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Resumo

No contexto das energias renovaveis, e em particular, na energia solar, a reducdo dos precos por
painel solar tem levado a um continuo crescimento no ntimero de consumidores que utilizam sis-
temas fotovoltaico, e em particular, sistemas micro-inversor.

Ao contrério de sistemas PV tradicionais, onde os seus conversores de poténcia encontram-se in-
stalados em abrigos, os micro-inversor sao instalados na parte de tras dos painéis, o que faz com
que eles sejam sujeitos as condicbes atmosféricas mais adversas, nomeadamente a temperaturas
mais elevadas. Isto significa que a fiabilidade serd afectada, tornando-se necessario acautelar que os
elementos electronicos a utilizar nos micro-inversor nao sejam muitos sensiveis a condigoes adversas.

Nesta dissertagao, é proposto uma topologia de micro-inversor que garantird uma maior fiabili-
dade. Isto é conseguido através da eliminagdo dos elementos que sdo mais sensiveis a alteragoes de
temperatura, os condensadores electrolitico. Além de uma maior fiabilidade também sao consegui-
dos rendimentos elevados para este tipo de sistema PV.

Para controlar este sistema serdao dimensionados dois sistemas de controlo, de forma a maximizar a
energia extraida do painel e a qualidade da energia injectada na rede. Ambos os sistemas de con-
trolo terdo de garantir uma elevada robustez a alteragoes atmosféricas ou da prépria rede energética.

O primeiro controlador projectado utiliza técnicas lineares de controlo e servird como referéncia
para comparagao. O segundo controlador projectado é baseado em teoria nao linear de controlo,
mais especificamente a teoria de estabilidade desenvolvida por Lyapunov. A técnica de controlo
utilizado é o backstepping que é baseado no segundo teorema de Lyapunov. Para facilitar o cdlculo

das derivadas presentes em backstepping serao utilizadas filtros especificos designados de command
filters.

Palavras chave: Micro-inversor, condensadores electrolitico, fiabilidade, controlo linear e con-
trolo nao linear.
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Abstract

In the context of renewable energies, and in particular solar power, the decrease in price of PV
modules has led to a continued increase of the number of householders who use photovoltaic sys-
tems, in particular, AC modules (or microinverters).

Unlike conventional PV system topologies where the power converters are typically located in-
doors, the electronics in PV microinverters will reside in the same outdoor environment as the PV
module, which exposes them to harsher and more variable operating conditions, mainly increased
temperatures. This means that guaranteeing higher reliability becomes a more crucial task when
compared to other topologies.

A highly reliable, current-fed microinverter is proposed, without the traditional problematic elec-
trolytic capacitor, while simultaneously achieving a high nominal and European Weighted Effi-
ciency.

Two different control systems that guarantee maximum power point tracking (MPPT) and DC-AC
power control are implemented and compared in order to evaluate each control system in terms of:
power quality, efficiency, operation span and dynamic response performance to atmospheric or grid
changes.

The first control system utilizes linear control laws to stabilize and control the nonlinear sys-
tem and will be used as a reference for comparison. The second control system utilizes nonlinear
control techniques based on Lyapunov’s second law, which include: backstepping control design
and command filtering backstepping control design.

Keywords: Microinverter, Electrolytic-Less converter, Linear Control, Nonlinear Control, Lya-
punov’s Second Law, Backstepping control design and Command Filtering Backstepping.
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Chapter 1

Introduction

1.1 Background

Since the First World Climate Conference, held on February 1979 in Geneva, many efforts were
made towards reducing the footprint made by all sort of mankind activities. In particular, one of
the efforts adopted was to reduce the environmental impact of the energy sector by increasing the
use of renewable energy sources over fossil fuels. The European Energy Union has set itself energy
and climate targets for the next four decades, including reducing greenhouse gases by at least 20%
and increasing the renewable energy share up to 20% before the end of 2020 [5].

Traditionally, power systems in Europe have mainly been built to accommodate central power
plants, meaning large fossil fuel condensing plants, nuclear plants and hydro power stations. This
is changing, more and more distributed energy resources are being introduced into the power sys-
tem. The distributed energy resources include not just distributed generation, but also energy
storage and demand response.

EU Directive 2009/72/EC defines distributed generation (DG) as generation plants connected to
the distribution system where the distribution system is the high voltage, medium voltage and
low voltage network as opposed to the extra-high voltage and high voltage transmission system.
However, a broad consensus is that DG units are connected to the distribution grid and are not
large-scale units. Their energy source is produced locally (wind, solar, biomass, biogas, geother-
mal, ocean energy, hydro) and production is used by the producer (prosumer), or the owner is a
relatively small actor on the electricity market. Micro-generation is a term referring to very small
generation units connected to the low voltage network, which means capacities below 50 kW [6].

The quantity of renewable energy produced within the EU-28 increased overall by 84.4% between
2003 and 2013, equivalent to an average increase of 6.3% per year [7]. The growth in electricity
generated from renewable energy sources largely reflects an expansion in three renewable energy
sources, namely wind turbines, solar power and biomass [7].

Solar power deals with the conversion of solar energy into electrical energy, using photovoltaic
(PV) panels, or thermal energy, using concentrated solar power technology. PV panels produce
electrical current when exposed to solar radiation irradiance (PV Effect) and are typically made of
modified silicon. The global efficiency of PV systems are below 15% [8], which highlights the need
to develop more efficient manufacturing processes, conversion devices and control techniques.



Many PV systems have so far been connected to the grid due to their relatively cleanness when
compared to more traditional energy sources. The price of the PV modules was in the past the
major contribution to the cost of these systems. A downward tendency is now seen in the price
for the PV modules due to a massive increase in the production capacity of PV modules. A cost
reduction per inverter watt is, therefore, important to make PV generated power more attractive.
The focus has, therefore, been placed on new, cheap, and innovative inverter solutions, which has
resulted in a high diversity within the inverters, and new PV system configurations [17].

1.2 Photovoltaic System

Photovoltaic is the direct conversion of light into electricity at the atomic level. Some materials
exhibit a property known as the Photoelectric Effect that causes them to absorb photons of light
and release electrons. When these free electrons are captured, an electric current results that can
be used as electricity. PV systems: include cells, modules, strings, and arrays.

A PV cell (or solar cell) is the basic building block of photovoltaic power generation systems.
The most common type of PV cell is made from silicon crystal [8], which is specially treated by
introducing impurities (doping) to form an electric field (p-n junction), positive on one side (p-type,
free holes) and negative on the other (n-type, free electrons). Doping greatly increases the number
of charge carriers within the crystal by weakening the valence band. Each cell produces a maximum
of 4.5 W (2016), which is clearly not enough for the majority of applications. To solve this problem
PV cells are grouped to form a PV module (also known as solar panel) as is shown in Figure 1.1.
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Figure 1.1: PV Module (or Solar panel) and respective PV cells. (source [9])

In general a module consists of a number of cells in series Ny, which increases the voltage, and a
number of cells in parallel N, which increases the current. Currently (2016) mono-crystalline sili-
con PV modules use 60 cells (270 W) while poly-crystalline silicon PV modules use 72 cells (320 W).

A string is a group of PV modules wired in series while the term array is used to describe a
large group of modules which commonly are connected both in series and in parallel on a single
rack or multiple racks.



1.3 PV System Configurations

Grid-connected PV power generation systems can be found in different sizes and power levels for
different needs and applications, ranging from a single PV module from around 200 W to more
than a 100 thousand modules for PV plants over 100 MW [10]. The main characteristics of each
configuration (topology) are displayed in Table 1.1 while an overview of the location of the power
converters in each topology is shown in Figure 1.2.

Table 1.1: Grid-connected PV system configurations overview.

Topology AC MODULE STRING MULTISTRING | CENTRAL
Scale Small Medium Medium/Large Large
Power Range < 500 W < 10 kW < 500 kW < 850 kW
Semiconductors MOSFET MOSFET/IGBT | MOSFET/IGBT IGBT
Converter efficiency Lowest High High Highest
MPPT efficiency Highest Good High Good

1.3.1 AC-Module Topology

The AC-module configuration uses an individual grid-tied inverter for each PV module of the sys-
tem (Fig. 1.2). Therefore, this configuration is also known as a microinverter or module-integrated
inverter due to the small size and low power rating of the converter.

The LV rating of PV modules (generally around 30 V) requires voltage boost for grid connec-
tion. This is why AC-module inverters are usually found with a transformer (at least in Europe,
which has a higher grid-grid voltage when compared to Japan e.g.) to increase the voltage and
simultaneously provide galvanic isolation. The presence of the additional transformer means that
this is the configuration with the lowest power converter efficiency, which is compensated by the
highest MPPT accuracy due to the dedicated converter. Other advantages include lower installa-
tion costs, enhanced modularity and flexibility [22].

This configuration is appropriate for locations with lots of partial shading, complex roof struc-
tures, small systems, or combinations of different roof orientations. The small size of the converter
allows for a very compact enclosure design that is attached to the back of each PV module, hence
the name module-integrated inverter. Because of their LV operation, metal-oxide-semiconductor
field-effect transistor (MOSFET) devices are most commonly found in these topologies [10].

1.3.2 String Inverter Topology

String inverters connect a single PV string to the grid (Fig. 1.2) and are subdivided into single-
stage and two-stage conversion topologies, depending on the addition (or not) of a DC-DC stage
used to adapt the DC voltage output from the PV string to the DC side voltage of the grid inverter.
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Figure 1.2: Location of Power Converters for different PV system configurations (source [17]).

Furthermore, grid inverters can be found with or without galvanic isolation. Isolation can be in-
troduced at the grid side via a low-frequency transformers (large and heavy) or within the DC-DC
stage via a high-frequency transformer (light and compact but with additional losses from several
DC-DC converter semiconductors). The different combinations between single or two stage, with
transformer or transformerless string inverters, has led to a wide range of different converter con-
figurations, as shown in Figure 1.3.

In comparison to AC-module inverters, the string inverter has a less accurate MPPT which under
partial shading reduces the total energy yield. The string inverter is very popular for small to
medium scale PV systems, particularly for residential rooftop PV systems.

1.3.3 Multistring Topology

To add more flexibility to the string inverter and improve the MPPT performance of the PV
system, the multistring concept was developed. The strings are divided into smaller pieces (fewer
modules in series) and connected through independent MPPT DC-DC converters to the grid-tied
inverter (Fig. 1.2). The DC-DC stage also boosts the voltage of the smaller strings. The additional
DC-DC stages are a cost-effective solution compared to having several string inverters. Multistring
inverters can also be found with or without isolation (Fig. 1.3). Since they reduce partial shading
and mismatching, they are suitable not only for rooftop PV systems, but also for medium and
large-scale PV plants.
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Figure 1.3: Power converters used by different PV configuration systems. (source [10])

1.3.4 Central Topology

Finally, the central inverter interfaces a whole PV array to the grid via a single inverter (Fig. 1.2).
A blocking diode in series to each string is necessary to prevent them from acting as a load when
partial shading or mismatch occurs. Because the whole array is connected to a single inverter, this
configuration can only provide a single MPPT operation, leading to the lowest MPPT efficiency of
all configurations. Nevertheless, it provides a simple structure with an efficient converter, making
it one of the most common solutions for large-scale PV plants.

This centralized inverter includes some severe limitations such as high voltage DC cables between
the PV modules and the inverter, power losses due to a centralized MPPT, mismatch losses between
the PV modules, losses in the string diodes, and a non-flexible design where the benefits of mass
production cannot be reached.



1.4 Motivation

Unlike conventional PV system topologies such as string, multistring and central inverters where
the power converters are typically located indoors, the electronics in PV microinverters will reside
in the same environment as the PV module, which exposes them to harsher and more variable
operating conditions (temperatures from —30°C to +70°C and humidity levels from 0% to 100%
combined with salty and corrosive conditions [18]). This means that guaranteeing higher reliability
becomes a more imperative task when compared to the other topologies [19].

Since PV microinverters are typically attached to the back of the PV modules, and may well
be integrated to the PV module back skin, it is desirable that the microinverter has a lifetime that
matches the PV module one, which for the vast majority of manufactures is around 25 years.

It is well known that in single-phase (1¢) inverters there is a need to decouple the input from
the output of the inverter since the DC source at the input (i.e. the PV generator) delivers a
constant power, while the AC output leads to a time fluctuating instantaneous power with double
the grid frequency. The decoupling circuit is normally composed by a large capacitance (DC-link
capacitor) that acts as a buffer which delivers or receives the difference in instantaneous power [20].

Typically electrolytic capacitors are used as the decoupling element due to their good capacitance
per volume ratio and low price. The use of electrolytic capacitors makes it is easy and affordable
to install very high capacitances for decoupling between input and output of the 1¢ inverter. This
comes with a price, a severe drawback of this type of capacitor is its limited lifetime.

Electrolytics are affected by ageing effects more than other electronic components and are therefore
a bottleneck for inverter reliability and lifetime. Disadvantages include low ripple current capa-
bility due to high equivalent series resistance (ESR) and equivalent series inductance (ESL), high
thermal resistances limiting the ability to get the heat out, clumsy packaging sizes and mounting
difficulties, weight and temperature range. Another characteristic is that over time the liquid of
electrolyte evaporates through the rubber seals of the capacitor, degrading the capacitance [20].
This effect can be compensated by over sizing the capacitors by design, but a limit in lifetime will
still exist. Electrolytic capacitor technology has also remained virtually unchanged over the years.

Many efforts have been made towards replacing electrolytic capacitors by film capacitors (met-
allized polyester or polypropylene films), due to this type having a much higher lifetime and can
even be self-healing in case of minor isolation breakdowns. The disadvantage of film capacitors is a
low capacitance per volume ratio (approximately 20 times lower than for electrolytics) and a much
higher price. A direct replacement is therefore not feasible in terms of cost and size [20].

Numerous microinverters have been proposed each using different types of decoupling circuits in
an attempt to lower values of needed capacitance and therefore enabling the use of film capacitors.
Many of these topologies that use film capacitors were designed for the previous generation of PV
modules that had output powers between 100 W and 150 W [17]. The current average PV module
output power is around 270 W which leads to many previous microinverter topologies that used
film capacitors no longer being adequate since the needed capacitance not being small enough.



1.5 Thesis Objective

The main purpose of this thesis is to design a PV microinverter for current power PV modules (270
W), isolated by a high frequency transformer which can be used by private householders. Other
goals include:

e The power converter should not contain any electrolytic capacitors in order to increase ex-
pected lifetime.

e Design and compare through numerical simulation a linear and nonlinear control of the system
to obtain the best possible performance of the proposed microinverter.

To verify the correctness of the design a numerical computing environment such as MATLAB/Simulink
will be used.

1.6 Thesis Outline

This dissertation is composed by the following four parts:

e [t begins by briefly introducing PV system configurations in Chapter 1. This is followed, in
Chapter 2 by an overview of the principle decoupling techniques in order to understand the
role of electrolytic capacitors in PV microinverters (in order to achieve the first goal). While
Chapter 3 presents the main principles behind nonlinear control (Lyapunov method) while
presenting design procedures (in order to achieve the second goal).

e In Chapter 4 the mathematical model representation of PV modules is preformed which
is then subsequently adapted and implemented in a Simunlink environment. The proposed
microinverter is introduced in Chapter 5, followed by the design of its high frequency trans-
former, active and passive components, which will then be used to choose suitable real world
existing components.

e The maximum power point tracking controller is designed in Chapter 6, while the control of
the voltage at the DC-link is performed in Chapter 7. Each control system is designed with
both traditional controllers (such as PI compensators and nonlinear hysteresis band control)
and new (or less common) nonlinear controllers (such as backstepping and command filtering
backstepping control techniques).

e Finally, in Chapter 8 the proposed power converter and the designed controllers are eval-
uated under various simulation scenarios to prove the correct operation of the system and
choose the best control system. In Chapter 9 some final remarks are made on the power
converter overall performance and suggestions for further issues that were not covered in this
dissertation.



Chapter 2

Power Decoupling Techniques

As explained in Chapter 1, single-phase grid connected inverters typically use an electrolytic ca-
pacitor of large capacitance in order to decouple the power pulsation caused by the 1¢ utility line.
Innovative power decoupling circuits can reduce the size of the required energy storage capacitor,
thus improving the inverter lifetime, which is a much desired feature for AC-modules.

However, the power decoupling circuit will also result in additional power losses, due to the power
flow through the decoupling circuit, consequently, reducing the overall efficiency [21]. Although
the power decoupling circuit may increase the total system cost due to the additional circuitry
required, the extended lifetime eliminates the then otherwise reoccurring cost of inverter mainte-
nance or replacement that would haunt the PV system return on investment [22].

The goal of this chapter is to give an overview of the different power decoupling techniques in
order to choose a suitable topology to obtain small decoupling capacitance while guaranteeing high
efficiency. The two main power decoupling techniques are displayed in Figure 2.1, while some au-
thors [22] and [21], consider a third technique where the decoupling capacitor is usually embedded
in the grid inverter stage itself. Figure 2.2 shows the ranges of capacitance per technology.
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Figure 2.1: a) DC-Link Decoupling and b) PV-Side Decoupling.
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2.1 PV-Side Decoupling

PV-side decoupling (also known as pseudo DC-link configuration) is the designation used to describe
microinverters that have the decoupling reactive element on the primary side of the transformer,
Figure 2.1. This configuration is considered a single-stage converter since there is no intermediate
energy storage on the secondary side of the transformer.

The primary side of the converter is responsible for guaranteeing MPPT of the PV module, in-
creasing the voltage via a step-up transformer (and a boost inductor if present) and generating a
rectified sine waveform using a high frequency modulation technique.

The secondary side of the converter is responsible for the unfolding of the high-frequency sine
waveform from the primary side via an inverter which uses a line frequency commutation. Since
the output inverter has a low frequency commutation, the switching losses are decreased, which is
one of the benefits of this microinverter decoupling topology.

One of the main drawbacks of PV-side decoupling is the low power density (W/m?) of the de-
coupling capacitor. This can be explained by the following two reasons:

e The power capacitor across the PV module terminals results in a very large capacitor since
the allowable voltage ripple must be kept to very low values (< 1%) in order to achieve high
MPPT efficiency [22].

e The high current present in the primary side of the step-up transformer means that a higher
capacitance value is needed due to the capacitance being proportional to its current, equation
(5.31).



A typical case of a microinverter which utilizes a large capacitance is illustrated in Figure 2.3 a).
The solution used to reduce the size of the capacitor at the terminals of the PV module is the
addition of an extra decoupling circuit as shown in Figure 2.3 b).

