where in the first 10s the current is zero because the
load is absorbing the most of the available power. After the breaker when the resistance load is

decreasing, the MPPT charge controller is maximizing the current that is feeding into the battery.
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Figure 6 -14: Battery voltage

In figure 6-14, the voltage is plotted and a constant 44V is kept constant for the first 10s and
immediately after the breaker, the voltage starts to decrease slowly.
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6.3 Fluctuating Irradiance and fluctuating Temperature

After conducting the simulations from Chapter 7.1 and Chapter 7.2 both under Standard Test
Conditions (STC), which means that the irradiance level is 1000W/m? and the module
temperature is 25C°, in this Chapter a signal builder was made in order to simulate a “real
environmental” scenario where the irradiance is fluctuating and also the module temperature is

fluctuating. The signal builder was created in Simulink and can be seen in the figure below.
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Figure 6 -15: Irradiance signal and Temperature signal

In the above picture the irradiance drops 1000W/m? to 500 W/m? between the time interval
4-6seconds and after 6seconds the irradiance level is increasing back to 1000W/m? the standard
test condition level. The module temperature is constant for the first 8seconds of the simulation
and after 8s is increasing from 25°C the standard test conditions to 45°C degrees. The Simulink
model contains also a breaker which will connects after 10s another 10ohms resistance to the

system. The new resistance is connected in parallel with a 250hms resistance.
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The 44V (50Ah) battery used in the previews chapter is connected on the output of the converter

in parallel with the load resistance.

Voltage PV
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Voltage [V ]
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Figure: 6 -16: Photovoltaic voltage with irradiance variation and temperature variation

As already described in Chapter 5.1 the function of MPPT is to extract the maximum
available power from PV module by forcing them to operate at the most efficient voltage (Vmpp).
The Perturb and Observe algorithm used for tracking the maximum power point checks the
output of PV module, compares it to battery voltage then calculate the maximum power that the
photovoltaic panel can harvest in order to charge the battery. The controller take this and convert
it to the maximum voltage in order to fed maximum current into the battery.

The amount of voltage produced by the PV module is slightly affected by the irradiance changes,

and small fluctuations can be observed in the above figure.
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Figure 6 -17:Photovoltaic current with irradiance variation and temperature variation

The amount of current harvested by the photovoltaic module is directly influenced by the
irradiance variations. Between the times interval 4-6 seconds the irradiance drops from
1000W/m? to 500 W/m? and the PV current is also decreasing from 5A to 2.5A.

Within the increase in module temperature the power of module is expected to decrease and also
the current is slightly dropping with temperature increase. After the 10s breaker the MPPT is
keeping the current at a constant value and maximize the amount of current going into the

battery.
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Figure 6 -18: Output current of the boost converter

The output current of the boost converter is dropping from around 5A the nominal current
value to 2A, and the current decrease is the consequence of the voltage raise. The output current
of the boost converter is following the irradiance curve and as the irradiance is dropping from
1000W/m? to 500 W/m? the current has the same behavior. Shortly after the breaker the current is not
anymore influenced by the load changes because of the lead-acid battery connected at the output
of the boost converter which is now getting charged and is maintaining the output current
constant.
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Figure 6 -19: Output Voltage of the Boost Converter

The boosted voltage was achieved with the help of the MOSFET transistor which is a voltage
controlled component which by applying a voltage between the gate and the source the current is
allowed to flow between the drain and the source. As a consequence of the voltage rise the
current has to decrease in order to keep the power at the maximum operating point.

As can be seen in figure 6-19 the output voltage is not influencing by the irradiance changes or
temperature changes and the aim of the controller to keep the output voltage at a constant desired
value was achieved.

After 10s when the breaker is opening and the second load resistance is connecting in parallel
with the first load resistance, a big spike can be observed in the figure 6-19. The spike is pointing
out that a change in load occurs but the MPPT control algorithm is maintaining the boosted
voltage constant. Because in this simulation a battery is connected, no voltage drop occurs after
the breaker.
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Figure 6-20: Input and Output Boosted Power

In this chapter the system was simulated under fluctuating irradiance and fluctuating
temperature. MPPT solar charge controller is essential for any solar power systems and is used to
extract maximum power from PV module. The input PV power and output boosted power are
plotted in the above picture.

The input and output power of the first PV module can be observed in the above figure, where
with blue is illustrated the input power and with red is representing the output power.
In the following time interval 4-6seconds the irradiance level is decreasing from 1000 W/m? to
500 W/m? and both powers are following the irradiance behavior.
The Perturb and Observe algorithm has a poor performance under rapidly irradiance changes and
this behavior can be identify in the figure 6-20. For one second the MPPT algorithm is not
working as expected but shortly after seven seconds the control algorithm is working again fine.
The poor performance of the P&O algorithm is mentioned in the most literature, but in the real
environment the sudden changes in irradiance are not very common as the irradiance changes

simulated in the model.
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7. Experiments Chapter

7.1Test Experiment

The tasks of this experiment are the boost converter performance. Before building the boost
converter on a PCB, it was decided to scale down the prototype and to conduct a test experiment
in order to observe the working principle of the boost converter.

In the design process of the boost converter, the values for the inductor and capacitor where

calculated with the help of the equation Eq.4-20 and Eq.4-25. The boost converter was design to
step up the voltage from 6V to 30V. In this experiment | have used a pushbutton switch instead
of a MOSFET transistor for open and closing switch.

Table 4. Boost converter components

Components Characteristics

Inductor 23 uH-1A

Capacitor 47 uF -63V

Diode Fast recovery rectifier diode
Switch Push button switch

Led 5mm Led

In the above table can be found the components that were used in the experiment together with
their electrical characteristics.

In the table 5 can be found the measurement instruments needed to conduct the test

Table 5. Measurement instruments

Experiment Setup Type

Power Supply EA-PS 2343-06B
Digital Multimeter KEYSICHT
Electronic Breadboard test breadboard
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Figure 7-1: Power Supply

The first step of the experiment was to set the power supply to 6V for the channel 1 and the
current to 0.2A. After setting the voltage and current the power supply will be connected to the
PCB test board and feed the components.

Figure 7-2. Experiment setup with the Power supply, Digital Multimeter, electronic breadboard
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In the above figure the power supply is connected to the test board and on the output of the
converter a digital multimeter is connected in order to measure the value of the boosted voltage.
Because in this experiment wasn’t used a MOSFET transistor with is controlled by a PWM
signal, the voltage boost is done manually by pressing the push button with different frequencies.
Pressing the button is equivalent with opening the gate of a transistor and by increasing the

frequency the voltage will increase.

When the switch is open the energy which was stored in the inductor is getting transferred to
the capacitor and the capacitor will start charging. When the digital multimeter was shown 30V,
a5 mm LED was connected to the capacitor output and was used as a load in order to discharge
the capacitor.

After conducting several experiments in order to understand the boost converter performance,
it was decided to start designing the boost converter taking into account the PV characteristics

and the desired output boost voltage.

7.2 First Boost converter experiment

In this chapter, the design and construction of the boost converter used in the simulation will be
described. The first step of the construction phase was to find the right electronic components.
By taking into account the electrical characteristics of the module presented in Chapter 3.5, the
desired output voltage of the boost converter and the load resistance was chosen.

In the table below the values for the minimum inductor and minimum capacitor where
determined with the help of the equation Eq.4-20 and Eq.4-25. The converter is designed to
boost the voltage from the 18V the V;,,,, value of the PV to a constant 44V the desired output
voltage value. The frequency chosen for the calculation of the component was 20 KHz.

The value for the duty cycle can be calculated from Eqg.4.3. In the design process another
important aspect to be taken into account is the output voltage ripples which in this case was
chosen to be less than one percent.
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Table 6. Boost converter components

Components Characteristics

Inductor 70 uH-11A

Capacitor 140 pF -63V

Diode Fast recovery rectifier diode 1N400
MOSFET 60V - 0.07 Q- 16A

Resistive load 25 ohms

After choosing the right components and by following the boost converter schematic presented

in Chapter 4. The first boost converter prototype was built.

Ground (-)

Capacitor

MOSFET Gate

Resistance

Inductor

Figure 7-3: Boost converter first prototype

To provide a margin to ensure continuous current, the value for the inductor and capacitor
presented in table 6 and used for building the boost converter are bigger than the value calculated
in the Appendix [A .b’].

59| Page



Voltage Control of Hybrid Photovoltaic/ Battery Power System [

AALBORG UNIVERSITY

7.2.1 Experiment results

In order to test if the built converter is working, the following measurements instruments

presented in the table below are used.

Table 7. Measurement instruments

Experiment Setup Type

DC Power Supply EA-PS 2343-06B
Digital Multimeter KEYSICHT

Digital Oscilloscope Tektronix 200Mhz
Function Pulse Generator TTI 50MHz

The DC power supply was used as the input for the converter. The amount of
input voltage and input current which will supply the converter were selected with the help of the
front bottoms available on the power supply. The voltage was firstly selected to 6V and the
current to 0.4A. The function pulse generator was used to generate a PWM signals. The same 20
KHz frequency as the one used in the Simulink model was selected for the function pulse
generator. The TTI function generator allows to use a square wave and allows you to vary the
duty cycle between 20 and 80 percent. In figure7-4 the pulses can be seen on the oscilloscope

screen together with the frequency and duty cycle.
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Figure 7-4: Digital Oscilloscope and Function pulse generator

The function pulse generator was connected to the gate of the MOSFET transistor in order
simulate the on/off operation of the transistor. The digital multimeter was connected on the

output of the converter in order to measure the value of the output boosted voltage.