Evj

Figure 2.3: a) Single-transistor flyback-type HF-link inverter and b) Flyback-type inverter with
high-power decoupling [17].

Many solutions which use different power decoupling circuits have been proposed [21][22], but they
all use the same principle shown in 2.3 b) and explained in [23] (Fig. 2.4).
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Figure 2.4: Active power decoupling control modes. (source [23])
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2.2 DC-Link Decoupling

The DC-link decoupling topology is considered a multi-stage converter typically with a DC-AC-
DC-AC configuration, while the power conversion process can be divided into two separate stages:
DC-DC and DC-AC conversions. For this multi-stage converter the main power decoupling capac-
itor is placed at the high voltage secondary side, as shown in Figure 2.1 b).

The primary side of the transformer, or DC-DC converter, is responsible for guaranteeing MPPT,
amplifying the PV DC voltage to a sufficient voltage level compatible with the grid maximum
voltage while simultaneously providing galvanic isolation. Any isolated DC-DC converter can be a
candidate to the this power conversion stage [22]. Isolated DC-DC converters can be classified as:

e Hard-switching: Less active/reactive components are needed, but switching losses tend to be
high due to the leakage inductance (of the transformer) being opened while its current is
not equal to zero and/or by connecting it in series with other elements equivalent to current
sources.

o Soft-switching: Extra circuity elements are added which implement zero-voltage switching
(ZVS), zero-current switching (ZCS), or active clamp techniques to improve the efficiency
and overcome problems caused by the leakage inductance.

The DC-link capacitance has a higher power density (W/m?) when compared to the pseudo DC-link
topology due to the following two reasons:

e The lower current at the DC-link (when compared to the PV-side of the transformer) reduces
the required decoupling capacitance as shown in equation (5.31) that is deduced in subchapter
5.3.1.

e Higher voltage ripple is allowed at this decoupling element since it is not responsible for
guaranteeing MPPT, with the constraint that the lowest DC-link voltage should be greater
than or equal to the peak grid voltage, as illustrated in Figure 2.5.

Compared to the PV-side decoupling, the DC-link decoupling does not need no additional circuitry
to perform the decoupling of the system.

As stated before, any isolated DC-DC converter can be used to perform the MPPT. A solution to
increase the reliability of the AC-module can pass by using an isolated current-fed DC-DC power
converter since inductors have a much longer lifetime when compared to capacitors [19].

2.2.1 Isolated Current-Fed DC-DC Topologies

Isolated current source DC-DC topologies decrease the turn ratio of the transformer since the pri-
mary voltage of the transformer is larger than the PV module output, due to the boost inductor.
This leads to copper losses and leakage of transformer elements being reduced.

In Figure 2.6 four different soft-switching isolated current-fed converters are displayed. The main
principles of soft-switching techniques are briefly discussed below [25]:

o ZVS techniques: A ZVS turn-on is achieved by forcing current through the body-diode of the
semiconductors, just before they are turned on. This clamps the voltage across the device to a

11



500 T T T T T T T
400
300
I~
200

100

Voltage [V]

-100

-200

-300

_400 1 .I‘ 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time [s]

Figure 2.5: Maximum allowed voltage ripple at the DC-link capacitor(s) in order for the voltage
source inverter (VSI) to have a correct behaviour.

single diode drop (negligible voltage) during a switching transition so that turn-on switching
losses are greatly reduced. A ZVS turn-off is achieved by slowing down the rate of voltage rise
across a switch when it is turned off by adding some capacitance across the switch, limiting
the overlap between voltage and current during the switching transition.

o Z(CS techniques: are techniques that force the current through a switch to be zero when
the switch is about to turn on or off and keep this current zero while a switching transition
occurs. A ZCS turn-off is achieved by diverting current away from the switch into the rest of
the power converter just before the switch is turned off. This is typically done by providing a
path of negative voltage potential to the switch or by imposing a negative voltage somewhere
in the current path. A ZCS turn-on can be done by adding an inductor.

o Active-clamp: The clamp capacitor clamps the voltage that appears across the full-bridge
whenever full-bridge switches are turned off and is allowed to discharge into the full-bridge
converter whenever a pair of diagonally opposed switches is on. The additional switch is
always off whenever the converter is in a current boosting mode to avoid it being short-
circuited. The term ”active clamp” refers to the fact that the DC bus capacitor acts as a
clamp and is in series with an active switch.

e Resonant Tank: resonant inductor-capacitor (LC) networks have voltage and current wave-
forms that vary sinusoidally during one or more subintervals of each switching period. By
inserting a the LC network in parallel with full-bridge switches, the voltage across the switches
can be shaped so that they are able to turn on and off with ZVS.

12
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Figure 2.6: Isolated current-fed DC-DC topologies: a) ZVS-PWM Full-Bridge Boost Converter [25]
b) Active-clamp Full-Bridge Boost Converter [26] c¢) Current-Fed ZCS High Frequency Inverter-
applied Resonant DC-DC Converter for Inductive Power Transfer [27] and d) Soft-Switching
Current-Fed Push-Pull Converter [28].

Component count (for soft-switching), the control strategies and major disadvantage of each of
the different current-fed isolated DC-DC converters of Figure 2.6 are listed in the Table 2.1 below.
Analysing Table 2.1, topology b) is chosen (and studied in Chapter 5) due to it combining a low
component count with an easy control system, both criteria which reduce the overall cost of the
microinverter.




Chapter 3

Nonlinear Lyapunov Control

Physical systems are commonly treated as linear approximations of more complex nonlinear sys-
tems. To control, nonlinear systems, the application of linear control techniques is possible, but
may lead to limitations in terms of performance and operation span. The account of nonlinearities
by a control design allows for an expansion of the operating region [37]. The Russian mathematician
Aleksandr Lyapunov deduced some of the most useful tools for stability analysis. Listed below is a
summary of the main concepts of Lyapunov’s stability theory. A more extensive description than
the one listed below of Lyapunov stability concepts can be found in [37].

3.1 Lyapunov Stability
Consider the nonlinear non-autonomous! system
i = f(zt) (3.1)

where the state vector z € R™ and the nonlinear function f : R” x RT — R" is locally Lipschitz
continuous in z and piecewise continuous in ¢. Let 2z, be an equilibrium point of (3.1), f(z.,t) =0,
Vvt > 0, and, for simplicity, suppose that z, is the origin of R".

In the sense of Lyapunov, stability means that all trajectories starting close enough to the ori-

gin (equilibrium point) will remain near the origin (||z(t)|| < €), that is, in the vicinity of that
equilibrium state (Fig. 3.1).

stable if, for each € > 0 and ty > 0, there is (¢, tg) > 0 such that
lz(to)l] <d(e,to) = [lz®)]| <e, V2t

unstable if it is not stable;

attractive if, for each ¢ > 0 and tg > 0, there is both d(¢p) > 0 and T'(¢, ty) such that

lz(to)l| < o(to) = llz®)l <e,  VEZto+T;

Asymptotic stability is a more strict property, since it requires that the system converges to the
equilibrium state from which it was disturbed as ¢t — oo.

'non-autonomous: The vector field of the system depends explicitly on time [42].
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asymptotically stable if it is stable and, for ty > 0, there exists a d(¢9) > 0 such that

llz(to)|| < 6(to) = lim x(t) = 0;

t—o0
If the constraint § on the initial state does not depend on the initial time ¢y then the equilibrium
point is said to have uniform stability.

uniformly stable if the stability condition is independent of ¢y , i.e., for any tg > 0 and
e > 0, there is a §(e) > 0 such that

lz(to)]| <6 = |lz@®)|| <e V>t

If, added to this, the states converge to the initial equilibrium state, then it is uniformly asymptot-
ically stable.

uniformly asymptotically stable if the asymptotic stability condition is independent of
the initial time tg , i.e., there is a § > 0 for all ¢y > 0 such that

lz(to)l| <6 = lim z(t) =0;

t—o00

The rate of this convergence can be exponential, making it an exponentially stable equilibrium

exponentially stable if, for € > 0, there exists a pair §(¢) > 0 and A > 0 that satisfies

lz(to)|] < d(e) = ||z(t)]| < ee2Et0) Wt >t > 0.

It should be noted that, contrarily to linear systems, that have only one equilibrium state, nonlinear
systems can have several, making no sense to talk about stability of the system. Instead stability
is defined for each equilibrium point.

a : Lyapunov stable

S

: unstable
: asymptotically stable

o

v

Figure 3.1: Lyapunov stability in R2. (source [37])
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3.2 Lyapunov’s Second Method

The minima of the potential energy function of a conservative system is a stable equilibrium point
and its maxima is an unstable equilibrium (Lagrange). Lyapunov’s second method (or direct
method) is a mathematical extension of the fundamental physics principle: the total mechanical
energy of a system is continuously dissipated until it reaches an equilibrium point.

Lyapunov generalized this idea for stability analysis. He did so by introducing a scalar function
that has similar properties to the ones of an energy function. Consider an appropriate function
V(z,t) (the Lyapunov function) and its time derivative along the trajectories of (3.1), which is:

V(z,t)

ECASIAS 2
imt@n = o T agd @?) (3.2)

Theorem 3.2.1 (Lyapunov’s Second Method). Let V(z,t) : RT x D — RT be a continuously
differentiable and positive definite function, where D is an open region containing the origin. The
equilibrium z, = 0 is:

stable if V(z, t)’ ) is negative semi-definit for x € D;

z=f(z,t

uniformly stable if V(z,t) is decrescent and V (z,1) is negative semi-definite for

z=f(z,t)

z € D;

asymptotically stable if V(z,t) is negative for x € D;

z=f(z,t

uniformly asymptotically stable if V(z,t) is decrescent and V(z,t)
definite x € D;

is negative

z=f(z,t

exponentially stable if there exist constants c1, co and c3 such that

c1lz)? < V(z,t) < colz)? and Vix,t) < —cslz|?, Vt>0,xeD.

’z:f (z,t)

3.2.1 Control Lyapunov Functions

The tools presented in this subsection 3.2 are mainly directed towards the stability analysis of a
system. In this section it will be shown how to use them to design a closed-loop system with the
desired stability properties. To this end consider the nonlinear time-invariant system

&= f(z,u), z € R, veR, f(0,00=0 (3-3)

for which a feedback law «(z) for the input u is to be designed. The goal is to make the equilibrium
point z = 0 globally asymptotically stable. For this to be achieved a Lyapunov function V' (z) must
be defined that has a negative definite time derivative along (3.3), as exemplified in Figure 3.2.

Definition 3.2.1 (Control Lyapunov function). A smooth positive definite and radially unbounded
function V(z): R™ — R is called a control Lyapunov function (CLF) for (3.3) if:
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X

Figure 3.2: Example of a positive definite Lyapunov function with z € R2.

inf {av(x)f(:r,u)}<0, Vo #0

Ox

The existence of a CLF proves asymptotic stability, since it is sufficient condition for the existence
of a feedback law «a(z) that satisfies (LaSalle-Yoshizawa Theorem):

ov

oz @S (@ a(2) < -W(z) <0, YzeR™ (3.4)

where if W(z) is a positive definite continuous function, then the equilibrium z, = 0 is globally
uniformly asymptotically stable.

3.2.2 Backstepping Design

The backstepping technique is as a recursive Lyapunov method for the design of controllers for
nonlinear systems. The name “backstepping” derives from the fact that, during the procedure, the
designer “steps back” from the scalar equation (&) that is the furthest (number-of-integrations-
wise) from the control input (u) towards this same control input in a recursive manner.

i;n = fn(ﬂjla T2y weey l‘n,l,l'n) + gn(xl,I'Q, vy Tp—1, xn)(u)

Tp—2 = fn(ﬂfla XLy eey Tn—3, J:n—2) + gn(xlv L2y ey Tn—3, xn—Z)(xn)

iy = fa(z1,22) + g2(71, 22)(73)
i1 = fi(x1) + g1(z1)(22)
Ap—1§0n—294 " """§% § Q@ = Yr (3.5)

21 = T1 — Qg

Z9 =19 —

2n—1 = i'n—l - dn—2

Zn = U

The backstepping design can be extended to arbitrarily higher order systems in strict-feedback
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form. Such a system of n'" order is:

&1 = fi(x1) + g1(w1) w2
&g = fo(x1,x2) + g2(x1, 22) 23

Ty = fn($17$27 ...,.Tn_l,illn) + 9n($1,$27 ...,xn_l,xn)u
with (21,...,2,,u) € R and g; #0, Vi € {1,2,...,n}.

The objective is to make x7 asymptotically track a smooth waveform y,.. The process starts by
defining the tracking error coordinates:

Zi=x; —Qqi_1, € {1,2,...,n} (3.7)

where ag = y, (is the reference). With the change of coordinates (3.7) it is now possible to build
a positive quadratic control Lyapunov function? of z; recursively to each design step as:

Vi(z1, 22, ooy 2ic1, 2i) = Vic1(21, 22, oy Zie1) + %zf (3.8)
The time derivatives of (3.8) is given by:
V(Zl,ZQ, ey Zim1, %) = Vi_l(zl,zQ, ey Zic1) + 2iZi (3.9)
where the dynamics of the error coordinates is:
Zi=&; — &1 = (fi + gi%it1) — &ic1 = [fi + 6i (2zig1 + 1)) — i1 (3.10)

with z,+1 = u. The application of LaSalle-Yoshizawa Theorem (3.4) results in stabilizing virtual
controls «; and control input u given, for example, by:

1 .
a; = —(—ci1z1— fi+9yr), >0

91
1 . .
Qj = ;(—cjz]' — fi—gj—1zj—1 +&j-1), ¢ >0, j€{2,3,...,n—1} (3.11)
j
1 .
U= ;(—ann — o= Gn-12n—1+ Qn-1), ¢ >0
n

If the system (3.6) is feedback with the control inputs (3.11) asymptotic tracking of y, by x; is
achieved.

2Lyapunov functions - Although very often the control Lyapunov functions are chosen to have a quadratic form,
similar to the ones used in this derivation, it is possible, and sometimes even beneficial, to use different forms that,
for example, to avoid the cancellation of stable nonlinearities.
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3.2.3 Command Filtering Backstepping

In the previous subsection the Backstepping design was explained for any strict-feedback system of
any order. Although the design seems simple, the increase in order dramatically complicates the
computation of the time-derivative of the virtual control laws (¢;). This calculation can be brought
down to a differentiation by filtering using a command filter [38],[39] as shown in Figure 3.3.

i+l,c

A

i+l,c

Figure 3.3: Command filter (CF) block diagram [37],[38].

where ¢ and w, are, respectively, the damping coefficient €]0; 1] and the fixed natural frequency of
the filter. Analysing Figure 3.3 it can be shown that the signal ;11 . is obtained by using integral
method rather than a differential method which attenuates the high frequency disturbances [44].
The CF shown in Figure 3.3 has the following state-space representation:

Tp _ 0 1 xp
T, —w% —2Cwr, T,

where «; is the filter input signal and zy,, xy, are filter states.

xz‘—l—l,c . 1 0 a:fl
[i”lvc 1 N [ 01 1 [xﬁ ] (319

The CF transfer function is given by:

+

5 ] o (3.12)

n

2
Tf Wy, 1
= ; 3.14
[$f2‘| $2 + 2Cwp s + w2 S] ! (3.14)
which has a DC unit gain for the first output, whereas the second output is the derivative of the
first output. The CF should be implemented with a finite natural frequency not necessarily much
greater than that of the natural frequency of the input [43], in order that z;11 . and &;41,. accu-

rately track «; and ¢; , the range of ¢; gains is restricted to be:

¢i < wp (3.15)

The signal flow in block diagram form for the command filtering backstepping approach (CFBS)
can be found in Figure 3.4, where the feedback control signals (3.11) are not directly applied,
instead these signals are corrected by the CF resulting in x;41 . = o; and @41 = &;.
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a, a,

Z Z

1 1
7 ls+a s+c,

Figure 3.4: Block diagram of the CFBS approach for n = 3. The virtual controls «; are computed
according to (3.11). The dotted lines from the CF to the «; represent the communication of the
command derivative ¢; from the CF to the computation of a;41 [38]. Colours have been added to

highlight the pattern of repetitiveness in the construction.

The variables Z; are referred as compensated tracking errors because they are obtained by removing

the filtered unachieved portion of «;, represented by yx;, from the tracking error.

Zi=z—Xi t=12,...n

Which leads to the following stabilizing virtual controls a;; and control input u:

1 .
a;=—(—caz1—fi+9), >0
g1
1 ) .
o = ;(—cjzj —fj —g9j-1Zj—1+ Oéjfl), c; >0, j€ {2,3,....,n—1}
J
1 .
u = 7(_671271 - fn — On—12n—1 + an—l)a cn >0
n

The control input u obtained by a CFBS approach for n = 2 (for example) is given by:

1 .
u=—[—coz2 — fo — 171 — Zc2]
g2

The complete stability proof of CFBS approach can be found in [39].
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Chapter 4

PV-Module

4.1 Mathematical Model

Since the output current I and voltage V of PV modules change not only with the output load, but
also change under varying atmospheric conditions, to correctly study the proposed power converter
it is mandatory to utilize a mathematical model that simulates the behaviour of a real PV module.
The three models that are typically used to represent PV cells [11] are listed below in ascending
order of accuracy:

e One-Diode Model (three parameters) - Includes voltage and current relation.
e One-Diode Model (five parameters) - Includes voltage drop and leakage current.

e Two-Diode Model (seven parameters) - Includes the effect of recombination.

The One-Diode model, five parameters, is a good choice that combines both accuracy and some
level of simplicity, while its equivalent circuit is shown in figure 4.1.

Figure 4.1: Equivalent electrical circuit of a PV cell (One-Diode, five parameters model).

The current source Ig represents the electrical current generated by the PV cell when exposed to a
certain irradiance GG, while the diode represents the p-n junction and its internal current Ip which
depends on the output voltage. The additional accuracy of the One-Diode five parameter model
compared to the three parameter model is due to the inclusion of losses represented by the resis-
tances Rs; and Rgj. The series resistance represents the voltage drop between the semiconductor
and the external contacts while the parallel (shunt) resistance represents existing leakage currents.
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Applying Kirchhoff’s current law to the equivalent circuit of the PV cell, figure 4.1, the output
current [ is obtained:

I=1s—1Ip—1I

L I 4.1
[:]S_[O{GXP<V+R)_1}_V+R (4.1)

mVrp R

where:
e [ - diode saturation current [A];
e m - ideality factor of the diode (ideal diode: m = 1; real diode: m > 1);
e Vp - thermal voltage equivalent [V];

KT,
q

Vr =

(4.2)

K: Boltzmann constant (K = 1,38 x 10723 [J/K]);
T.: absolute cell temperature [K];

q: electron charge (¢ = 1,6 x 10719 [C]);

e VV - PV cell output voltage [V];

4.1.1 Computation of Model Parameters

Analysing equation 4.1 and considering STC! the five parameters (unknowns) of the model are
I7, Iy, m, Rs and Rg,. A methodology to compute these unknowns using the data present in PV
panel catalogs (Table 4.1) is presented in [8]. The first step is to write the equation 4.1 at the three
characteristic points of the PV curve I-V — short-circuit point (I,), open-circuit point (V,},) and
maximum power point (Vy;p and I}, p):

0+ R, 0+ RI,
II. =1 - I — -1 - —= 4.3
cc s 0 [exp ( mV:F > ‘| Rsh ( )
Vi +0 Ve +0
0=1I-1I} £ -1 - 4.4
, , - Viie + RsI} Viip + Rsl}

Iyp =10 — I} leXp (W) _ 1] _ W (4.5)

To facilitate the calculations, the next simplifications can be made:

V + RsI V+ R,I
— -1 = — 4.6
P ( mVrp ) P ( mVrp ) (4.6)

!Standard Test Conditions (STC): G" = 1000 W/m?, 6% = 25 °C. Typically referenced by using the superscript *.
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Rsli Vea
exp (mVr> < exp (mVT> (4.7)
T T

Considering the previous two simplifications and manipulating equations 4.3 and 4.4 two unknowns
can be eliminated:

Vi — R, -V
Ir= (] — ~ca S”cc ca 4.8
0 ( cc Rgp, ) exp (me) ( )
Vr Vr
IT =1} ex ca_) 4 _ca 4.9
0 €Xp <mVT’?> Ry (4.9)

Substituting equations 4.8 and 4.9 in 4.5 we obtain:

Ijr\i/[P _ Igc - VMP + RSIMP — RSICC - (Igc o cha — RSICC) exp (VMP + RSIMP — cha) (410)

Rsh Rsh m VTT

In order to complete the system of unknowns, it is necessary two extra equations since there
are five unknowns. One of the equations can be obtained from knowing that differentiating the I-V
equation 4.1 at MPP is equal to zero:

of1,V)
dP _d(VI) B dl _ v B
wlvovi, = S e, = (e, = | 1 —S v -
I=Iyp I=Iyp I=Iyp 1- T V=Vip

I=Iyp

(4.11)

The last equation necessary to complete the system is obtained from an empirical notion of the
shunt resistance obeying the following relation.

of(1,V)
dl oV 1
il - oV - 4.12
dVi=rr. . of(1,V) Ry, ( )
ol I=T..

After some algebraic manipulation of equations 4.11 and 4.12, and including equation 4.10 the
system of equations 4.13 can be used to compute the three unknowns m, R, and R, since the
rest of the variables are given by PV panel catalogs. In order to solve the system of equations 4.13
a nonlinear numerical solver should be used. Finally, using equations 4.8 and 4.9 the rest of the
unknowns can be computed.
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g~ Virp + Buliyp = Rly, ( pr Vea ™ RJ&) cop (Vﬂzp + Rsliyp — Ve

—Iyp=0
Ry R mVh ) MP

T SIT _ T
(RanIl, — Vi + RuI%,) exp (VMP S 17 Vm) 1

mV}"
B VIR, " Ry,
Tp + = hv’” F R, —VT " Vip =0
Ry(Ryp i, — Vi, + RyIl,) exp | -ME L ZeMP - Tea
1+ mVr N Rs
meRsh R,
R,JI" — V"
RyI". — VI + R, I" —ce <
( h cc ca + CC) eXp < mVj’c > 1
R + meRgh R IT VT Rsh — O
" Ry(RapIl, — Vi, + RoIl,) exp | e Tea
14 mVr N R,
mVTTRsh Rsh
(4.13)

4.1.2 Influence of Irradiance and Temperature on I-V Curve

The One-Diode Model considers that parameters m, Rs and Ry, are independent of atmospheric
variations because in reality compared to the other parameters there changes are less significant
(the Two-Diode model takes into account variations in parameter m). Parameters Iy and I can
be computed by using equations 4.3 and 4.4 and taking into account the relations 4.14 and 4.15
(these can be proven experimentally and/or mathematically).

G
(G T) = 2o I1y + e T = T) (4.14)

G
Via (G T) = VI + pyea(T — T,) + mVir In (G> (4.15)

where:
® [i7cc - short-circuit current temperature coefficient [A/°C]

® [y cq - Open-circuit voltage temperature coefficient [V/°C]

Most of the solar manufactures provide temperature coefficients piy.. and pye, as [%/°C]. In or-
der to utilize the data provided in PV module catalogs in equations 4.14 and 4.15 the next unit
modifications should be made.

7, [A] x 558 1%/°C1 = puree [A)°C) (4.16)
Ve V] S8 196)°C) = pyea [V/°C) (4.17)
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4.1.3 PV Cell Temperature

Equations 4.1 to 4.15 utilize the PV cell temperature, however, typically the data available is
atmospheric temperatures. So in order to calculate the expected temperature of the PV cell for a
specific atmospheric temperature a simplified temperature model can be used:

G(NOCT — 20)
800

0. =06,+ (4.18)

where:
e 0. - cell temperature [°C]
e 0, - atmospheric temperature [°C]

e NOCT? - nominal operating cell temperature [°C]

4.2 Implementation of the Mathematical Model

Since the proposed power converter has the current as a state variable, a common practice [12],
[13] and [14] is to substitute the current source I's and diode D for an equivalent controlled voltage
source. Since equation 4.1 is transcendent a simplification can be made by neglecting the leak-
age current Iz, (because Iy, < I), which allows it to become non-transcendent and enables the
equivalent voltage source to be computed.

Is—1
VD:V+RSI:mVT1n(SI +1> (4.19)
0

Currently the average peak power? of the predominant PV module technology, Mono-crystalline
silicon 60-cell, is around 270W, so it only makes sense to design the proposed power converter for
a similar power. The main electrical data for the chosen PV module can be found in Table below.

Table 4.1: PV module main electrical data (Appendix B).

PrrpWol | Virp[WI | Iy plA] | VaIV] | 1[A] | NOCTPC] | pyea[mV/°Cl | prec[mA/°C]

270 31.1 8.67 38.2 9.19 4542 -118.4 4.9

Utilizing the data in Table 4.1 and the equations of subchapter 4.1.1, the parameters of the math-
ematical model can be computed and found in Table 4.2.

In order to prove that the model behaves as expected a number of tests can be made, including
varying atmospheric conditions and comparing the results to available catalog data. Analysing
Figures 4.2 and 4.3 it is shown that the proposed model is a good approximation to the real PV
module since the IV-curves of the Simulink simulation and catalog data are nearly identical.

“Nominal Operating Cell Temperature (NOCT): irradiance of 800W/m? and ambient temperature 20 °C. More
realistic conditions than STC for atmospheric exposed PV modules.
3Peak Power (P,): equivalent to maximum power at STC.
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Table 4.2: Computed PV module mathematical model parameters.

m | Ra [ | R [Q] | 15 [pA] | I3 [A]

62.3 786 0.2748 | 407.33 | 9.1932

10 A
ot 10
L 9 T
j ! 8 \\
< 6! 7 SN
.| : \
M ; a\
3t 1000 W/m? 4 \\\
2 H 800 W/m? 3 O\
1} 600 W/m? 5 \
o 400 W/m? ]
0 5 10 15 20 25 30 35 40 0

Voltage [V] 5 10 15 20 25 30 35 40

Figure 4.2: IV-curves for different levels of irradiance (with 8. = 25°C'). Left: Simulink Simulation.
Right: PV Catalog.

_ 7t , AN
< s} . VA
s 5 . VA
3 pors . (RN
3 45°C N RAR
2| 251 ) RN
== | RN
0 5 10 15 20 25 30 35 40 0 : : : : : : \ ‘\ \ ‘\‘,
Voltage [V] 5 10 15 20 25 30 35 40

Figure 4.3: IV-curves for different levels of temperature (with G = 1000 W/m?). Left: Simulink
Simulation. Right: PV Catalog.
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A more strict evaluation of the simulations shown in Figures 4.2 and 4.3 can be made based on the
percentage error, equation (4.20), which results are depicted in Table 4.3 and Table 4.4.

|catalog — simulated|

%error = x 100

(4.20)

catalog

Table 4.3: Comparison of the mathematical model results to the PV catalog (Fig. 4.2).

[W/m?] | G=1000 | G =800 | G=600| G =400
% error I, 0.0 0.2 0.3 0.3
% error Vg, 0.0 1.2 1.1 1.2

Table 4.4: Comparison of of mathematical model results to PV catalog data (Fig. 4.3).

POl | 6.=65|60.=45| 0. =256, =5
% error I, 0.3 0.2 0.0 0.2
% error Vg, 0.8 0.5 0.0 0.6

STC and NOCT condition simulations (Fig. 4.4) should also be compared to the data available in
Tables in the PV catalog B.1. Note that in Figure 4.4 both irradiance and temperature are changed,
while previous Figures 4.2 and 4.3 only one of these changes while the other remains constant.

10 | 300
sTC N
gl X:0.382 250 | NOCT X: 30.94
-Y:9.19 Y: 269.5
X0 — 200 | N
o o 150 f Y:199.7
= =
§ 4 g
100 |
27 sTC X: 38.2 X: 35.45 50 |
NOCT Y: 4.084e-10 Y: 3.366
0 : : ' -B- 0
0 10 20 30 40 0 10 20 30 40
Voltage [V] Voltage [A]

Figure 4.4: Left: IV-curves with highlighted V., and I, points. Right: PV module power with
highlighted M PP point.
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Analysing Figures 4.2, 4.3 and Tables 4.3, 4.4 and 4.5, which all have low % error, prove that the
mathematical model is an adequate representation of the real PV module (Appendix B).

Table 4.5: Comparison of the mathematical model results to the PV catalog Table data.

Pyp | Ve | Vea | e
% error stc | 0.19 | 0.51 0 0
% error nooT | 2.41 | 1.09 | 1.29 | 0.13
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Chapter 5

Proposed Microinverter

5.1 Introduction

As explained in Chapter 2, the Active-Clamp Full-Bridge Boost Converter [26] is a good solution
for the isolated DC-DC converter stage due to its low number of components and easy control. The
interface between the DC-DC converter and the grid will be done using a half-bridge inverter since
it further decreases the needed capacitance . The complete microinverter is shown in Figure 5.1.

I Ly

pv
= (YY)

S Slk Szk L Dll C01=

PV ||V, _m—i

v ‘ S S 5
3T 4T D, T C02

i—

Y Y'Y

Figure 5.1: Proposed AC-module circuit.

5.2 Active-Clamp Full-Bridge Boost Converter

The Active-Clamp Full-Bridge Boost Converter is responsible for guaranteeing MPPT while boost-
ing the voltage. By controlling the DC current level of the intermediate inductor Lg. the MPPT
can be achieved while the elevation of the voltage is obtained by two boost stages, one in the
intermediate inductor Lg. which acts naturally as a step-up converter and the other at the step-up
transformer. The full-bridge is responsible for transforming the DC voltage to an AC high fre-
quency rectangular voltage waveform which can then be applied to the high frequency transformer,
to avoid this this one from saturating.

The Active-Clamp circuit is composed by a capacitor C. and a bidirectional semiconductor S,

(i.e. with a parallel diode) and is used in order to connect the intermediate inductor Lg. to the
high frequency transformer which has an intrinsic leakage inductor Ly. Then, the Active-Clamp
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semiconductor S, should be turned on whenever the circuit is in a transfer mode (Subfigures (a)
to (d) of Fig. 5.2). At the beginning of this mode (Subfigures (a) and (c)) the diode of the semi-
conductor S, will be forward biased since the voltage at the terminal of Lg. will be higher than
the voltage of C.. This will cause the current to flow to the capacitor C, while the current I, in-
creases gradually. Once the currents I 4. and Iy are equal, the capacitor C, will start to discharge
(Subfigures (b) and (d)) since voltage Vi will be greater than the voltage at the terminal of L.

When the circuit is in the current boost mode (Subfigure (e)) the voltage across the terminal
of Lg. will be positive so its current will increase. During this mode the semiconductor S, should
be switched off in order to not short-circuit the active-clamp capacitor C,.. The diode of the semi-
conductor S, will be reversed polarized so the capacitor C. is open circuited maintaining its voltage.

o) P agrc T
I L v
@) (b)
2 @ e o Q 3
iV _ IR
© d

T
T 1

Figure 5.2: Active-Clamp Boost Full-Bridge converter operation modes.

|+
VA
7
-

- 3E

©)

In order to achieve an AC voltage with a zero mean value a pulse width modulation technique
can be used. The firing angles of the semiconductors of this type of modulation can be found in
equation 5.1 where d represents the duty cycle provided from the MPPT controller and wpm rep-
resents the angular frequency of the PWM triangular carrier. The chosen frequency of the PWM
is fpwm = 10kH z.
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T—20 T+
T < wpumt <

= S14 &Scon A Sy 3off = v, = 4V, (transfer)

2 2
) 3m—0
W—; < Wpwmt < T = Si2340n A Scoff = v, =0 (boost)
5.1)

3n—0 3 ) (

772 < Wpwmt < Tt = S23 &Scon A Sy 40ff = v, = -V, (transfer)
3 ) _—)

W;— < Wpwmt < 2+ WT = Si2340n A Scoff = vp =0 (boost)

Using the PWM described in (5.1), the waveforms of the Active-Clamp Full-Bridge can be ob-
tained. An approximated representation of the waveforms which result from the PWM are shown
in Figure 5.3 (found in [4]), where Ty is the time period of the transformer. These waveforms will
be used to design the active components of the DC-DC converter later on.

A- T om0 T

81’4 < »ie >

S2,3

SC

: = > Ts:

Vp pwm

iLi

LdC

i51

S N N N N N I N I N
N N N N N

Figure 5.3: Expected waveforms of the Active-Clamp Boost Full-bridge converter.
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5.2.1 Design Procedure

The DC-DC converter is expected to be able to maintain MPPT for a wide range of atmospheric
conditions. So in order for the DC-DC converter to work correctly its passive components should
be sized taking into account the different possible ranges of atmospheric conditions while taking
care to not over-size each component.

Currently, there are various testing conditions [15] to test the performance and output of solar

PV modules. This approach can be used to dimension the power converter connected to the PV
module. The main test conditions are shown in Table 5.1.

Table 5.1: Comparative Table of solar panel test conditions.

Testing Condition Abbreviation | G [W/m?] | 6, [°C]
High Temperature Conditions HTC 1000 75
Low Irradiance Conditions LIC 200 25
Low Temperature Conditions LTC 500 15
Nominal Operating Cell Temperature NOCT 800 45
Standard Test Conditions STC 1000 25

Using the mathematical model explained in the previous chapter, the voltage and current at MPP
for the various test conditions can be computed and found in Table 5.2.

Table 5.2: PV module expected output values for different testing conditions.

Testing Condition | Vyyp [V] | Inp [4] | Pup [W]
HTC 25.07 8.69 218
LIC 30.35 1.71 52
LTC 32.39 4.32 140
NOCT 28.72 6.95 200
STC 31.10 8.67 270

By analysing Figure 5.2, it can be shown that there are clear similarities between the Active-
Clamp Full-bridge converter and a boost converter. Based on this premise the components of the
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Active-Clamp Full-Bridge Boost converter can be determined [4]. A methodology to compute the
components of a Boost converter is presented in [1] and will be used in the following sections along
with the different electrical values presented in Table 5.2.

5.2.2 Transformer Turns Ratio

The first element that should be designed is the turns ratio n of the high-frequency transformer,
since the rest of the components depend on the value of n. In order for the output inverter to work
correctly the voltage at capacitors C, should be maintained at a higher level than the maximum
expected grid voltage (V, > 1.1v/2v,,,,s = 358V, Figure 2.5) to be able to impose the current flow
through inductor L.

By choosing V, = 410 V (which allows for a greater ripple and consequent smaller capacitance

- Figure 2.5 and equation 5.31) and assuming that the voltage boost from the intermediate induc-

tor Lg. has a gain equal to two, the turns ratio should be sized for the lowest voltage present in

Table 5.2.

_ Ny _ 2X Vmpryin ~ 1 (5.2)
Ng Vs 8

Since V,, is maintained constant the primary voltage of the transformer will be equal to:

n

Vp=nxV, (5.3)

5.2.3 Transformer Parameters

Power converters switching frequencies are normally dependent on the type of active components
that are needed to withstand a certain electrical power. Since there is a large range of possible
frequencies, its not as easy to find an appropriate high frequency transformer for a specific power
converter as their counterpart low frequency grid transformers. The transformer design is out of
the scope of this thesis, so a simplified procedure [4] to estimate the transformer parameters will
be used. The equivalent electrical circuit of the transformer is shown in the Figure 5.4.

R, L n, :n, L. R,

([ [ ]
Vp m Rm VS
(o, O
Figure 5.4: Equivalent Electrical Transformer Circuit.
where:

e R, and R, - primary and secondary equivalent windings resistances (joule losses);

e L, and L, - primary and secondary equivalent leakage inductances (magnetic flux losses,
which leads to a decrease in voltage or voltage drop);
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e R, - equivalent iron core resistance (Eddy current and hysteresis losses);

e L,, - equivalent magnetizing inductance (magnetic energy stored);

Since the PV module has a power of 270 W the semiconductor technology chosen is the MOSFET,
with a switching frequency of 10 kHz (PWM). In Figure 5.1 its shown that the working frequency of
the transformer f is half of that of the PWM frequency. The simplified approach to designing the
transformer considers that the losses can be assumed. We are going to assume that the transformer
has 0.004 pu of coil resistance and 0.02 pu of leakage inductance.