After few experiments the MOSFET the temperature of the transistor was increases and after
few minutes it burned. The power dissipation in the transistor occurs during switching and is
converting into heat. Each transistor have a limit on the current that they can safely handle and if
the limit is exceeds because of the high voltages and currents that are present during the
switching, the transistor can burn off. The first step in solving the current problem was to change
the transistor and to try again the same experiment in order to observe again the behavior of the
converter. The second step was to change the actual 25 ohms resistive load with a much higher
resistance of 100 ohms.

Thereafter all the changes, another experiment was conducting but unfortunately the transistor
experienced the same behavior as the previous one. After more research regarding the thermal
management, according to Chapter 10.8 [14] it was obvious that the burning of the transistor
were caused by exceeded his maximum thermal energy.

The solution for removing the thermal energy was to add a heat sink on top of the transistor.
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7.3 Second boost converter experiment

In this chapter it will be described the second attempt of building a boost converter in order to
solve the problems faced in the first experiment.

Table.8 Components used for the second boost converter

Components Characteristics

Inductor 350 uH-11A

Capacitor 160 pF -63V

Diode Fast recovery rectifier diode 1N400
MOSFET 60V - 0.07 Q- 16A

Resistive load 100 ohms

A new boost converter was built with the above components characteristics but in this
approach a heat sink was attacked on top of the transistor in order to remove the thermal energy
produced by switching losses. The heat sink lower the junction temperature for a certain power
dissipation in a MOSFET transistor by decreasing the total thermal resistance of the junction to

surroundings. [14]

I Ground(-)

MOSFET Gate

Figure 7-5: Boost converter second prototype
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Figure 7-6 : Boost converter testing

For the testing part were used the same measurement instruments presented in table 7. The DC
power supply was connected to the input of the converter, function pulse generator to the gate of
the transistor and the digital multimeter to the output of the converter in order to measure the

boosted output voltage.

Figure 7-7 : DC power supply- Digital Multimeter

Firstly, the input voltage was set to 11V and the input current to a small current value of 0.3A

and with a frequency equals to 20KHz and a duty cycle of 60% the voltage was boosted to 30V.
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The duty cycle describes the proportion of “ON” time of the transistor and by increasing the duty

cycle the power is also increasing. The maximum duty cycle that can be simulated from the

function pulse generator is around 80% but is not recommended to work with this high duty

cycle because of possible damage of the components.

Unfortunately, after increasing the current and voltage to higher values, the MOSFET transistor

burnt. The next aim after changing again the transistor was to couple the boost converter to the

Simulink simulation and try to give a PWM signal to the gate of the MOSFET transistor with

the help of an Arduino in order simulate the on/off operation of the transistor.
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Figure 7-8: Arduino UNO approach

The Arduino UNO was chosen for trying to connect the Simulink model to the boost converter

in order to control the gate of the transistor. This approach failed also after a lot of testing due to

the fact that the Arduino has a limited output frequency of 400Hz and the frequency of the

Simulation is 20Khz.
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8. Conclusion

In this report the simulation of a stand-alone PV system was made. The maximum power
point tracking charge controller algorithm was implemented and simulated in Simulink. The
boost converter Simulink model was firstly build and validated through simulations. [Ch.4]

The next step was to couple the system and to analyze the behavior of the system under three
different scenarios.
e Scenario 1 - Constant Irradiance and constant Temperature without a battery connection
e Scenario 2 — Constant Irradiance and constant Temperature with a battery connection
e Scenario 3 - Fluctuating Irradiance and fluctuating Temperature with a battery
connection
The main purpose of the project was to implement a suitable control method in order to keep the

output voltage stable and to extract the maximum available power from the panel.

For first simulated scenario [Ch.6-1] the maximum power point tracker method Perturb and
Observe is working very well and the output voltage of the boost converter was reached the
constant value chosen in the design process. The only loss of power was observed after the

breaker when the load resistance was decreases.

The second scenario [Ch.6-2] is showing that MPPT charge controller is working most efficient
together with a battery connected at the output of the system. MPPT controller monitors the
output of PV module, compares it to battery voltage then is increasing or decreasing the duty
cycle in order to arrive to the maximum power that PV panel can harvest to charge the battery

and correlate it to the best voltage to obtain maximum current into battery.