As shown in Figure 5.1 the voltage applied to the transformer is rectangular, meaning its rms
value is equal to the peak voltage applied. With this in mind the base values for the transformer
are given below:

Spase = 270 VA
%asep = 51 Vrms (5.4)
Vbases = 410 Vrms

The rest of the based units can be derived from power and voltage bases:

2
Rb o ‘/basep
asep —
r Sbase
V2 1
Lbasep = basep
Sbase 27Tfs (5 5)
9 .
Rb _ ‘/2)0,865
s Sbase
V2
Lbases _ baseg 1
Sbase 27rfs

Finally by assuming the expected losses at the dissipative elements of the transformer, the param-
eters of the circuit can be computed as:

R, = 0.004 Rygse,
Ly = 0.02 Lygse,,
R, = 0.004 Rpqees
Ry = 0.02 Lygses

(5.6)

In order to correctly design the active clamp capacitor C¢ later on, the total leakage inductance
must be determined beforehand, as shown in equation (5.7).

Ly=L,+ Ln* =12 uH (5.7)

5.2.4 Intermediate Inductor

The Intermediate Inductor L., has to be sized to maintain a constant DC current that is provided
by the PV module. The current should have a low ripple in order to obtain a stable MPPT. The
voltages seen across the inductor are:
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Vip = Vp 0 <t <6Tpum

(5.8)
Vinp 0T pwm < t < Tpwm

vLae(t) = {

Assuming a current ripple of Aipg. = 0.03 I, the intermediate inductor can be computed [1] as:

Vinp

_ Vo=V
 Aipge

P(l o 5)prm _ Vm:D(VZb — Vmp)

AZ.de Vp fpwm

Lg. 0T pwm = (5.9)

Airge

where the duty cycle § can be obtained from knowing that the average inductance voltage is equal
to zero:

1 5pr'm prm
pwm
0 (Sprm
after some computation:
Vin
d=1-F 5.11
v, (5.11)

Considering low current ripple in order to guarantee MPPT (3%) and using the data available in
Table 5.2, the different values of Lg4. can be obtained using the equation (5.9). Analysing Table
5.3 its shown that the inductor for LIC conditions is substantially higher to the other conditions.
In order to not over-size the inductor the worst case will not be chosen, instead we will choose an
intermediate inductor with a value equal to Lg. = 6 mH closer to NOCT.

Table 5.3: Necessary intermediate inductor and duty cycle for different atmospheric conditions.

Testing Condition | Lg. [mH] 0
HTC 3.6 0.50
LIC 224 0.39
LTC 9.4 0.35
NOCT 5.2 0.43
STC 4.5 0.38

5.2.5 Active-Clamp Capacitor

The design proposed in [26] is based on the resonant tank formed by C. and Ly. The resonance
occurs during the transfer mode operation. A condition of resonance will be experienced in a tank
circuit (Fig. 5.5) when the reactances of the capacitor and inductor are equal to each other. Because
inductive reactance increases with increasing frequency and the capacitive reactance decreases with
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increasing frequency, there will only be one frequency where these two reactances are equal, this
premise will be used in the MPPT and is the reason why the active-clamp full-bridge should have
a fixed PWM frequency controller.

“T @

Figure 5.5: Resonant Tank Formed between C,. and L.

Since the resonant tank occurs during the transfer mode, it has a duration equal to T74 = Tpum (1 — 9)
which leads to a frequency of f,, = 1/T,;. The value of C, can be determined by equalizing both
reactances Z¢o. and Zp:

1

———— =27fnL 5.12
27Tf7-tcc 7Tfrt A ( )
after some manipulation:
()
Co= 2T/ _ g3,k (5.13)

5.2.6 Active Components of Full-Bridge Inverter and Active-Clamp

The semiconductors should be chosen based on the following voltage parameters:
e Vpra - maximum repetitive peak forward voltage (MOSFET).

e Vrpry - maximum repetitive peak reverse voltage (Diode).

and two current parameters:
e [,y - average current.

e [/ax - maximum current.

while:

e Ipns - root-mean-square value of the current is used to compute the losses.
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Figure 5.6: Semiconductors highlighted (a): Transfer mode (b): Current boost mode.

Analysing Figure 5.6 it can be shown that semiconductors Si, S2, S3, S4 (transfer mode) and S,
(current boost mode) have a Vigas of:
VCC ‘/p

VrRrM 2> 5 = 5 (5.14)

while the Vpgras value of semiconductors Sy, Sz, S3, S4 (current boost mode) and S, (transfer
mode) is given by:

Vorm 2 Voe =V)p (5.15)

The current parameters 4y, Iny and Irprs can be estimated from the key waveforms in Figure 5.3
as explained in [4]. The average current through the full-bridge semiconductors can be computed as:

51’ 1} Ty 6T,
2 2" 2,
Ismz / % dt + / mp — loc) dt + / %dt (5.16)
0 S TS
2 2

Analysing Figure 5.3 it can be shown that the integral can be approximated by a sum of two equal
1 0T,
rectangles with a height of ,] mp and width 73, and a triangle with a height of 21,,, and width

equal to (1 —0)% L resultmg in:

1 Lp 0T, (1-8T,\ 1
IS'LAV = i |:2 (2 X 2) + (2Imp X 2) 2:| (517)

The full-bridge currents root-mean-square value is given by:
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0T

T (5Ts
2 "

—Ic)t dt + T/ ( ) dt (5.18)
2

Isipys =

(mp) dt +

T T, 21,

Considering that between ¢ ?S and ?S the current Ig; follows a line equation equal to y = (=R g’;g t
the previous equation can be transformed to:

0T T ) Ts 0T,

2 2 2 2
1 Inp\? 21,y Imp\?
’ 0T 2 Is
2 2

The maximum current through the full-bridge semiconductors is (main disadvantage of this power
converter, Table 2.1, full-bridge converters switches must conduct current from the auxiliary active-
clamp circuit in addition to that of PV module.):

Isivsax =2 X Imp (5.20)

In steady state the average current flowing through the capacitor is equal to zero, so the average
current through S¢ is:

Isc,y =0 (5.21)

To determine the RMS current of semiconductor S¢ the same procedure can be used as before.

(1-8) Ty

: (Ice) dt (5.22)

Iscpys = T
pwm

1
The current I¢. can be approximated by a line equation equal to y = —#t + Ipyp, the pre-
pwm
2
vious equation is transformed into:
2
(1=90)Tpwm I
1 m
1 =~ - 441 dt 5.23
Scrus Tywm 1- 5)prm + Lmp ( )
s - T/Tpum
2
while the maximum current is given by:
ISCMAX = Imp (524)



Finally, we have all the necessary equations to compute the limit voltage and current values which
are parameters used to select adequate semiconductors (Table 5.4). The active components should
have a safety margin as a countermeasure against possible over-voltages or over-currents.

Table 5.4: Comparison of limit values and chosen semiconductors for the DC-DC converter.

Se

Limit Value

Chosen MOSFET

Si
Parameter | Limit Value | Chosen MOSFET
Vpru [V] 51 100
Lav [4] 7.0 19.7
Irms [4] 11.3 —
Injax [A] 17.3 70

51

0.0

3.9

8.7

100

8.8

60

5.3 Grid Inverter

The inverter is responsible for injecting the power produced locally by the PV module into the
utility grid. There are two principle typologies used, voltage switched inverters (VSI) and current
source inverters (CSI). CSI are used typically for medium to high current applications because for
low currents the energy storage DC inductance needed is very large in order to avoid discontinuous

mode operation [33], [34].

The VSI chosen is the half-bridge topology. This type of inverter has a higher total harmonic
distortion (THD) when compared to a 1¢ three-level full-bridge inverter, but the capacitors needed
for the DC-link are smaller. The Active-Clamp Full-Bridge converter is connected to the inverter

via a half-bridge rectifier as shown in Figure 5.7.

L—»
D, Vo, l:: C

3

Figure 5.7: Main voltages and currents of the half-bridge rectifier and grid inverter.

39



5.3.1 DC Capacitors

When both the grid voltage v, and the output current i, have sinusoidal unity power factor, the
instantaneous output power is expressed as follows:

Po = Vy, 1y, sin? (wt)

1 1 (5.25)
= 5‘/919]910 - ivgp‘[gp cos (2Wt)

Equation 5.25 shows a power pulsation with twice the grid frequency which appears in the output
power. In order to decouple the power pulsation, the buffer circuit (capacitors C,) instantaneous
power py, s required is given by:

1
DPouf = —§Vgpfgp cos (2wt) (5.26)

where the polarity of py, s is defined as positive when the buffer capacitor discharges. The mean
power of the buffer circuit is zero and the buffer capacitors only absorb the power pulsation.
Consequently, the instantaneous input power p;, will be constant and equal to:

1V,,1,
Din = 5# = Vip Ly (5.27)
Vin Ve e
VCmax Vac™= VACp Si 1(600
VCmin Vaap ~\v
0 t 0 t 0 '
Lin X leqLpr) X fge X

Discharge| l(\zczlACp sin(wt)

Iacp ¥
0 >t 0 k@» 0 >t

Charge
I I I
Pin Pbuf Pout
Discharg
+ = 1T
0 t 0 0 t
Input power Buffer power Output power
Pin [W] Pbur [W] Pout [W]

Figure 5.8: Power decoupling achieved by the buffer circuit. (source [34])
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If each capacitor stores half of the power pulsation py, s we have:

1
DPouf = §Vgplgp cos (2wt)

pc, + P, = Vs lgras 08 (2wt) (5.28)

2Woic, =V, cos (2wt)

9RMS gRMS

A method to compute the Cy capacitors is proposed in [2] and listed below:

t
1 .
UCOAC = F/ZCO dt
o

t
/1 gRMs Tgpurs cOS (Zwt) dt (529)
2
0

gRIVISIgRMS sin (2(JJt)

C
EV
4 wC,V,

where if:

AV, = UCopmax — VComin
1 igRMS JRMS
— —Y9rRMST9RMS [ _ (1
4 wC,V, 1= (=1)]

(5.30)

Then, if we assume a voltage ripple equal to 5% and an efficiency n = 95% then:

1 anpImp

Co = 2 AV,wV,

~ 50uF (5.31)

5.3.2 AC Inductor

The AC inductor is responsible for enabling unity power factor by the VSI, since it imposes con-
tinuous conduction mode in the grid injected current i,. There are two premises [2] which can be
used to estimate the limit values of the AC inductor as explained below.

Analysing Figure 5.9 it can be shown that in order to achieve near unity power factor the voltage
at the output of the half-bridge inverter vy, must be such that:

T
Vpwmay () = Vg + Vige = \@VQRMS sin (wt) + \/iwLacllgRMS sin <wt — 2) (5.32)

which implies that:

Vo > |Upwm,4v| = \/ <V2 +W2L2 I

9RMS lgrms

) (5.33)

where I14,,, can be computed based on the desired displacement power factor cos ;:

nTotalPT
Lgpns = % ?(fs o1 (5.34)

9RMS MIN
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After some manipulation of the inequality 5.33 the upper limit of the AC inductor can be computed

<

as:
2
V¢
2 9RMS
L <
fenax WIlgRMs
L. i
— (Y Y Y \_2
VLac A E
Voum V, 7 i
o | g

(5.35)

pwm

Figure 5.9: AC inductor responsible for enabling unity power factor and respective vector diagram.

The reactive power injected into the grid by the VSI can be controlled by adjusting the mag-
nitude of vy, while the active power is controlled by adjusting the angle ¢ (as done in [33]).

The lower limit value of the AC inductor is based on the fact that the VSI acts as a buck converter
since the grid voltage v, is lower than the capacitors voltage V,. To compute the AC inductor L.

the same method used in sub-chapter 5.2.4 can be preformed.

Vo = Vyuv 0 <t < 0Tpum
_V;) - ‘/gAV 76prm <t < prm

ULac(t) = {

where:
6prm prm
1
pwm
0 6prm

Since Viqc,,, = 0 the relation between Vpym ,,, and Vj,, can be obtained:

gav

VgAv = V;”-UmAV - VLAV
—V, (25— 1)

Using equations 5.36 and 5.38 L,. can be given by:

Vo= Vo (26 —1)
Lac = : 0T, wm —
A'lLac pom

2V, (1 — 6)
AZ‘Lac

0T pwm

Considering V;, and T}, constant, the minimum value of L,. occurs when ¢ = 0.5:

‘/oprm

L = —r
2A2LQCJWAX

aCMIN
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where Airge,, 4y is Obtained based on the desired power factor f, which is related to the current
THD K;rup and power displacement factor cos ¢ as shown in [2]:

I 3 2
AiLaCAfAX — W\J 12 (1 _ fp ) (541)

Ip cos? 1

By assuming values for cos 1 = 0.997, f, = 0.995 and V6 virv = 0.9 X 230 one can compute the

upper and lower limit values of L,. and consequently choose an appropriate value.

LGC]\JIN S Lac < LaC]MAX

(5.42)
< 75.2mH < Lg. < 452.6 mH
Finally the chosen value for the AC inductor is equal to:
Loc = 82.7TmH (5.43)

5.3.3 Active Components of Rectifier
Since the rectifier is composed only by diodes (not active components), the main voltage parameter

is the maximum repetitive peak reverse voltage Vrgras which should be:

Varm > 2V, (5.44)

The average current in each diode, equation 5.45, is related to the current in the primary of the
transformer Ir) which is shown in Figure 5.3 multiplied by the turns ratio n of the transformer.
(1=90)Tpwm

Ip,, = (ip) dt (5.45)

Ty
0

Assuming that the integral can be approximated to a triangle area with a width of (1 — ) Tpum

T.
and height of 21,,,n, where T}, = ?s’ we obtain:

b = - [(0- 0% < 2tn) 0

On the other hand the root-mean-square current can be computed by:

1 (1=0)Tpwm
Ipgus = |7 / (ip)? dt (5.47)
0

Assuming that the current between 0 and (1 — 0)Tpm can be described by a line equation equal
2Lmpn

2P ¢ then:
(1= 8)Tpwm

toy =

1 (1=8)Tpwm of 2
Ippys = | — =l ) 5.4
DRMS Ts 0/ <(1 _ 5)Tpu}m > ( 8)
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The maximum current is:
Ipyax = 2Lmpn (5.49)

5.3.4 Active Components of Inverter

The semiconductors used in the half-bridge inverter has the following voltage parameter:
Vborm =2V, (5.50)

Since the current waveform is to complex to be described analytically, we will consider that the aver-
age current is related to the output power as described in [2]. Considering that each semiconductor
conducts half of the output power we obtain:

1o I _ Varars L1 rus €08 91

Ty =2 = = 5.51
=g =g L (551)

Using the same principle, the root-mean-square current can be computed as:

I P, NVopIm
Trys = —2% = = TP (5.52)
\/§ \/5‘/?9}2”[5 \/ingI\lS
The maximum current is given by (where Ai, is computed using (5.41)):
Ai

Invax = V21,6 + 79 (5.53)

Based on the equations described in sub-chapters 5.3.3 and 5.3.4 the semiconductors for the rectifier
and the inverter are shown in the Table below.

Table 5.5: Comparison of limit values and chosen semiconductors of the DC-AC converter.

D; Qi
Parameter | Limit Value | Chosen Diode || Limit Value | Chosen MOSFET
Vpru [V] — — 820 1700
Very [V] 820 1600 — —
Iyy [A] 0.35 1 0.31 5.3
Irms [4] 0.70 — 0.79 —
Inrax [4] 2.11 30 1.18 6.0
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5.4 Equivalent Losses

5.4.1 Conduction Losses

In order to obtain a more realistic value of the expected “real life” efficiency, it is important to take
into account all conduction losses related to equivalent series resistances (ESR), Rpsg,, or forward
voltages drops Vg between the various components of the power converter. There are many com-
plex models [3] that include parasitic resistances, inductances and capacitances, that can be used
to represent each components “real” circuit, but are out of the scope of this thesis. The models
shown in Figure 5.10 will be used as a more realistic model approach to the ideal model.

|
AR *J?:D;

ESR ESR Ros

Figure 5.10: Equivalent approximated real life components.

Most of the needed values can be found via the Datasheets presented in Appendix B, except the
ESR of the intermediate inductor L4. which has to be assumed (as done for the HF transformer).
By assuming joule losses equal to 1% of PV modules power due to the ESR of Ly, is obtained:

1% Pl p

1% Piyp = rracli o < Thde = —r (5.54)
Lrus
where:
Alyp\?
ILRMS = \/(IMP)2 + ( 2\/§ > ~Iuyp (5.55)

Due to the high nonlinearity of the diodes current, its equivalent Rpg,, resistance, value has to be
obtained from its forward current I - forward voltage Vg curve found in Figure B.7. By using the
working currents of D; o (Table 5.5) the equivalent Rpg,, is obtained as follows:

AVp _ Ve —Vm _ VEUp,, ) ~ VEUD )
Alp Ip, — Ip IDMAX - IDAV

Rps,, = (5.56)

The forward voltage (shown in Fig. 5.10) is equal to Vr(Ip,, )-

All equivalent parasitic resistances are listed in Table 5.6 while there equivalent losses can be
computed by using the following equation:

Pjoute Losses = ESR x 112{]\/[5 (557)

It is also important to refer that the full-bridge inverter, half-bridge rectifier and half-bridge in-
verter, only half of their semiconductors contribute to conduction losses, due to the other being
turned "off”.
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The power losses in the transformer iron core can be approximately computed by equation (5.58)
if one neglects the voltage drop that occurs at R, and L,,.

V)2 (nV,)?
PLosses Iron Core — (R]:i = (R;) (558)

Table 5.6: Parasitic resistances responsible for power losses.

EPR [kﬂ] ESR [mQ] RDSon [mQ] Prosses [W]
La. — 35.9 — 2.7
Act.lve—clamp - o 24 0.4
semiconductor
C. o ] — 0.1
F1.111—br1dge - . 10 2.6
inverter
Ry - 37.1 — 2.3
transformer
Ry . 2493.7 — 1.2
transformer
R, 4.6 _ — 0.5
transformer
Half—b.rldge - _ 1124 0.55
rectifier
c, — 5.5 — T
Hz'alf-brldge . - 1000 0.6
inverter

5.4.2 Switching Losses

Other very important losses that occur in power converters are the switching losses. Switching
losses occur when a switching element in a circuit transitions from one state to another. During
this transition, neither the current neither the voltage is zero (as occurs when: conducting - no
voltage; when turned off - no current), the product of the current and voltage represent a loss that
occurs during a short interval of time.

The equations that will be used to compute the switching losses are proposed in [3] and given
by:

trr - ts
2T,

Ppiode = VRrRMIM AX (5.59)
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and:

tr +t
Puyosrer = VoramInmax —m—' (5.60)
ATpwm
where:
2, if: MOSFET has no snubber circuit (5.61)
B 6, if: MOSFET has a snubber circuit '

The values t,,, t, and ty can all be found in the Datasheets present in Appendix B, while ¢5 can
be assumed tg ~ t,./2. In Table 5.7 the various (computed) switching losses can be found.

Table 5.7: Switching power losses.
Active-clamp | Full-bridge | Half-bridge | Half-bridge
semiconductor inverter rectifier inverter

Prosses [W] 0.02 0.12 0.33 0.15

5.4.3 Efficiency

Based on the losses computed in Tables 5.6 and 5.7, one can compute the total expected efficiency

using the following equation:

- Py — % (Prosses) (5.62)
mp

In Figure 5.11, it is illustrated the decrease in efficiency from the PV module up to the grid, this
will be useful later on when sizing the controllers. The maximum expected efficiency should be
NTotal < 95.7 since the losses at C, and at the snubber circuits were not calculated theoretically,
but will be present in the simulation results.

8 964 96.0 95.7

100 99.0 98.8 97
| T T T T > [%]
|
|
|
|
|
|
[
|
|

LYY

PV

:
=

I I

! |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
v v v
Figure 5.11: Expected evolution of efficiency.

The DC-link and unity power factor control, which will be explained further on, may also have
a negative impact on the efficiency due to the expected sinusoidal grid current waveform being
distorted by less capable controllers, and there for loss in active power.
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Chapter 6

Maximum Power Point Tracking
Control

6.1 Introduction

In order for the AC-module to extract power from the PV module and inject it into the grid it
should be equipped with at least two main controllers (Fig. 6.1):

e Maximum Power Point Tracking Control — Responsible for maximizing the power output of
the PV module for varying atmospheric conditions.

e Power Control — Responsible for injecting the power from the PV module into the grid while
maximizing unitary power factor.

>l MPPT Control ’| Power ControI:1
I, L,
T T
g | | i T 11!
| 5 S\ | D, l==C0|Q1 !
AN L | I L i
PV | _T'"&'_z» Veo, : : Y,
| | C
C.l=— s S I 1: : v,
\V/ | 3 4 | D V ==C0 Q
v | 7 T ZT v % | f I v
L e — — — — ] | =

Figure 6.1: Complete AC-module, respective controllers and electrical measurements.

6.2 Maximum Power Point Tracking

The MPPT system controls the voltage V), and the current I, output of the PV module to deliver
maximum power, which is an important feature in achieving higher efficiency in photovoltaic power
generation systems. As shown in Figure 6.2 the nonlinear relation between current and voltage (of
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PV cells) results in a unique global maximum power point which can be achieved by imposing a
specific voltage V,,,, or current I,,,.

T T T Id_P dP
. ar > 015 <0
‘/capu |
|
o8¢ """ === === — = .
o MPP)
|
=06 ! 3
s |
S |
|
04 r I N
|
|
0.2 l .
—— -V curve |
—— PV Power I [
0 1 1 | mppu‘ ® Iccpu
0 0.2 0.4 0.6 0.8 1

Current [p.u.]

Figure 6.2: Characteristic curves of the PV module.

The premise that will be used to obtain MPPT will be based on the derivative of the power which
as evidenced in Figure 6.2 is equal to zero at MPP, monotonously positive before and monotonously
negative after (due to the shape of the power curve).

Since the proposed power converter has the current as a state variable, the derivative of the power
used will be in order to the current:

AP d(VI) _dI = dV av

= ar Vatta =Vt (6.1)

Assuming that the sampling frequency (At - sampling time) of the current and voltage is much
higher than the PWM frequency of the power converter, we can assume that the incremental
changes in voltage and current are quasi-linear and that the derivative of the power can be given
by [4]:

ir V() = V(t— Ab)
a SV O e T T A

(6.2)

This method is similar to the common used incremental conductance method, but uses the in-
cremental variation of resistance (dV/dI) instead. Compared to the perturb and observe method,
it requires more computation by the controller [16], but can track changing conditions more rapidly.
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The control objective is to obtain MPPT, which is equivalent to:

dP

E—O

(6.3)

To achieve the control objective (Eq. 6.3) the frequency of the power converter would tend to
infinitive which is not plausible, meaning that a hysteresis band should be sized to maintain power

oscillations close to MPP.

dP
To correctly size the hysteresis band it is useful to analyse the values of — close to MPP at

different atmospheric conditions as shown in Figures 6.3 and 6.4.

270 mrm———
225 | e >~
. ’\ ~N ~
\ ¢ -
\, Z7 N\
180 . \_~ \
>, 28
S o Z277
2 135} 7o i
o i (I
a z. :
a (|
Z F
% | 7 L
A i I
ol > L
45 | B -timm—— - i
* L
|
0 ] ] ] ] [ | ]
0 1 2 3 4 5 6

Current [A]

dP/dl [WIA]

Figure 6.3: Power curve (black) and its derivative (blue) for different levels of irradiance ([W/m?]:

Solid — 1000, dash — 800, dash-dot — 600 and dot — 400) and constant cell temperature of 25°C. The

red dashed line represents the proposed hysteresis band and the highlighted red dots the MPPT

oscillation.

Once the hysteresis band [3,a] is defined, where 5 < 0 and « > 0, the MPPT strategy can be

designed based on the sign of the derivative power. The possible scenarios are listed below:

dP
T > «a = [ 1= Current boost mode.

dP
e a< ¥ < 8 = I — = Maintain mode.

dpP
T < B =1 ] = Transfer mode.
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A fixed hysteresis band control has the disadvantage that the switching frequency varies which is
particularly problematic for the proposed converter because of the way the active-clamp capacitor
C. and the transformer flux inductor Ly interact (subchapter 5.2.5). To obtain a MPPT with a
constant frequency, a PWM control should be used.

I,
e T

—— T
S —e T
— -
L — —
— . .
270 — .
— -—
— .
- -.

—_—

225

180

Power [V]
\
\ \
dP/dl [W/A]

90 Lz

45 5

Current [A]

Figure 6.4: Power curve (black) and its derivative (blue) for different levels of cell temperature
([°C]: Solid — 65, dash — 45, dash-dot — 25 and dot — 5) and constant irradinace of 1000 W/m?2. The
red dashed line represents the proposed hysteresis band and the highlighted red dots the MPPT
oscillation.

Since the proposed power converter has the current as a state variable, the reference current
Ip,.; = Imp can be tracked by a traditional fixed hysteresis band control (variable frequency)
by using the following equation, deduced from Figure 6.1 and given by:

dl
dedilt)v + TdeIpv = Vpy — 7% nVco (6'4)

where v = 0 in current boost mode operation, v = 1 in transfer mode operation and v being con-
trolled by the hysteresis band of the PV power derivative. By applying the Laplace transformation
to equation 6.4 we obtain the integrator that allows to track (the virtual current - does not exist)

Irp:
V}w - nVCo

6.5
S$Lgec + 7rrde (6.5)

Imp - Ipyref -

This value will then be fed into a fixed frequency controller as shown in Figure 6.5:
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I T dl Bl a - Sde+ rdc

nv, P1 controller or
2 Backstepping

PWM !

Figure 6.5: Hysteresis band maximum power point tracking control of I, (virtual current), which
is then fed into a controller that guarantees fixed frequency by computing the necessary duty cycle
indirectly through wu..

6.3 Pulse Width Modulation

As explained in chapter 5.2 the Active-Clamp Full-Bridge Boost Converter uses a PWM technique
to achieve an AC voltage with a zero mean value at the transformer. The proposed [4] PWM
technique is created based on the flowchart shown in Figure 6.6.

Reference, Carrier
& Auxiliary

F curent |
| Boost mode |
| Sl & 4: 1 |

Carrier > Yes _
Reference ? Sya5=1 |
S=0 |

—
| Siga=1 |
| S,e:=0 | |
| S=1 |
| |
| Siea=0 |
| S;es=1 |
| S.=1 Transfer mode |
- - _ _ _ _ _ _ _ _

Figure 6.6: 3-Level PWM Flowchart.

Where: the carrier represents a unipolar double-edged triangular modulation; the reference wave-
form represents a varying quantity from the PI controller or backstepping controller; while the
auxiliary waveform is used to create a bipolar waveform at the transformer. The logic circuit of
the flowchart is shown in Figure 6.7.
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Figure 6.7: 3-Level PWM logic circuit.

The main waveforms that result from the PWM logic circuit are displayed in Figure 6.8, where it
is shown that the instantaneous value of the reference waveform determines the value of the duty

cycle § (boost of the current I,,,) and that the waveform applied to the transformer is bipolar as
supposed.

0, A Carrier Reference ,4 Toum ;
r TS:/2 | AL%liniaryg—vl | 61;prm

S1,4

82’3 :

...............................................

...............................................

Figure 6.8: 3-Level PWM main waveforms.
The carrier 7(t) has a period equal to Tpym, @ maximum amplitude of Uemq, and is given by:

r(t) = (6.6)
pwm

2
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where if:

1—
. (t _ ! . 5)prm> o, (6.7)
then:
F=1- - e (6.8)

6.4 Linear PI Controller of MPPT

Instead of equation 6.4 being written in terms of the mode of operation (current boost/transfer),
it can be written in terms of its average value, which is related to the duty-cycle § (of the PWM
described previously) as follows:

dl,
deTIZ + TdeIpv = V}w - nVCO(l - 5) (6'9)

using the relation (6.8), it is obtained:

dl U
deﬁ + TdeIpv = va —nVeo < - >

dt Uemazx

(6.10)
= V}w + Kpuc

As explained in [1] the average voltage output of direct converters are dependent on the duty-cycle

(which is then related to u.). This means that for small incremental variations the direct converter

can be represented using the following transfer function.
Voav(s) _ 9V

Kp
K = f av _STd — K —STd ~ Y
e(s) uc(s) Oue ¢ be 1+ sTqy

(6.11)

Where Kp denotes the equivalent gain and 7Ty represents the medium delay of the power converter
when reacting to a change of u. which for a switching frequency much lower than the reactive
components time constant:

T < \/17:752 (6.12)
VLaen?C,
can be given by:
T, = Towm (6.13)

2

When a conversion is achieved without an intermediate energy storage stage, the conversion is
called direct conversion and is achieved by a direct converter. On the other hand, when a conver-
sion makes use of one or more stages storing energy temporarily, the conversion is called indirect
and is achieved by an indirect converter [29]. This means that the Active-Clamp Full-Bridge Boost
converter is not categorized as a direct converter, but as an indirect converter since it stores energy
temporarily in the inductance Lg.. Figure 6.9 shows the stages of the studied converter.
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Figure 6.9: Different stages of the Active-Clamp Full-Bridge Boost converter.

Indirect converters are characterized as non-minimum phase systems’

since their response to a step
input has an "undershoot”. This means, if the output is initially zero and the steady state output is
positive, the output becomes first negative before changing direction and converging to its positive

steady state value.

Although non-minimum phase systems require a more careful control design, when their reac-
tive components are correctly sized similar techniques and controllers used for direct converters are
applicable to indirect converters [1].

Using equations 6.10 and 6.11 the proportional gain K, and integration coefficient K; of the PI
controller are sized based on the equivalent block diagram of the system in Figure 6.10 with a
measurement gain «; on the feedback loop.

A\ 4

PI

sL,.+R

.

1

Figure 6.10: Block diagram of the feedback system of the MPPT current control.

Where the proportional integral controller (PI) is given by:

14 8T, T, ( 1 ) 1 1
(s) ST, (Tp> T\T ) s TR TR (6.14)

and R by equation (6.15), where n = 0.951 from Figure 5.11.

'Non-minimum phase system: has zeros in the right-hand side of the s-plane.
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2

v
R=rrg.+ Ro = rpge + nPo n? (6.15)

T
mp

A methodology to compute the PI gains is proposed in [1] and is described below. The zero of the
PI controller should eliminate the low frequency dominant pole of the system as follows:

de de
1 T, =1 =T, = 6.16
+s —l—s( R) = (6.16)

By using the principle of linear superposition with V,,(s) = 0 and by substituting T, by its value
in 6.16, the closed-loop transfer function of system 6.10 is given by:

1 Kp 1
Inp(s) sT, 1+ sTy R
Ipw(s) 4 1 _Kp lai
sTp 14 5Ty R
Kpa;
T,T,R
1 KD%’
s2 + sfl + TiT,R
wp
s2 + 28w2s + w?

(6.17)

where £ and w,, denote the damping ratio and natural frequency of the system. By Applying the
final value theorem to equation 6.17 its shown that the steady state error is equal to zero (since

ipy = Imp):

2
= lim =2 (6.18)

From equation 6.17:
(6.19)

which leads to:

AEKpToy

T, 7

(6.20)

At this point the control system design has reached a point where there is only one parameter, &,
that can be selected to give the system the best performance. To choose an optimal value £ there
are a number of performance indexes available based on integral performance measurements.
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A common performance index used in 2nd order systems is the ITAE? index, which is given by:

JITAE = / | e(t) ’ t dt (6.21)
0
where:
() = Lup(t) — (1) (6.22)

The time constants and gains of the PI compensator are displayed in Table 6.1, where a damping
ratio equal to & = 1/2/2 is chosen, based on the ITAE index. We will consider a unity measurement
gain «; = 1 since its out of the scope of this thesis to go into further details.

Table 6.1: The time constants and gains of the MPPT current PI controller.

Tlpsl | Tplus) | K, | K

612 -510 | -1.20 | -1959

6.4.1 PI Controller Stability Analysis

In order to assess the stability and the degree of stability of the controlled system a number of
tools will be used. Acording to [1] to study the stability of this control system, it is not enough
to consider the real pole of the power converters equivalent transfer function 6.11 but one must
consider at least its second order pole.

KD KD

K.(s) = 2 & ~ 2 (6.23)
1+ sTy+ 5(Td)2 + ...+ Q(Td)n +.. 14sTy+ 5(Td)2

A linear system is asymptotically stable if the roots of its characteristic equation (denominator of
the closed-loop transfer function) lie in the left-half of the s-plane [35].

By analysing Figure 6.11 its shown that the designed control system is asymptotically stable for
small perturbations since the location (shown in orange) of its closed-loop poles are located on the
left-half of the s-plane. The poles of the closed-loop transfer function are identical with those of
the open-loop transfer function when its open-loop gain is equal to zero (shown in blue).

The frequency domain bode plot of the open-loop and closed-loop transfer functions allow for
performance indices and stability degrees to be found. The bode plot of the open-loop transfer
function left Figure 6.12 (and/or the Nyquist plot left Figure 6.12), provides the gain and phase
stability margins A, and ¢. of the control system, which refer to how much the gain can be in-
creased or how much the system can lag (in phase) before it oscillates and becomes installable. The
greater the stability margins the less prone the system is to process variations causing instability.

2ITAE — Integral of time multiplied by the absolute value of error: suitable for non-monotonic responses; regards
the permanence of the control error. A control system is better the smaller the value of Jrrag.
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Figure 6.11: Root-Locus of the current control system. Left: Neglecting higher order poles of the
power converter. Right: Considering the 2nd order pole, which causes instability for high gains.
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Figure 6.12: Left: Open-loop Bode Plot. Right: Nyquist Plot. The blue line represents the
simplified TF while the orange line accounts for the 2nd order TF of the power converter.
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Typically, a well damped control system should yield the following characteristics [35], equations

6.24 and 6.25, which are fulfilled by the designed control system (Fig. 6.12):

s = —12dB to —20dB for command response
P71 —=35dB to —9.5dB for disturbance response

and

40° to 60° for command response
ve = 20° to 50° for disturbance response

(6.24)

(6.25)

The crossover frequency w, is a measure of the dynamical quality of the control loop. The higher
we, the higher the bandwidth of the closed-loop and the faster the reaction on command input or

disturbances.

The step response shown in the left Figure 6.13 shows that the control system is bounded-input-
bounded-output stable and that it contains a null steady state error as expected (Eq. 6.18).
The control system also has an acceptable amount of maximum overshoot M, < 10%, a rise-time

tr = 1 X Tpym and a settling-time ¢ ~ 4 X T}, which are too acceptable values.

In control engineering is it common to characterize how robust the closed-loop is to process vari-
ations simultaneously in gain and phase using the sensitivity transfer function S(jw). The bode

plot of the sensitivity transfer function is shown in the right Figure 6.13.

L2 T T 5 [M, = 4.0dB = 10"/% = 158 i
M, =8.1%
M, = 4.3% M, = 2.1dB = 10>/ = 1.27
t, = 422us or
l ......................................
tr = 11508/ /1, = 332ps Null steady 5| ]
state error

t, = 152us =
087 T 10 4
&L .i5¢ _

£06 2

- >
= 201 1

(%]

c

(]
04f n 25+ .
301 .

0.2
351 .
0 . . . . . . -40 . [
0 1 2 3 4 5 6 102 103 104
t (seconds) %1074 w (rad/s)

10°

Figure 6.13: Left: Closed-loop step response. Right: Sensitivity bode Plot. The blue line represents
the simplified TF while the orange line accounts for the 2nd order TF of the power converter.
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The sensitivity transfer function is obtained by considering that all process variations can be sim-
plified and approximated to a measurement noise. By tracing the sensitivity transfer function bode
plot, the maximum sensitivity M (Eq. 6.26) of the closed-loop to process variation can be com-
puted.

1
M. = S(j = 6.26
s = o ISUW) = max T (6.26)

It is important that the largest value of the sensitivity function to be limited and it is common to
require that its maximum value M, be in a range between 1.3 to 2, which is fulfilled by the designed
control system (right Fig. 6.13).

6.4.2 Anti-Windup

The PWM described in subsection 6.3 compares a triangular carrier with minimum and maximum
values Uemin = 0 and Uyemaz = 1 to a reference waveform which too must be limited between those
values. To limit the reference waveform generated by the PI controller its output should have a
saturation block (nonlinear discontinuous element).

When a reference change I,,,, is applied, the output u. of the PI controller might attain of the
limits during the transient response. In this case the system operates as in the open-loop case,
since the system’s input is at its maximum (or minimum) limit, independently of the system out-
put value. The error decreases slower than the ideal case (without saturation) and therefore the
integral term becomes large (it winds up). Thus, even when the system variable is equal to the
reference waveform, the controller will still be saturated due to the integral term [30].