For the third scenario where the irradiance and temperature are varying the controller is
following the input power with very small margin variations and the efficiency is quite high for
this scenario. The MPPT charge controller is most effective in cold weathers where the module

temperature is low.
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The practical implementation in order to validate the model couldn’t be finish because of the
different problems faced during the construction of the boost converter. One of the main problem
that have to be solve is to find a suitable method for reducing the power dissipation that is taking

place in the transistor during the on/off switching states.

8.1 Future research and improvements

The attention has to be paid mostly on the prototype construction of the boost converter, where
the focused has to be on the MOSFET transistor which is the most important component in the

circuit.

e More research in understanding the Transistor Snubber Circuit can be done.
The Snubber circuits can possibly lower the power losses in the transistor during
switching and protect the device from the switching stresses of high voltages and
currents.

e The function pulse generator is not the most suitable method for applying a voltage

between the gate and the source of the transistor and another procedure have to be found.

The Perturb and Observe algorithm is the most cost-efficient and easy to implement for any PV
module without knowing any information about the panel but for abrupt irradiance changes is not

the most efficient algorithm.

e Incremental Conductance algorithm is more suitable in the case of a very rapidly changes
of the irradiance level. But the better efficiency of the algorithm is coming with a cost

increasing.

e Normally, PV module works better at cold temperatures where the sun is most of time
shining and the MPPT charged controller is used to extract maximum power available.

e In remote areas where no grid connection is available the system can be completely

implemented.

66| Page



Voltage Control of Hybrid Photovoltaic/ Battery Power System [

AALBORG UNIVERSITY

9. Nomenclature

Symbol Explanation Unit

o The temperature coefficient of the current [%/deg.C]
Acq Area of solar cell [m"2]
°C Celsius [°]
D Duty cycle [%0]
DC Direct current [-]
Dinax Maximum duty [%0]
DT Length of time when the switch is closed [s]

e Electron charge [C]

FF Fill Factor [%]

f Switching frequency [Hz]

G Solar irradiation [Wim2]
G(t) Incident solar irradiance [Wim2]
Gstc Reference solar irradiation [Wim2]
14 Current flowing through the diode [A]
i Inductor current [A]
I} max Maximum inductor current [A]
I} min Minimum inductor current [A]
Inpp Maximum power point current [A]
I Output Current of the Photovoltaic module [A]
Iq Current flowing through the diode [A]
Iph Photo-induced current generated by the incident radiation [A]
IphsTc Photo-current at Ggr¢c and Tstc [A]
Isc Short-Circuit Current [A]
Isp Shunt current [A]

67| Page



Voltage Control of Hybrid Photovoltaic/ Battery Power System

[/

I, Reverse saturation current of the diode
K Boltzmann constant

L Inductor

Loin Minimum inductor current value

P, Input Power

Pmpp Maximum power point

Pout Output power of the boost converter
P, Output power of the boost converter
R Load resistance

T Equivalent series resistance

Ry, Load resistance

Rsn Shunt resistance

R Resistance series

R, Parasitic resistance of the inductor
R, Parasitic resistance of the transistor
T Operating temperature of the PV cell
T Switching period

Tstc Reference cell temperature

U Output voltage of the Photovoltaic module
Uy Voltage though the diode

Us Voltage though series resistance

V Input Source Voltage

VL Load Voltage

Vinpp Maximum power point voltage

Ve Open circuit voltage

AALBORG UNIVERSITY

[A]
[V/K]
[H]

[H]
(W]
(W]
(W]

(W]
[Q]
[Q]
[Q]
[Q]
[Q]
[Q]
[Q]
[°C]
[s]
[°C]
[V]

[V]

< =2

[V]
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Output Voltage
Inductor current ripple

Voltage across the inductor

Output voltage ripple

[V]
[%]
[V]

[%]

Output voltage ripple due to capacitor equivalent series resistance

Efficiency

Voltage across the inductor

9.1 Abbreviations

Symbol

a

AC
CCM
DC

dl

dv
EG
-V
KWh
MOSFET
MPPT
MW
PV
P-Vv

Explanation

Diode ideal constant

Alternate current

Continuous Conduction Mode
Direct current

Current derivative

Voltage derivative

Energy gap

Current-voltage

Kilowatt hour

Metal oxide semiconductor field effect transistor
Maximum power point tracking
Mega-watts

Photovoltaic

Curve of an ideal photovoltaic

[%]

[V]
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PWM Pulse Width Modulation
STC Standard test condition
P&O Perturb and observe
SPE Solar Power Europe