There are many methods used to avoid integrator windup. The approach utilized is the anti-
windup based on Back-Calculation proposed by [1] which is illustrated in Figure 6.14. The system
has an extra feedback path that is generated by measuring the actual PI controller output and the
output of a mathematical model of the saturating block, and forming an error waveform (e,,) as
the difference between the output of the PI controller (u.) and the saturating block output (u.).

E(t) ‘K\ +‘/—\ ulC 1 uc(t)‘
r/ ” 2 0 ”
+
Pl controller Limiter
w+ 1 1
O > A
r Y S 0
Limiter +
e f"
K, . «
Y Anti-windup @

Figure 6.14: PI controller with a saturation block and an extra feedback loop used for Anti-Windup
(based on Back-Calculation).
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The quantity e, is zero when there is no saturation, meaning that the extra feedback loop has no
effect on the system. When the actuator saturates, the quantity e, is feedback to the integrator
through a gain K, in such a way that e, goes towards zero. This implies that controller output is
kept close to the saturation limit %cpqz.

The rate at which the controller output is reset is governed by the feedback gain, K,, a large
value of K, gives a short reset time. The parameter K,, can, however, not be too large because
measurement error can then cause an undesirable reset. The anti-windup Back-Calculation pro-
posed by [1] suggests that the minimum error of the additional feedback loop should be greater
than the limit error e(t) = Ej;y, that leads to integral windup:

min| Ky ey | > Epim (6.27)

with an interval of values K, given by (6.28) for PI controllers.

0 < Ky < /KpK; (6.28)

6.5 Nonlinear Backstepping Control of MPPT

An alternative way to compute the duty-cycle § = 1 — u, is the nonlinear backstepping approach.
Having described the design procedures in the framework of backstepping control (subchapter 3.2.2),
one can now apply them the current control of the reference value provided by the MPPT controller.

The first step should be to find the state variables x, the control input u and construct the systems
strict-feedback form. The one and only state variable of the full-bridge boost inverter is the current
ipy of the L. inductor, since capacitor C. does not affect the current as explained before. The
modulation used to control the inverter is a 3-level PWM with %emin = 0 and vemee = +1 that
receives a reference u,. responsible for generating the duty cycle as shown in Figure 6.8. This means
that u. is the control input u of the nonlinear inverter system.

d
de% (Ipv) = V}w - 7’Lclclpv - n‘/o(l - 5)
d
< de% (Ipv) = V}w - rdeIpv —nVoue (629)
d
s % (Ipv) = fl + g1uc

The backstepping control algorithm is applicable to a strict-feedback system of any order, including
one. This means that the systems strict-feedback form is given by:

d

dt (Ipv) = f1+ g1uc (6‘30)

with z = (21) = (Ip») € R! and g; # 0 Vi € {1}.
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The process starts by defining the tracking error coordinates:

21 = €1, = Ipy — Imp (6.31)

With the change of coordinates (6.31) it is now possible to build positive quadratic control Lya-
punov function of €, as:

1 1
Vi= 52% =5 (€r,.)° (6.32)
The time derivative of (6.32) is given by:
d . der,,
avl = 2121 = €, dtp (6.33)
where the dynamics of the error coordinate is:
21 = i1 - y’r
der,, d d I
e dt? at ™ (6.34)
der,, d
dtp = fl -+ gi1Uec — %Imp

Substituting (6.34) in (6.33) and by the application of LaSalle-Yoshizawa Theorem (3.4), it is ob-
tained:

dWi

d
=t [fi b e = 5 ()| = =1 (a1, (6.35)

After some manipulation, the control input u is obtained:

d
= c = — - - iIm 9 *
U =1, p ( C1€I,, fi+ 0t p> c1>0 (6.36)
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Chapter 7

DC-AC Inverter Power Control

As explained in Chapter 6 the inverter is responsible for injecting the power produced by the PV
module into the grid with near unity power factor. In order for the inverter to work correctly the
voltage at capacitors C, should be maintained at a higher level than the grid voltage to be able to
impose the direction of the power flow through the inductor L,.. This implies that the reference
voltage should satisfy the following principle:

‘/OREF > \/§V 'max (71)

To guarantee that the voltage at the capacitors C, are maintained at V, ., while simultaneously
injecting power into the grid with near unity power factor, two controllers should be devised (i.e.
an outer voltage loop and inner current loop).

The control of the 1¢ half-bridge inverter (Fig. 5.7) is more challenging than the control of 1¢
full-bridge inverter since their are two capacitors to maintain at a reference voltage V., and the
AC current must be shaped, while only having two degree of freedom (the AC current root mean
square value and the semiconductors @1 or Q2 duty cycle).

7.1 Linear PI Controller of DC-Link

Applying Kirchhoff’s current law (KCL) to each capacitor of the DC-link (Fig. 5.7), it is obtained:

dV, .

Co1 dt L= 1Dy Yglg (7 2)
dv, ) .

002 dt2 = 1Dy — (1 - ’Yg) tg (73)

where v, is given by:

1, when:(@; on

_ 7.4
s {o, when : Qy  off (7.4)
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Due to the fact that there are two degrees of freedom (i4; 4), the control of voltages V,, and V,, has
to be done indirectly by controlling the i, root mean square value (or amplitude) [1], since the fast
time varying v, is used to shape the sinusoidal shape AC current. The principle premise used to
obtain voltage control of the DC-link capacitors is based on the power balance between the average
power from the half-bridge rectifier and the average power injected into the grid. This means that
it is necessary to regulate the RMS value i4,,,, in order to maintain voltages V,, ~ V,, = V, ..
This is possible because the dynamic of V;, is much slower when compared to the current i, dynamic.

Its important to remember that although there may be an equivalence in the average powers
(Ppv,y = Py, ), it is not possible to equal the instantaneous powers (ppy(t) # pg(t)). This means

that the excess instantaneous power is stored in the DC-link capacitors.

The electric current i, must have an approximately sinusoidal waveform. To control the power
balance its fundamental RMS value may be used. Considering near unity power factor and electric
power conservation:

P, =nPF,
< VgRMsIgRMs =nVol, (7'5)
nVo
= = 1,
graLs Vorms ’

If we assume that V,, average value is maintained constant and that the grids RMS voltage Vg,
is equally constant, the current I,,,, . from equation (7.5) can be considered a function of I, with
a gain G as shown below:

nVo
Lopns = v, I, =G, (7.6)
RMS

By assuming C,, ~ C,, = C, and adding equations (7.2) and (7.3) we obtain the energy balance
at the DC-AC inverter:

av,

20,
Cdt

= (ip, +ip,) — ig (7.7)

Taking into account equation (7.6) and applying the Laplace transformation to (7.7) it is obtained:

$2CoVo(s) = [ID,(s) + Ip,(s)] — Glo(s)
[IDI (8) +Ip, (S)} - GIO(S) (78)

& Vols) = s2C

Using equation (7.8) and assuming that the inverter has a delay equal to T, the control gains of
the PI controller responsible for controlling the voltage of the DC-link capacitors can be computed,
based on the block diagram shown in Figure 7.1.

Lac o
Ty — ¥ rocCo (7.9)

Ve

Where the proportional integral controller (PI) is given by:

1+ sT, T, ( 1 > 1 1
C _ v o_ v =K K; = 7.10
w(8) 5Ty, (Tpv> + T.,) s Py T Ky, s ( )

64



By using the principle of linear superposition with Ip,(s) = Ip,(s) = 0, the closed-loop transfer

V... e | G |1, % 1 Vo
+

1+sT,, - s2C

Figure 7.1: Block diagram of linearised voltage control.

function of system 7.1 is given by:

1+sT,, -G 1
(67
Vorur($) _ sTy, 1+ 5Ty, s2C, v

7.11
V;)(S) 14 1+ STzV -G 1 o ( )
sTy, 1+ 5Ty, s2C, v
After some computation of (7.11) we obtain:
Vorer(8) _ (1+sT%y)
L —1,,2C,T, —T1,2C, 12
Vo(S) g3 _—PvEro dv+52 P O+STZV+1 (7 )
Gay Gay

In order to compute 7, and 717, one can apply the rule bi = abk_1bg11 (with a # 0 and by being
the coefficients) to the denominator of polynomial (7.12), resulting in:

2
(_ TPCZQCO) - TpngQTdv Tay . - _@Ta,Go
v T 28‘” St 2C, (7.13)
(TZV)2 =—a vaa 21 T, = aszV
v

By substituting values T}, and T%, into (7.12) we obtain that the closed-loop transfer function of
the voltage, as a function of a and Ty, :

VOREF(S) (1 + s a2Tdv)

Vo(s) — s3a°T; +8%a’T; +sa®Ty, +1

B (1+sa®Ty,) (7.14)
(14 saTy,) (32 a’Ty; + s (a? — a)Ty, + 1)
which results in the following real zero and real pole:
1 ! (7.15)
eal zero: — .
real zer Ty
real pole: — = —wp (7.16)
aTy,
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and complex poles:

1
(leV

compl. poles: —

SR e
N

As well known, the poles of a closed loop should have a negative real part in order for the system’s
transient response to reach zero (i.e. stability). Another common notion is that a the damping
factor ¢ should belong to the interval £ € ]0;1]. As a reminder the following terms are used to
describe a transient response of a system:

(7.17)

e & — 0: Undamped - Simple harmonic oscillator.

e ¢ < 1: Underdamped - The solution is a decaying exponential combined with an oscillatory
portion.

o £ = 1. Critically damped - The border between the overdamped and underdamped cases,
and is referred to as critically damped.

e £ > 1: Overdamped - The solution is simply a decaying exponential with no oscillation.

Based on equation (7.17) and the previous explanation, it’s possible to compute the value of a by
choosing a damping factor equal to £ = 0.7 = e

< a = 2.4, which results in:

Table 7.1: The time constants and gains of the DC-Link voltage PI controller.

T, [ms| | T,

pv

[,U,S] va K’L

50.7 6.5303 | 0.0078 | 0.1531

7.1.1 PI Controller Stability Analysis

In order to assess the stability of the system the root-locus of the open and closed-loop transfer
function of the block diagram of Figure 7.1 will be performed (Fig. 7.2) as well as the step response
of the closed-loop transfer function (Fig. 7.3). The gain and phase margins will not be studied due
to the fact that the voltage control is the outer-loop part of the embedded loops.

By analysing Figure 7.2 its shown that the designed control system is asymptotically stable for
small perturbations since the location (shown in orange) of its closed-loop poles are located on the
left-half of the s-plane. The poles of the closed-loop transfer function are identical with those of
the open-loop transfer function when its open-loop gain is equal to zero (shown in blue).

The step response shown in Figure 7.3 shows that the control system is bounded-input-bounded-
output stable and that it contains a null steady state error.
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7.1.2 Near Unity Power Factor Control

Once the RMS value of the grid current I,,,, is computed (value provided by the PI controller of
the DC-link voltage), it will be necessary to guarantee that the inverter injects the near sinusoidal
current into the grid at near unity power factor. A common used controller is the hysteresis band
current control.

The principle of hysteresis current control is very simple. The current controller controls the
grid current by forcing it to follow a reference which is constructed based on I,,,,s and on the grid
voltage v, shape, frequency w and phase 6, as shown below:

lgppr = \/§I9RIMS sin (Wt + 91}) (7‘18)

In order to control the grid current i, it is necessary to know how its dynamic is affected by the
inverter (actuator):

d .
Laca (ig) = Vpwm — Vg
(7.19)
d .
- Laca (Zg) = YpwmUo — Vg
where Ypum is given by:
1, when: @ on
= 7.20
Tpwm { —1, when: Q2 off ( )
This means that if: di
1, = % >0
Ypwm = di (721)
-1, = —-2<o0
dt

The switching action Ypum of the inverter keeps the current i, within the hysteresis band [—¢;,; €],
by using theorem 3.2.1 the following control principle can be used to achieve tracking of i,

. . . di
€iy > ey = lgppp > ig = ig 7= =2 > 0= ypum =1

;?5 (7.22)
€iy < —€ig :>i9REF <ig :>ig¢:> dif <0:>'7pwm =-1
where:
€iy = lgppr — lg (7.23)

The block diagram of the previous control is shown in Figure 7.5 while its resulting behaviour is
illustrated in Figure 7.4.

When the grid current reaches the lower hysteresis limit, the inverter switches its state to pro-
duce an increasing grid current. On the other hand, a decreasing grid current is produced when
the current reaches the upper hysteresis limit. The hysteresis controller output current waveform
is similar to that of a two-level PWM.
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Figure 7.4: Illustration of the current ripple and respective control by the hysteresis upper and
lower limits.

+1

Figure 7.5: Hysteresis band nonlinear control.

7.2 Nonlinear Backstepping Control of DC-Link

Having described the design procedures in the framework of backstepping control (subchapter
3.2.2), one can now apply them to the 1¢ half-bridge inverter model. The approach used will be
similar to the one used in [41].

The first step should be to find the state variables x, the control input u and construct the systems
strict-feedback form. The state variables of the output inverter are voltages V,, and V,, at each
half-bridge capacitor and the output current i, of the L,. inductor. The modulation used to con-
trol the inverter is a 2-level PWM that receives a sinusoidal modulation index £ as an input. This
means that 3 is the control input u of the nonlinear inverter system.

The energy transfer through the DC-AC converter, considering it is conservative and operates
at unity power factor is given by:

d /1 d /1 . ) )
% (2001‘/:721> + % (2002‘/:)22> :ZD1V01 + ZD2%2 — 1gVg (7'24)
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Assuming that Cy, = C,, = C:

Vo, + Vo,

Voo m Vo, =Vo = Vo= =5 (7.25)

The stabilizing function must relate the system energy balance to the amplitude value I, to separate
the converter dynamics [41]. This means that the control parameter I, . for the inner current
loop sinusoidal reference current (in phase with vg) is obtained based on:

d
%(Vf) =f+ 91lgrus (7.26)
with g1 # 0. The equation that relates the control input u = g to the inverter model is given as
follows:

d .
Laca (ig) = Vpwm — g
J (7.27)
e )= fo + gf
Finally, we can construct the system’s strict-feedback form, which is given by:
d (9
dt (V;) ) =1+ 911550 (7.28)
d .
iy = 2+ 0o (7.29)
with z = (z1,22) = (V2,i,) € R? and g; # 0 Vi € {1,2}.
The process starts by defining the tracking error coordinates:
T A A (7.30)
22 = €, =g — lgppp = g — V20 sin (wt + 6,,) (7.31)

With the change of coordinates (7.30) and (7.31) it is now possible to build positive quadratic
control Lyapunov Functions of €2 and €;, as:

1 1 2
‘/i = 52’% = 5 (EVDQ) (732)
Vo = 22 =5 (€i,) (7.33)

Note that (7.33) does not contain V;_; as shown in (3.8), this can be explained by the fact of the
tracking error €;, not being directly related to a;.

The time derivatives of (7.32) and (7.33) are given by:
d d €V02

avl = Z121 = 6V02 dt (734)
d . dq’
%Vb — Z29R9 — 61'9 7(1759 (735)
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where the dynamics of the error coordinate are:

=21 — Yr
dey d (7.36)

o __ 2
g dt - f]- +glIgRMS - &‘/OREF

and:

22 = T2 — lgppp

(7.37)

de; d
;tg = fotgpB—V2 [w cos (wt + 0,)aq + sin (wt + 91,)@ (a1)

substituting (7.36) in (7.34), (7.37) in (7.35) and by the application of LaSalle-Yoshizawa Theorem
(3.4) it is obtained:

W == €V02 |:f1 +glIQRIVIS - % (VOREF):| = —C1 (GVOQ) (738)
av; d
d—tz = €, |:f2 + g2 — V2 <w cos (wt + 6,)aq + sin (wt + Gv)a (al))] =—c (eig)2 (7.39)

After some manipulation of (7.38) and (7.39) the stabilizing virtual control «; (feedback law) and
control input u are obtained:

1 d
= IQRI\/IS = E (—01€VO2 — f1 + dtVfREF) , ¢ >0 (7.40)

u=p= 912 (—Qeig — fo+V2 (w cos (wt + 6,)aq + sin (wt + Ov)% (041)>) , >0 (741)

where o is part of the outer slow dynamics DC voltage loop and u the inner fast dynamics AC
current loop.

7.2.1 Gain Selection

Lyapnov second method theoretically only requires that the design gains be ¢; > 0 for the system
to be asymptotically stable. The positive design gains ¢; strongly influence the dynamic of the
closed loop and should be chosen carefully. Selecting larger values for ¢; make the derivative of
the Lyapunov function more negative, thus, making the system reaching its steady state faster,
however this may lead to inner-loops performance being deteriorated in favour of the outer-loops.

A common practice is to guarantee that inner-loops have constants ¢; which are greater than their

respective outer-loops (i.e. ¢; > ¢;—1) [37]. This rule should be used when selecting the positive
design gains in order to guarantee a faster dynamic of the grid current.
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Chapter 8

Simulation and Performance Analysis

The power converters (Chapter 5) performance will be measured based on the commonly used
European Weighted Efficiency [17] given by:

neuv = 0.20m100% + 0.48 1509 + 0.10 1309 + 0.13 1909 + 0.06 7199 + 0.03 159 (8.1)

Inverters don’t always operate at their maximum efficiency, the European Weighted Efficiency
(nev) is a weighted average operating efficiency, over a yearly power distribution. The value of this
weighted efficiency is obtained by assigning a percentage of time the inverter is expected to reside
in a given operating range (for a European climate).

In order to evaluate the performance of the control systems derived in Chapters 6 and 7, a set
of simulation scenarios will be performed, including varying atmospheric conditions, unbalanced
initial voltages between DC-link capacitors and grid disturbances.

As explained in the Thesis Objectives 1.5, two different control systems, represented in Figures
A.2 and A.3, will be compared to choose the best control system for the proposed microinverter.
For the presentation and discussion of results the controllers will be referred to as: CFBS, com-
mand filtering backstepping and TCT, traditional control techniques.

The different design constants of each controller and respective command filter parameters (when
present) are displayed in Table 8.1. Analysing Table 8.1 it is possible to verify that the inner-loop
gain ¢ is greater than the outer-loop ¢; (subchapter 7.2.1) and that the bandwidth of the filters
obey the criteria shown in the inequality 3.15.

Table 8.1: All controller design gains and command filter parameters.

TCT MPPT TCT DC-link CFBS MPPT CFBS DC/AC power control
K, K; K, K, K, wn | & a c wp | & co
1.20 | 1959 | 48.49 || 0.0078 | 0.1531 || 2a50 | 1 | 5000 || 159 | 2750 | 1 5000
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8.1 Varying Atmospheric Conditions

The most important feature of the microinverter control is the MPPT and respective DC/AC
voltage and current control. In order to evaluate the correctness of these control systems the PV

module will be exposed to different levels of irradiance, more specifically an irradiance variation of
1000 W/m? to 100 W/m?2.

For the sake of not overextending this Chapter no temperature variation tests are performed due

to irradiance variations leading to the greater power changes (Fig. 4.2) which is a greater test to
the control system.

MPPT Control (Fig. 8.1): When the PV module is exposed to different levels of irradiances it
is expected to adjust its current I, and consequent voltage V), in order to achieve MPPT. Figure
8.1 proves that in both controllers the current at the PV module I, is adjusted accordingly to the
level of irradiance. The TCT approach leads to a less successful MPPT, this is seen in the form of
a "knee” (temporary non-maximum point).

10 T T T T T T T

Current [A]

Current [A]

O | | | | | | | | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s]

Figure 8.1: MPPT current control. Top Fig.) TCT approach. Bottom Fig.) CFBS approach.

DC-AC Voltage Control (Fig. 8.2): As explained in Chapter 7 the voltage at each capacitor C,,
should be maintained at a higher voltage than the maximum expected grid voltage V;,,,, = 358
V independently of the power produced by the PV module. The objective to maintain the voltage
at the DC-link above the maximum expected maximum grid value, is achieved by both controllers,

although the CFBS obtains a better performance since the overshoot and undershoot when in tran-
sient regime is minimum.
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Figure 8.2: DC-AC Voltage Control. Top Fig.) TCT approach. Bottom Fig.) CFBS approach.

DC-AC Injected Current Control (Fig. 8.3): This control system is responsible for injecting the
power produced by the PV module into the grid by imposing a sinusoidal current i, with a nearly
unity power factor. In this simulation, it is possible to verify that both control systems do in fact
inject a sinusoidal current ¢, into the grid for a wide range of irradiance level while the amplitude
of the current iy, , is provided by the DC/AC voltage control and is used as part of the reference
current. L4, was computed for the current (5.34), so performance loss is expected for low i4 levels.

e To evaluate the quality of the injected current a common parameter used is the current total
harmonic distortion (THD). As shown in Figure 8.4 both control systems exhibit low THD
(< 10%) for a wide range of power levels, this proves that the DC-AC injected current control
is in fact injecting a near sinusoidal current as supposed. Another conclusion that can be
made by analysing Figure 8.4 is that the CFBS control has a lower THD for low levels of
current which indicates that it has a better performance than the TCT control.

e A successful power injection should exhibit a near unity power factor (fp), since this means
that the power converter is injecting mostly active power. As shown in Figure 8.5, once
again, both control systems achieve this objective, since they both display f, > 0.99 for a
wide range of PV module output power levels.

e The total energy produced E), and injected E, can be computed based on the power curves
displayed in Figure 8.6. By applying a trapezoidal numerical integration to each power
curve the following produced/injected energies ([W s|) are obtained: TCT): E,, = 139.3 and
E, = 130.0; CFBS): E,, = 146.1 and E,; = 136.4. Which represents a 4.7% increase in E,,
and a 4.4% increase in E, by the CFBS control approach.
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Figure 8.3: DC-AC Current Control. Top Fig.) TCT approach. Bottom Fig.) CFBS approach.
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Figure 8.4: Injected current THD. Top Fig.) TCT approach. Bottom Fig.) CFBS approach.
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Figure 8.5: Power factor f.p.. Top Fig.) TCT approach. Bottom Fig.) CFBS approach.
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Figure 8.6: Input and Output Power Curves. Top Fig.) TCT. Bottom Fig.) CFBS.
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In order for the converter to be a viable candidate for an AC module it is necessary to exhibit
a high Efficiency for a wide range of power levels. Analysing Figure 8.7 it can be shown that
the converter has a maximum steady-state efficiency of N7 = 94.6 % and manages to maintain
efficiencies n7otar > 93.1% V Py, > 30 %P,fw using both control approaches.

T \’ u T
Bl |
0.8 _
0.7 i
0.6 NTotal -
05 ] ] ] ] ] ] ] ] ]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T T T T
0.9 | WWWMHW i
0.8 .
0.7 n
0.6 NTotal ]
05 ] ] ] ] ] ] ] ] ] m

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time [s]

Figure 8.7: Microinverter Efficiency. Top Fig.) TCT approach. Bottom Fig.) CFBS approach.

8.2 European Weighted Efficiency

As explained before the gy is commonly used to compute the weighted average operating efficiency
over a yearly power distribution, below we can find the ngy of the CFBS approach since it has a
better MPPT performance at low irradiance levels.

neu = 0.20 X n19o 9 + 0.48 X n509, + 0.10 m309% + 0.13 20% + 0.06 199 + 0.03 1594
=0.20x 93.2+0.48 x94.6 +0.10 x 94.0 + 0.13 x 93.5 + 0.06 x 89.0 4+ 0.03 x 0.55 (8.2)
=91.0%

8.3 Unbalanced Initial Voltages

A robust control system should be able to start-up the converter even if its capacitors are initially
discharged, this feature is guaranteed as shown in Figure 8.8. Another scenario that may occur is
the existence of a much higher voltage in one of the capacitors when the converter is turned on
(due to less parasitic losses). The controller should be capable of steering the voltages (stabilize)
in case of extreme unbalanced voltages as shown in Figure 8.9 to be considered robust.
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Figure 8.8: DC/AC voltage control when both capacitors are initially discharged. Top Fig.) TCT
approach. Bottom Fig.) CFBS approach.
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Figure 8.9: DC/AC voltage control when capacitors have different initial voltages. Top Fig.) TCT
approach. Bottom Fig.) CFBS approach.
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8.4 Grid Disturbances

The control system should also be capable of maintaining a stable behaviour, even in the presence
of temporary grid disturbances. There are three types of grid disturbances: (i) Frequency variations
(ii) Voltage Sag' (or Voltage Dip) and (iii) Voltage Swell?. As shown in Figures 8.10 and 8.11 in
the presence of (ii) and (iii) grid disturbances both controllers are capable of maintaining a suitable
behaviour. It is also possible to notice that the nonlinear controller maintains a near unity power
factor for a wider range of disturbances. This occurs due to the nonlinear controller not assuming
the grid RMS voltage as constant (shown Figure A.2).
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Time [s]

Figure 8.10: DC/AC control in presence of a grid voltage sag. Top two Fig.) TCT approach.
Bottom two Fig.) CFBS approach.

!Caused by a short circuit, overload or starting of electric motors.
2Momentary increase in voltage which occurs when a heavy load disconnects from the power system.
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Figure 8.11: DC/AC control in the presence of a grid voltage swell. Top two Fig.) TCT approach.
Bottom two Fig.) CFBS approach.
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Chapter 9

Conclusions and Recommendations

9.1 Final Conclusions

The research presented in this dissertation focused on presenting a possible solution to remove the
least reliable component of the microinverter, the electrolytic capacitor, but not without before
explaining what causes the need for such capacitors. The solution presented was the use of a
DC-DC current-fed topology converter for the MPPT control of the PV module, eliminating the
need for a large capacitance across the PV module terminals. Due to the largest capacitor used
in the proposed power converter being 50 uF' the main objective was achieved since this value of
capacitance is well within the range of a more reliable family of capacitors, the film capacitor (Fig.
2.2).

Once all the components of the proposed converter were designed, the focus was then changed
to implementing two highly robust controllers both using different theoretical concepts to achieve
stability.

The first controller uses the well known theory of approximating nonlinear systems by gains and
delays and then using the frequency domain to obtain controllers that allow for system control, in
a feedback-loop, this concept is known as linear control theory and is applicable to systems that
obey the superposition principle. For each linear control system sized, frequency domain analysis
was preformed in order to prove the correctness of the design, while also obtaining performance
indices.

The second controller used is based on nonlinear control theory, more specifically the theory ob-
tained by Lyapunov. One of the drawbacks related to the a nonlinear backstepping control design
(concept based on Lyapunov second method) is the presence of derivatives, which, if not treated
with precaution, leads the system to become unstable. To counter this problem a command filtering
backstepping approach, proposed by [39] was utilized.

Once both control systems were designed and proven stable, via root-locus, step response or via
Lyapunovs second method, simulations in a MATLAB/Simulink environment were made to com-
pare which control system achieved a better performance when controlling the system composed

by the PV module and a power converter.

Both control systems proved to be highly robust, however the nonlinear approach achieved better
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indices of performance for every test performed without any trade-offs (i.e. overshoots or under-
shoots). This control approach converges to steady states much faster than the linear control
without the need of high overshoot currents, which indicates that it is the better control approach,
while achieving injected energy gains of 4.4%. Some trade-off’s of the nonlinear control include:

e The need for more current measurements since this control does not use the superposition
principle.

e Tedious gain selection, since positive design gains ¢; strongly influence the dynamic of the
closed loop.

In terms of the power converters performance, it has a maximum efficiency of 94.6 %, which coin-
cided with the theoretical estimation. This efficiency value is a good value (maximum known is
96 % [10]) for a PV microinverter since, as it is well known, microinverters have the least efficient
converters (due to the inclusion of the HF transformer) as displayed in Table 1.1 [10]. A European
Weighted Efficiency equal to npy = 91.0% was obtained.

9.2 Recommendations

e The high losses at the full-bridge inverter (Fig. 5.11), due to the active-clamp, indicates that
maybe the ZVS-PWM full-bridge boost converter (present in Fig. 2.6) could have been a
better solution to obtain a higher efficiency since its author claims efficiency improvements
by at least 2% under heavy-load conditions and more than 10% under light-load conditions.

e Since the largest capacitance is located in the voltage grid inverter (bottleneck) an alternative
current source grid inverter would be an interesting solution, however in this research no viable
solution was found.

e In order to increase even further the controllers performance, nonlinear Adaptive Backstep-
ping and Modular Adaptive Backstepping which include dynamic feedbacks would be the
natural step forward. The adaptive feature means that the controller tunes itself for different
power levels. This is achieved by the control law adjusting its gains, according to the output
error of the system in order to always maintain stability and the designed performance.
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Appendix A

MATLAB /Simulink Implementations

%, ' G(NOCT -20)
0, + +273.15
G > 800
Atmosferic conditions ’\Tc
Y
KT,
A 4 A 4
G q
Vo + sy, (T, =T,)+mV, In el y
r T

cc

Parameters of the mathematical model
(obtained, offline i.e. Matlab):

PV module catalog:
NOCT V. 1L w4

\ 4
3
<
@
X
=)
TN

A

Figure A.1: Equivalent mathematical model of the PV module.
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Appendix B

Datasheets

ENGINEERING DRAWING (mm)

CS6K-270M / I-V CURVES

Rear View Frame Cross Section A-A o A w“
- 180, / 9| 9
- S == : :
; 0 [ 7 7
I = = 6 6
\ 5 \ 5
\ 4 4
ERE - 1 3 3
ERk 5 B
Mounting Hole 1 !
8-11x7 0 — v — TV
</mmg L 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
L1}/ Hole Allla
7 Grounding 3 B 1000 wm? sec @
Hole B soowm? 25°c M
a0 241 W 600wWm? as°c W
B 400wW/m? 6s°c M
ELECTRICAL DATA / STC* MECHANICAL DATA
CS6K 270M 275M  280M Specification Data
Nominal Max. Power (Pmax) 270W  275W 280W Cell Type Mono-crystalline, 6 inch
Opt. Operating Voltage (Vmp) 31.1V 313V 315V Cell Arrangement 60 (6x10)
Opt. Operating Current (Imp) 8.67A 880A 8.89A Dimensions 1650x992x40 mm (65.0%39.1x1.57 in)
Open Circuit Voltage (Voc) 38.2V 383V 385V Weight 18.2 kg (40.1 lbs)
Short Circuit Current (Isc) 9.19A 9.31A 943A Front Cover 3.2 mm tempered glass
Module Efficiency 16.50% 16.80% 17.11 % Frame Material Anodized aluminium alloy
Operating Temperature -40°C ~ +85°C J-Box 1P67, 3 diodes
Max. System Voltage 1000 V (IEC) or 1000 V (UL) Cable 4 mm? (IEC)ord mm? & 12 AWG
Module Fire Performance TYPE 1 (UL 1703) or 1000V (UL), 1000 mm (39.4 in)
CLASS C (IEC 61730) Connectors Friends PV2a (IEC),
Max. Series Fuse Rating 15A Friends PV2b (IEC / UL)
Application Classification Class A Standard 26 pieces, 520 kg (1146.4 Ibs)
Power Tolerance 0~+5W Packaging (quantity & weight per pallet)

* Under Standard Test Conditions (STC) of irradiance of 1000 W/m?, spectrum AM

1.5 and cell temperature of 25°C.

ELECTRICAL DATA / NOCT*

Module Pieces
per Container

728 pieces (40' HQ)

TEMPERATURE CHARACTERISTICS

CS6K 270M 275M  280M Specification Data
Nominal Max. Power (Pmax) 195W  199W 202W Temperature Coefficient (Pmax) -0.41 % /°C
Opt. Operating Voltage (Vmp) 28.4V 285V 287V Temperature Coefficient (Voc) -0.31 % /°C
Opt. Operating Current Imp) 6.87A 695A 7.04A Temperature Coefficient (Isc) 0.053 % /°C
Open Circuit Voltage (Voc) 350V 351V 353V Nominal Operating Cell Temperature ~ 45+2 °C
Short Circuit Current (Isc) 744 A T754A 7.63A

Figure B.1: Canadian Solar - CS6K - 270|275/280 PV Module main characteristics.
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o Si4090DY
Vishay Siliconix

N-Channel 100 V (D-S) MOSFET

FEATURES
PRODUCT SUMMARY  TrenchFET® Power MOSFET
Vps (V) Rps(on) () Max. Ip (A | Qq(Typ.) * 100 % Rq and UIS Tested P
0.0100 at Vgg =10V 197 * Material categorization: RoHS
100 0.0105 at Vgg=7.5V 19.2 27.9nC For definitions of compliance please see compLIaNT
0.0120 at Vgg = 6.0 V 18 www.vishay.com/doc?99912 *;\;’E?
APPLICATIONS
SO-8 . . . D
¢ DC/DC Primary Side Switch
s [1] (8] D ¢ Telecom/Server
* Motor Drive Control
s 2] 7] ° foati
S 5 ¢ Synchronous Rectification
[a] [ 6] G OJ
G 4 5 D
Top View
Ordering Information: S
Si4090DY-T1-GE3 (Lead (Pb)-free and Halogen-free) N-Channel MOSFET
ABSOLUTE MAXIMUM RATINGS (T, = 25 °C, unless otherwise noted)
Parameter Symbol Limit Unit
Drain-Source Voltage Vps 100 v
Gate-Source Voltage Vas +20
Tc=25°C 19.7
) . Tc=70°C 15.8
Continuous Drain Current (T; = 150 °C) Ip 5
Ta=25°C 13.25¢
To=70°C 10.4>¢ A
Pulsed Drain Current (t = 300 ps) Iom 70
] N Tc=25°C 7
Continuous Source-Drain Diode Current Is 5
Ta=25°C 3.1b.¢
Single Pulse Avalanche Current Ias 30
L=0.1 mH
Avalanche Energy Eas 45 mJ
Tc=25°C 7.8
) o Tc=70°C 5
Maximum Power Dissipation Pp 5 W
Ta=25°C 3.5 ¢
Ta=70°C 2.2b:¢
Operating Junction and Storage Temperature Range Ty Tstg - 55to0 150 °C

Figure B.2: Full-Bridge Semiconductors - Part 1 - Absolute Maximum Ratings.
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SPECIFICATIONS (T, = 25 °C, unless otherwise noted)

Parameter | Symbol | Test Conditions Min. Typ. Max. Unit
Static
Drain-Source Breakdown Voltage Vps Vgs =0V, Ip =250 uA 100 Vv
Vpg Temperature Coefficient AVpg/T, 67
sz(m) Temperature Coefficient AVGs[)(::)/'i'J J lo=2500A -6.4 mvre
Gate-Source Threshold Voltage Vasith) Vps = Vgs, Ip =250 pA 2 3.3 Vv
Gate-Source Leakage lgss Vps=0V,Vgg=+20V +100 nA
Vpg=100V,Vgg=0V 1

Zero Gate Voltage Drain Current Ipss uA

Vpg=100V, Vgg=0V, T;=55°C 10
On-State Drain Current? Ipon) Vps=5V,Vgs=10V 30 A

Vgs=10V,Ip=15A 0.0080 | 0.0100
Drain-Source On-State Resistance? Rbs(on) Ves=75V,Ip=12A 0.0085 | 0.0105 Q
Vgs=6.0V,Ip=10A 0.0090 | 0.0120
Forward Transconductance?® s Vps=15V,Ip=15A 54 S
Dynamic®
Input Capacitance Ciss 2410
Output Capacitance Coss Vps=50V,Vgg=0V, f=1MHz 790 pF
Reverse Transfer Capacitance Crss 60
Total Gate Charge Q, Vps =50V, Vgs=10V,Ip=10A 45.6 69
27.9 42

Gate-Source Charge Qgs Vps=50V,Vgs=6V,Ip=10A 8.5 nC
Gate-Drain Charge Qg 9.2
Output Charge Qoss Vps=50V,Vgs=0V 63 95
Gate Resistance Rg f=1MHz 0.4 1.3 2.6 Q
Turn-On Delay Time ta(on) 16 32
Rise Time t Vpp=50V,R =50 11 22
Turn-Off Delay Time ta(off) Ip=10A,Vgen=75V,Rg=1Q 35 70
Fall Time t 10 20
Turn-On Delay Time ta(on) 14 28 ns
Rise Time t Vpp=50V,R . =5Q 10 20
Turn-Off Delay Time ta(off) Ip=10A,Vgen=10V,Rg=1Q 36 70
Fall Time t 10 20
Drain-Source Body Diode Characteristics
Continuous Source-Drain Diode Current Is Tc=25°C 7 A
Pulse Diode Forward Current? Ism 70
Body Diode Voltage Vsp lg=5A 0.75 1.1 \Y
Body Diode Reverse Recovery Time tr 49 95 ns
Body Diode Reverse Recovery Charge Q. I =10 A, di/dt = 100 Aljss, T, = 25 °C 58 115 nC
Reverse Recovery Fall Time ta 21
Reverse Recovery Rise Time tp 28 ne

Figure B.3: Full-Bridge Semiconductors - Part 2 - Specifications MOSFET and Body Diode.
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N\ 4
VISHAY.