UN United Nations

VU Voltage unbalance

wW Watts

At Time derivative

AALBORG UNIVERSITY
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Appendices:

A. Boost Converter

a. Subsystem of the Converter
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b. Matlab .m file for calculating inductor and capacitance value

%calculating duty cycle
$Input values

Vs = 18; % [V] Input Source Voltage
Vout = 44; % [V] Output desired Voltage
R1 = 25; % [ohms] Resistance load before the breaker
R2 = 15; % [ohms] Resistive load after the breaker
£f = 20000; % [HZ] frequency
[

delta Vv = 0.01;

o

D = 1-(Vs/Vout)

=
Il

[D* (1-D) "2*R1]/ (2*f)

C = D/ (Rl*delta V*f)

b’.
D:
0.5909
L:
6.1807e-05
C =
1.1818e-04

c. Perturb and Observe .m file

function D = PerturbandObserve cod(V_PV, I PV, T)
% define internal values as persistent variables
persistent Pn Po difP d dd n;

$initialize the internal wvalues
if isempty (V_PV)
V_PV=20;
end
if isempty (I _PV)

%] Output voltage ripple less than 1%

AALBORG UNIVERSITY
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I _PV=0;

end

if isempty (Pn)
Pn=0;

end

if isempty (Po)
Po=0;

end

if isempty(difP)
difP=0;

end

if isempty(d)
d=1;

end

if isempty(dd)
dd=0;

end

if isempty(n)
n=1;

end

if (T>n*0.02)

n=n+1;

% calculated measured array power
Pn=V PV*I PV;

difP=Pn-Po;

Po=Pn;
if (dd==0) % to avoid dP/dd=inf
if difp>1
dd=0.01;
d=d+dd;
elseif (difpP<-1)
dd=-0.01;
d=d+dd;
else
dd=0;
end
else
if ((difP>-1)&&(difP<l)) % leave little margin
dd=0;
d=d+dd;
elseif ((difPp/dd)>0) % increase the duty cycle-positive slope
dd=0.01;
d=d+dd;
else % decrease the duty cycle-negative slope
dd=-0.01;
d=d+dd;
end
end

end
D=d/ (d+1); % calculate duty

end [22]
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Perturb and Observe subsystem.

S

Gain Duty

Clogk PerturbObserver
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Current [A]

Duty cycle [ %]

B. Battery graphs Chapter 6.3

Battery Current

L
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C. Photovoltaic Panel Array

a. Block Parameters defined by the user in Simulink
"I Block Parameters: PV Array
PV array {mask) (ink)

Implements a PV array built of strings of PV modules connected in parallel. Each string consists of modules connected in series.
Allows modeling of a variety of preset PV modules available from NREL System Advisor Model (Jan. 2014) as well as user-defined PV module.

Input 1 = Sun irradiance, in W/m2, and input 2 = Cell temperature, in deg.C.

Parameters Advanced

Array data Display I-V and P-V characteristics of ...

Parallel strings
B |

Series-connected modules per string

array @ 1000 W/m2 & specified temperatures ™

T_cell (deg. C) |[45 25 ]

[1 | Plot

Module data Model parameters

Module: |lser-defined - Light-generated current IL {A)

Plot -V and P-V characteristics when a module is selected Sl

Maxirmum Power (W) Cells per module (Neell) Diode saturation current I0 (A)

90.464 |40 | |5.7628e-10

Open drcuit voltage Voc (V) Short-dreuit current Isc (&) Dinde ideality factor

[21.5 | |s.81 | | |o.83485

Voltage at maximum power point Vmp (V)  Current at maximum power point Imp (A) Shunt resistance Rsh (ohms)

|17.6 | [5.12 | | |46.3357 v

b. Diode current equation in detail

The diode |-\ characteristics for a single module are defined by the equations

or=(2)

T i
V.= %x nl = Necell

where:

I = diode current (A)

Vg = diode voltage (V)

1 = diode saturation current (&)

mn = diode ideality factor, a number close to 1.0

k = Boltzman constant = 1.3806e-23 J K-1

q = electron charge = 1.6022e-19 C

T = cell temperature (K)

Neell = number of cells connected in series in a module
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D. Datasheets for Inductor, Diode, Capacitor, MOSFET Transistor

a. Fastrecovery rectifier diode datasheet

72

-

PFR850— 856

FAST RECOVERY RECTIFIER DIODE

» LOWY FORWARD VOLTAGE DROP
= HIGH SURGE CURREMT CAPABILITY

APPLICATIONS

= AC-DC POWER SUFPLIES AMD
COMVERTERS

s FREE WHEELIMNG DIDDES, aic

DESCRIPTION
Thezir high eflicency and kigh rel@ability oomiinss

FRELIMIHARY DATA BEHEET

wilh small s@a and o cosl make Ihesa Basl recow- DO-207180
ory reclifier dode very altmchve compornents for (Platic:)
many demanding applicalions.
AEBSOHLUTE RATING & (limiling values)
Symibod Parametsr Wakus Unig
Iz Fepalive peak fonsand currant By = 5 10 iy
I¥ o) Avaraga Tonward curmani™ Ta = S90°C 3 &4,
G=0.5
Irsu Surge non napelilive foreand cusmant ta = 10ms 1661 A
Sirusocal
P FPorwsar dissipation Ta = BT a5 W
Teg Storage and junclion lemperslure ranga - &0 ko + 175 C
T -&DMp+ 175
TL Faxinm kaed lemperature for soldarning during 10s al 230 =
Amm fram case
PFR
Symibo] Paramigter Uit
50 251 852 254 858
WrRu Repeitiva paak revrae wallage 50 100 2 400 Lna) W
LT Mon repelitive peak reverse wollage 75 180 35D 480 G50 W
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b. Aluminum Capacitor Axial Standard datasheet

N ___ 4
VISHAY. . 030/031 AS
i vishay.com Vishay BCcomponents

Aluminum Capacitors

Axial Standard
FEATURES
* Polarized aluminum electrolytic capacitors,
non-solid electrolyte Piires
¢ Axial leads, cylindrical aluminum case, RoHS
insulated with a blue sleeve COMPLIANT
X * Taped version available for automatic insertion

* Charge and discharge proof
* Useful life: 3000 h at 85 °C
* Standard dimensions

* Material categorization: For definitions of compliance
please see www.vishay.com/doc?99912

041/043 ASH

ADDITIONAL ELECTRICAL DATA

PARAMETER CONDITIONS VALUE
Voltage

Surge voltage Us<1.15x Up
Reverse voltage Uge 21V
Current

After 1 min at Up:
Case @D xL=4.5mmx 10 mm I 1 £ 0.05 Cr x Ug or 5 pA, whichever is greater
Case @D xL=6mmx10mmto 10 mm x 25 mm | Il for CV < 1000: < 0.01 Cg x Ug or 1 pA, whichever is greater

I for GV > 1000: < 0.006 Cg x Ug + 4 pA
Leakage current

Ug =100V I1=0.02CrxUp+ 4 pA
After 5 min:
Ug=63Vto 63V Iis = 0.002 Crx Ug + 5 pA
Ug =100V I 5= 0.006 Cpx Ug + 4 pA
Inductance
Case @D x L mm:
45x10 typ. 10nH
6x10 typ. 22 nH
Equivalent series 8x11 typ. 85 nH
inductance (ESL) 6.5x 18 typ. 25 nH
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CAPACITANCE (C)
12 1.05
C c
Co ! G .}:-..;‘
R 22 1.00 T
10 = =
anil 095 %Q\T___h
09 \\‘:\QIG\
Curve 1:63V | | Curve 1:63V Q§4 N\
7 Curve 2:10V 0901 Cyre2: 10V \]C\ \
08 |g Curve 3:16Y 1 r Curve3: 16V 21\:‘5
i Curve 4:25V L Curve4:25V i\ 5:
07 Cuve 5:40V | 08| Cuves: 40V \
T2 Curve 6:63V Curve 6:63V
1 Curve 7:100V + Curve 7:100V
0.6 R A 0.75 | L1l
60 -40 20 0 20 40 60 80 10 102 10° 10t
Cy = capaitance at 20 °C, 100 Hz Tenn (0 C, = capacitance at 20 °C, 100 Hz Tar (0
Fig. 4 - Typical multiplier of capacitance Fig. 5 - Typical multiplier of capacitance
as a function of ambient temperature as a function of frequency
QUICK REFERENCE DATA
DESCRIPTION VALUE
Nominal case sizes (@ D x L in mm) 45x10to10x 25
Rated capacitance range, Cp 1 puF to 1000 yF
Tolerance on Cp -10 % to + 50 %
Rated voltage, Ug 6.3Vto 100V
Category temperature range -40°Cto+ 85 °C
Endurance test at 85 °C 2000 h
Useful life at 85 °C 3000 h
Useful life at 40 °C, 1.4 x I applied 80 000 h
Shelf life at 0 V, 85 °C 500 h
Based on sectional specification IEC 60384-4/EN130300
Climatic category |[EC 60068 40/085/56
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lable 4
MULTIPLIER OF RIPPLE CURRENT (Iz) AS A FUNCTION OF FREQUENCY
FREQUENCY Iy MULTIPLIER

(Hz) Up=63VTO10V Up=16VTO 25V Up=40VTO 100V

50 0.95 0.90 0.85

100 1.00 1,00 1.00

300 1.07 1.12 1.20

1000 112 1.20 1.30

3000 1.15 1.25 1.35

210000 1.20 1.30 140

2. First experiment prototype-Capacitor datasheet

| ENTERPRISE CORP ®

ECA series

® Standard Miniature Axial Type Aluminum Electrolytic Capacitors.

® Life 2000 hours at 85

®  Small size allows wider choice of capacitance and voltage for automatic insertion.

Characteristics

Voltage Range

10 to 100 VDC

160 to 450 VDC

Capacitance Range

0.47 to 10000uF

047 to 220uF

Temperature Range

=40 to +85T

=25 to +857C

(Capacitance Tolerance

+20% -20% (at 2

0, 120Hz)

Leakage Current

Dissipation Factor

[=0.01CV or 3uA, whichever is greater
3 minutes after Rated Voltage applied

1=0.03CV or 3uA, whichever is greater
3 minutes after Rated Voltage applied

After storage for 500 hours at 857, with no voltage apphed and being stabilized at +20°C, Capacitor

Rated Voltage (V) 10 16 25 35 50 63 100
[(tand) Dissipation Factor 0.20 0.17 0.15 012 0.10 0.10 0.08
Rated Voltage (V) 160 200 250 350 400 450
Dhssipation Factor 0.16 0.18 0.18 020 0.20 0.20
For capacitance = 1000uF, add 0.02 for every 1000uF, (at 20°C, 120Hz)
Stability at Low Temperature Impedance ration at 120Hz
Rated Voltage (V) 10 16 25 35 50 63 100
Z-25CIZ 20T 3 2 2 2 2 2 2
Z-A0C/Z 207 6 B 4 3 3 3 3
Rated Voltage (V) 160 200 250 350 400 450
Z25CIE 207 2 2 3 5 15 15
Load Life After the rated voltage has been |Capacitance change Within £20% of imitial value
applied for 2000 hours at 85C |DF. tand 150% or less of initial specified value
Leakage current Less than initial specified value
Shelf Life

shall meet the limit specified in load life.
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Case Size of Standard Products & Maximum Ripple Current ( mA rms 85°C 120Hz)

W

Cap. 6.3V 10V 16V 25V 35V 50V 63V
= Size R.C. Size R.C. Size R.C. Size R.C. Size R.C. Size R.C. Size R.C.
047 » [6.3x12.3 11
1 »  [B3Ex12.5 17
27 ALL BLANK VOLTAGE ON SLEEVE s |6.3x12.5 I8
33 MARKING IS SAME VOLTAGE “—7 POINT TO . |6axizs 5
4.7 » [6.3w12.5 45
10 » |6.3x125 | 65 |6.3xI25 70
22 » |63x125 | 1D | 63x125 | 115
kk] » [6.3x12.5 105 ixl6 125 8xle 140
a7 y [6.3x125 130 |6.3x12.5 140 Bxl6 150 ixle 150
100 » | 0.3x12.5 | 185 Hxlo 190 Hxlo 230 ixle 250 121 300
220 * ix16 320 ixl6 320 [ 10x17 ) 370 | 1021 440 13x21 490
330 » 8xla 330 8xlo 360 10x17 [ 420 | 10x21 470 | 13x21 520 13x26 | 680
470 » ixl6 400 ixl6 470 1017 [ 520 | 13x21 SR80 | 1321 T40 16528 880
1000 ¥ 1017 | 630 [ 10«21 710 13x21 830 | 13x26 | 1100 | 16x33 | 1350 [ 16x37 | 1550
2200 » 13x21 870 [ 13x26 | 11500 |  16x2% (1300 16x33 | 1550 | 18x37 | 17000 | 18x37 | 2200
3300 » 13x26  [1250( 16x28 | 1400 | 16x33 (1650 18x37 (1950 | 22x42 | 2200 | 22x42 | 2360
4700 » 1628|1500 16x33 | 17000 18x37 (2050 22x37 2400 | 22x42 | 2500 | 25342 | 2950
6300 » l6x33 | 1850( 18x37 | 2130 | 22x42 (2550 25x42 | 2600
10000 ¥ 18x37 | 2350 22x42 | 2700 | 22x42 (2800 25x42 | 2800
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¢. MOSFET transistor
=7 STP16NFO6L
Y/ STP16NFOGLFP
N-CHANNEL 60V - 0.07 Q - 16A TO-220/TO-220FP
STripFET™ Il POWER MOSFET

TYPE Vbss Rosjon) 1] ‘

STP16NFOBL 60V | <0090 | 16A ‘
STPBONFOSLFP | 60V | <0.090 | 1A
» TYPICAL Rps(on) = 0.070

« EXCEPTIONAL dv/dt CAPABILITY

= LOW GATE CHARGE AT 100 oC

« LOW THRESHOLD DRIVE

DESCRIPTION

This Power MOSFET is the latest development of
STMicroelectronis unigue "Single Feature Size™" strip-
based process. The resulting transistor shows extremely
high packing density for low on-resistance, rugged
avalanche characteristics and less critical alionment
steps  therefore a  remarkable  manufacturing
reproducibility.

TO-220FP

INTERNAL SCHEMATIC DIAGRAM
APPLICATIONS o)

« MOTOR CONTROL, AUDIO AMPLIFIERS

= HIGH CURRENT, HIGH SPEED SWITCHING
=« SOLENOID AND RELAY DRIVERS

« DC-DC & DC-AC CONVERTERS &(1)
« AUTOMOTIVE ENVIRONMENT

s(3)
SCO06140F

ABSOLUTE MAXIMUM RATINGS
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ABSOLUTE MAXIMUM RATINGS
Symbol Parameter Value Unit
STPMENFOGL | STP16NFOELFP
Vos Drain-source Vaoltage (Vg =10) G0 v
VoGr Drain-gate Voltage (Rzs = 20 k) G v
Vs (Gate- source Voltage + 16 v
) Urain Current {continuous) at Tp = 25°C 16 (= )
Io Drain Current (continuous) at Tp = 100°C 11 T.5* A
Ioaais) Drain Current (pulsed) 64 44(%) A
Piat Total Dissipation at Te = 25°C 45 25 W
Uerating Factor 0.3 017 WG
dvfdt (1) | Peak Diode Recovery voltage slope 23 Vins
Eaz 2 Single Pulse Avalanche Energy 127 mel
Vizo Inzulation Withstand Voltage (DC) R 2500 v
T
=g Sturagt_a- TemperlaMe 5510175 c
Ti Operating Junction Temperaturs
{+] Pul=e width limited by safe operating area. (1) Isp = 184, dildt = 210A&/us, Voo = &%R'DSS. Tj = Tami.
() Current Limited by package's thermal resistance 12) Starfing Tj =25 0C. Ip = 8A, Vpp = N
August 2002 118
ELECTRICAL CHARACTERISTICS (continued)
SWITCHING ON
Symbol Parameter Test Conditions Min. Typ. Max. Unit
taion) Tum-on Delay Time Vop =30V Ic=8A 10 ns
t- Rise Time Rz =470 Vez =45V v ns
(Resistive Load, Figure 3)
Qg Total Gate Charge Voo =48V ip = 16 A Ves= 5V 7.3 10 nC
Clgs Gate-Source Charge 21 nC
Qs Gate-Drain Charge 31 nc
SWITCHING OFF
Symbol Parameter Test Conditions Min. Typ. Max. Unit
taom Turn-off Delay Time Voo =30V Io=8A 20 ns
t; Fall Time Rz =4.700 Vag=45V 125 ns
(Resistive Load, Figure 3)
SOURCE DRAIN DIODE
Symbol Parameter Test Conditions Min. Typ. Max. Unit
lsp Source-drain Cument 16 A
laoeg ) Source-drain Current (pulsed) G4 A
Vep () Fonward On Voltage lgp=16 A Vs =0 13 v
tr Reverse Recovery Time lsp =16 A difdt = 100A/ps 50 ns
Qir Reverse Recovery Charge Vop=16VW Tj=150°C 675 nc
Irrm Reverse Recovery Current (see test circuit, Figure 5) 27 A

"JPulsed: Pulse duration = 300 ps, duty cycle 1.5 %.
(*)Pulse width limited by safe opersfing area.
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STP16MFOGL/FP

Thermal Impedance
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d. Inductor

5
A 18,5 max mm
[ 14,5 max mm
C 77205 mm
D 50105 mm
E 22,0 max. mm
3 5205 mm
o 1.0 typ. mm

I PETannauvil Ul rivigaope ; sSp JIE FUE % J
Kunde / customer © compliant
. — —_—o
7 part umber - N EcHS = ==
Besechnung - STROMKOMP. DROSSEL WE-CMS HC WORTH ELEKTRONIK
: MOOE CHOKE WE-CMS HC
DATUM / DATE : 2009-01-20

H / insertion loss:

typischer Dampfungsveriauf / typical attenuation curve
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