SiS890DN

N-Channel 100 V (D-S) MOSFET

PRODUCT SUMMARY

Vps (V) Rbs(on) (@) (Max.) Ib (A | Qg (Typ.)
0.0235 at Vgg =10 V 309
100 0.0245 at Vgg =75V 309 9.5nC
0.0315 at Vgg = 4.5 V 285

PowerPAK® 1212-8

Ordering Information:

Bottom View

SiS890DN-T1-GE3 (Lead (Pb)-free and Halogen-free)

FEATURES

o TrenchFET® Power MOSFET
* 100 % Ry
¢ Capable of Operating with 5 V Gate Drive

and UIS Tested

¢ Material categorization:

For definitions of compliance please see
www.vishay.com/doc?99912

APPLICATIONS

¢ Telecom Bricks

¢ Primary side switch

¢ Synchronous Rectification

¢ Industrial

Vishay Siliconix

(o)

RoHS
COMPLIANT

HALOGEN
FREE

eoJ

S
N-Channel MOSFET

ABSOLUTE MAXIMUM RATINGS (Tp =25 °C, unless otherwise noted)
Parameter Symbol Limit Unit
Drain-Source Voltage Vps 100 v
Gate-Source Voltage Vas +20
Tc=25°C 309
Continuous Drain Current (T; = 150 °C) Tc=70"C Ip 26'5b
Ta=25°C 8.8%
To=70°C 7.1%b A
Pulsed Drain Current (t = 300 us) lom 60
Continuous Source-Drain Diode Current Tc=25°C Is 30°
Tp=25°C 3.12b
Single Pulse Avalanche Current L2041 mH las 10
Single Pulse Avalanche Energy Eas 5 mJ
Tc=25°C 52
) o Tc=70°C 33
Maximum Power Dissipation T =25°C Pp 3736 w
To=70°C 2.4%b
Operating Junction and Storage Temperature Range Ty Tetg -55t0 150 oc
Soldering Recommendations (Peak Temperature)® d 260

Figure B.4: Active-Clamp Semiconductor - Part 1 - Absolute Maximum Ratings.
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SPECIFICATIONS (T, = 25 °C, unless otherwise noted)

Parameter | Symbol Test Conditions Min. | Typ. | Max. | Unit
Static
Drain-Source Breakdown Voltage Vps Vgs=0V, Ip =250 pA 100 \
Vps Temperature Coefficient AVpg/Ty 1o = 250 jA 63 Ve
Vasn) Temperature Coefficient AVastn)/Ty -55
Gate-Source Threshold Voltage Vas(tn) Vps =Vas s Ip =250 uA 1.5 3 v
Gate-Source Leakage lgss Vps=0V,Vgg=+20V +100 nA
) Vps=100V, Vgg=0V 1
Zero Gate Voltage Drain Current Ipss uA
Vps=100V, Vgg=0V, Ty=55°C 10
On-State Drain Current? Ip(on) Vps25V,Vgg=10V 20 A
Vgs=10V,Ip=10A 0.0195 | 0.0235
Drain-Source On-State Resistance® Rps(on) Vgs=75V,Ip=7A 0.0204 | 0.0245 Q
Vgs=45V,Ip=5A 0.0260 | 0.0315
Forward Transconductance® Ots Vpg=15V,Ip=10A 25 S
Dynamic®
Input Capacitance Ciss 802
Output Capacitance Coss Vps =50V, Vgg=0V,f=1MHz 291 pF
Reverse Transfer Capacitance Crss 39
Vps=50V,Vgg=10V,Ip=10A 19.1 29
Total Gate Charge Qq Vps=50V,Vgs=7.5V,Ip=10A 14.7 22
9.5 145
Gate-Source Charge Qgs Vps=50V,Vgs=45V,Ip=10A 28 nC
Gate-Drain Charge Qgq 4.9
Output Charge Qopss Vps=50V,Vgs=0V 23 35
Gate Resistance Rg f=1MHz 0.2 0.9 1.8 Q
Turn-On Delay Time td(on) 10 20
Rise Time t Vpp=50V,R =5Q 12 24
Turn-Off Delay Time taoffy Ip=10A Vgen=75V,Rg=10Q 16 32
Fall Time t 9 18
Turn-On Delay Time ta(on) 9 18 ns
Rise Time t Vpp=50V,R =5Q 10 20
Turn-Off Delay Time to(oft Ip=10A, Vgen=10V,Rg=1Q 16 32
Fall Time t 8 16
Drain-Source Body Diode Characteristics
Continuous Source-Drain Diode Current Is Tc=25°C 30 A
Pulse Diode Forward Current Ism 60
Body Diode Voltage Vsp Is=4A Vgg=0V 0.78 1.2 v
Body Diode Reverse Recovery Time ty 34 68 ns
Body Diode Reverse Recovery Charge Q 34 68 nC
- Ir=10A, dl/dt =100 A/us, Ty=25°C
Reverse Recovery Fall Time ta 19.5
Reverse Recovery Rise Time ty 145 ne
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VISHAY., . SF1200, SF16(
bl At Vishay Semiconductc

Ultrafast Avalanche Sinterglass Diode

FEATURES
~ ® Very low switching losses
e Glass passivated
¢ High reverse voltage €
* Hermetically sealed axial-leaded glass Ro|
envelope COMPI
. T HALO
¢ Material categorization: FRi

For definitions of compliance please see

940530 www.vishay.com/doc?99912

APPLICATIONS
e Switched mode power supplies
¢ High-frequency inverter circuits

MECHANICAL DATA
Case: SOD-57

Terminals: plated axial leads, solderable per MIL-STD-750,
method 2026

Polarity: color band denotes cathode end
Mounting position: any
Weight: approx. 369 mg

ORDERING INFORMATION (Example)

DEVICE NAME ORDERING CODE TAPED UNITS MINIMUM ORDER QUANTITY
SF1600 SF1600-TR 5000 per 10" tape and reel 25000
SF1600 SF1600-TAP 5000 per ammopack 25 000

PARTS TABLE

PART TYPE DIFFERENTIATION PACKAGE
SF1200 VR =1200 V; |F(AV) =1A SOD-57
SF1600 VR = 1600 V; [gay = 1 A SOD-57

ABSOLUTE MAXIMUM RATINGS (T, = 25 °C, unless otherwise specified)

PARAMETER TEST CONDITION PART SYMBOL VALUE UNIT
_ " SF1200 VR = VRRMm 1200

Reverse v?tltage repetitive peak See electrical characteristics

reverse voltage SF1600 Vg = VRRm 1600 %

Peak forward surge current tp = 10 ms, half sine wave lrsm 30 A

Half sine wave, Vg = Vggm,

Average forward current Rua = 45 KW IF@av) 1 A

Max. pulse energy in avalanche

mode, non repetitive (inductive load Ier)R = 400 MA, inductive load Er 10 mJ

switch off

liinrtinn and etnrana tamnaratiira

Figure B.6: Half-bridge Rectifier Semiconductor - Part 1 - Absolute Maximum Ratings.
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ELECTRICAL CHARACTERISTICS (T, = 25 °C, unless otherwise specified)

PARAMETER TEST CONDITION PART | SYMBOL MIN. TYP. MAX. UNIT
Forward voltage lF=1A Vg - - 3.4 \
VR = VRrM Ir - - 5 HA
Reverse current
VR = VRRM! Tj =125°C IR - - 50 HA
SF1200 V@ERR 1250 - - "
Reverse breakdown voltage Ir =100 pA
SF1600 V@ERR 1650 - - \
Reverse recovery time IF=05A,Ig=1Aig=025A e - - 75 ns

TYPICAL CHARACTERISTICS (T, = 25 °C, unless otherwise specified)

100 1000 T
‘ ‘ ‘ Vg = Veam
< 10| T=175°C &; /
@ / L~ £ 100
5 1 A~ g /
2 / /| 3 /
° T =25°C
= ]
g 0.1 i 3 /
g 10 ——
[
L 0.01 «
& \
0.001 1
0 1 2 3 4 5 6 7 8 9 25 50 75 100 125 150 175
16463 Vg - Forward Voltage (V) 16464 T; - Junction Temperature (°C)
Fig. 1 - Forward Current vs. Forward Voltage Fig. 3 - Reverse Current vs. Junction Temperature
T T T 700 » ‘V
1.0 Ve=Verm  —f r = VRam
\ half sine wave 600 /
L
_ Pg - Limit
Rinya = 45 KW 400 at 100 % Vi

0.6 ™ N\ I=10mm
04 ™ N

’ \\ N
02 |— Ruua = 100 KW N
PCB: d = 25 mm \\

ool [ [ 1
0 20 40 60 80 100 120 140 160 180

l

300 T

200 i |\th 4/
100 V>§
=—

25 50 75 100 125 150 175

o

Igav - Average Forward Current (A)
PR - Reverse Power Dissipation (mW)

Figure B.7: Half-bridge Rectifier Semiconductor - Part 2 - Characteristic curves.
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-~
CREE =
e v 1700 V

DS

CZM1 000170J ID@zs°c 53A
Silicon Carbide Power MOSFET Roston) 1.00

C2M'" MOSFET Technology
N-Channel Enhancement Mode

Features Package

High blocking voltage with low Rpg(on) TAB

Drain

Easy to parallel and simple to drive
Low parasitic inductance

Separate driver source pin
Ultra-low drain-gate capacitance
Halogen Free, RoHS compliant

\
Halogen-Free

Benefits

Drain
(TAB)

Higher system efficiency
Smooth switching waveforms
Reduced cooling requirements
Increased system reliability

o=
g~
ww
X
X
X
0w~

Gate

(Pin1)
Appllcatlons Driver Power
Sa_urce ) Source
*  Auxiliary power supplies (Pin2) (Fin34567)
*  Switch Mode Power Supplies
* High-voltage capacitive loads
Part Number Package
C2M1000170J 7L D2PAK
Maximum Ratings (T, = 25 °C unless otherwise specified)
Symbol Parameter Value Unit Test Conditions Note
Vpsmax | Drain - Source Voltage 1700 \Y Ves=0V, o =100 pA
Vesmax | Gate - Source Voltage -10/+25 V | Absolute maximum values
Vesop | Gate - Source Voltage -5/+20 V | Recommended operational values
5.3 Ves =20V, Te=25°C Fig. 19
Io Continuous Drain Current A
3.6 Vgs =20V, Te=100°C
Ippuisey | Pulsed Drain Current 6.0 A Pulse width t, limited by Timax Fig. 22
Py Power Dissipation 78 W | T,=25°C,T,=150°C Fig. 20
T,,T Operating Junction and Storage Temperature 5510 ‘C
J' stg +150
T, Solder Temperature 260 °‘C | 1.6mm (0.063") from case for 10s

Figure B.8: Half-bridge Inverter Semiconductor - Part 1 - Absolute Maximum Ratings.
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Electrical Characteristics (T, = 25°C unless otherwise specified)

Symbol Parameter Min. Typ. Max. | Unit Test Conditions Note
V(er)ss Drain-Source Breakdown Voltage 1700 Vv Ves=0V, lp =100 pA
2.0 2.6 4 Y] Vos = Ves, Ip=0.5mA
Vasith) Gate Threshold Voltage Fig. 11
2.1 Vv Vos = Ves, Ip = 0.5 mA, T, =150 °C
loss Zero Gate Voltage Drain Current 1 100 PA | Vos=1.7kV,Ves=0V
less Gate-Source Leakage Current 250 nA | Ves=20V,Vos=0V
1.0 1.4 Ves =20V, Ib=2A
Ros(on) Drain-Source On-State Resistance Q Fig. 4,5,6
2.0 Ves=20V,Ib=2A,T,=150°C
0.82 Vos= 20V, lps= 2 A )
Jrs Transconductance S Fig. 7
0.81 Vos=20V, lps=2 A, T, =150 °C
Ciss Input Capacitance 200
Ves=0V
Coss Output Capacitance 12 pF Vos = 1000 V Fig. 17,18
Crss Reverse Transfer Capacitance 1.3 f=1MHz
Eoss Coss Stored Energy 7 pJ | Vac=25mv Fig 16
Eon Turn-On Switching Energy 31 Vos = 1.2 KV, Vs =-5/20 V
o 1,=2A, Ry,,=250Q, Fig. 26
Eore Turn Off Switching Energy 10 L=1368 uH, T, = 150 °C
ta(on) Turn-On Delay Time 4
. . Voo =1.2kV, Vgs =-5/20 V
t Rise Time 4.8 o= 2 A Roe = 2.50, R_= 600 Q .
ns - X Fig. 27
tacofn Turn-Off Delay Time 10.8 Timing relative to V¢
Per IEC60747-8-4 pg 83
tr Fall Time 40.4
Ra(int Internal Gate Resistance 24.8 Q f=1MHz Vac=25mV
Qgs Gate to Source Charge 4.7 Vos = 1.2 KV, Vs = -5/20 V
Qqa Gate to Drain Charge 54 nC |lb=2A Fig. 12
Qq Total Gate Charge 13 Per IEC60747-8-4 pg 21
Reverse Diode Characteristics
Symbol | Parameter Typ. Max. Unit Test Conditions Note
3.8 \% V. =-5VI, =1AT=25°C )
Vsp Diode Forward Voltage — = . F'g;I g 9
33 \Y Vs =-5Vlg; =1 AT =150 °C
Is Continuous Diode Forward Current 4 A T.=25°C Note 1
t, Reverse Recovery Time 20 ns Ve =-5V 1y, =2AT,=25°C
V.=1.2kV
Q Reverse Recovery Charge 24 nC R Note 1
i dif/dt = 1200 A/ps
| Peak Reverse Recovery Current 6.5 A

Figure B.9: Half-bridge Inverter Semiconductor - Part 2 - Specifications.
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N ____ 4
VISHAY.

MKP1848 DC

-Link

www.vishay.com

Vishay Roederstein

Metallized Polypropylene Film Capacitors

DC-Link Capacitor

FEATURES

¢ High performance DC filter

e Low ESR

¢ High peak current capabilities
¢ High RMS current capabilities
* AEC-Q200 qualified

e Mounting: radial

* Material categorization:

for definitions of compliance please see
www.vishay.com/doc?99912

APPLICATIONS

¢ High performance DC filtering

e HEV / EV: i.e. power train and OBC
* Renewable energies inverters

* Motor drives

* Power supplies

P N
AUTOMOTIVE
GRADE

Pb-free

RoHS

COMPLIANT

QUICK REFERENCE DATA

Rated capacitance range

1 WF to 400 pF

Capacitance tolerance 5%

Rated voltage range, Unpc 450V to 1200 V

Climatic testing class 40/105/56

Rated temperature 85 °C

Maximum permissible case temperature 105 °C, observing voltage derating
Maximum applicable peak to peak ripple voltage 0.2 x Unpe

Reference standards

IEC 61071, IEC 60068

Dielectric

Polypropylene film

Electrodes

Metallized dielectric capacitor

Construction

Mono construction

Encapsulation

Plastic case, sealed with resin; flame retardant

Terminals

Tinned wires

Self inductance (Ls)

<1 nH per mm of lead spacing

Withstanding DC voltage between terminals (1)

1.5 Unpg for 10 s, cut off current 10 mA, rise time < 1000 V/s

Insulation resistance

RC between leads, after 1 min > 10 000 s
For Unpc < 500 V measuring voltage 100 V
For Unpc > 500 V measuring voltage 500 V

Life time expectancy

Useful life time: > 100 000 h at Unpc and 70 °C
FIT: < 10 x 10%h (10 per 10° component h) at 0.5 x Unpg, 40 °C

Marking

C-value; tolerance; rated voltage; code for dielectric material;
code for manufacturing origin; manufacturer’s type designation;
manufacturer’s logo; year and week of manufacture

Figure B.10: Film Capacitors - Part 1 - Features.
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ELECTRICAL DATA AND ORDERING CODE

Unbc DIMENSION lams @ ESR @ 1?:(‘32
A'!' CAP. ® (mm) P1 P2 dV/dt | lpeak (A) (mQ) <109® | ORDERING CODE
85°C| (uF) (mm)| (mm) | (V/ps)| (A)
v w h | 2 4 2 4 2 4
PINS | PINS | PINS | PINS | PINS | PINS
Uoppc AT 70 °C =500 V, Uoppc AT 105 °C = 300 V
1 9.0 [ 19.0 320|275 - 75 | 75 | 25 | - 54 - 85 - MKP1848510454K2
2 9.0 | 19.0 | 320 | 275 - 75 | 150 | 3 - | 345 - 85 - MKP1848520454K2
3 11.0 | 21.0 | 32.0 | 275 - 75 | 225 | 4 - | 230 - 85 - MKP1848530454K2
4 11.0 | 21.0 | 32.0 | 275 - 75 | 300 | 4 - |205]| - 85 - MKP1848540454K2
5 13.0 | 23.0 | 32.0 | 27.5 - 75 | 375 | 5 - | 165 - 85 - MKP1848550454K2
450 6 15.0 | 25.0 | 32.0 | 27.5 - 75 | 450 | 6 - | 135 - 85 - MKP1848560454K2
7 15.0 | 25.0 | 32.0 | 27.5 - 75 | 525 | 65| - |115]| - 85 - MKP1848570454K2
8 18.0 | 28.0 | 32.0 | 27.5 - 75 | 600 | 85| - | 85| - 85 - MKP1848580454K2
9 18.0 | 28.0 | 32.0 | 27.5 - 75 | 675 | 85| - | 90| - 85 - MKP1848590454K2
10 | 18.0 | 28.0 | 32.0 | 275 - 75 | 750 | 9 - | 80| - 85 - MKP1848610454K2
12 | 210|310 320|275 - 75 | 900 | 10 - | 70| - 85 - MKP1848612454K2
15 | 20.0 | 35.0 | 32.0 | 27.5 - 75 |1125|115| - | 60 | - 85 - MKP1848615454K2
10 | 185 | 35.5 | 43.0 | 37.5 10.2 40 | 400 | 75 | 8 |135|12.0| 160 | 140 MKP1848610454P*

Figure B.11: Film Capacitors - Part 2 - Electrical data.

ELECTRICAL DATA AND ORDERING CODE

Unoc DIMENSION © Irws @ ERO | RS
) wlnl, 2 | 4 | 24| 2] 4
PINS | PINS | PINS | PINS | PINS | PINS
Uoppc AT 70 °C = 500 V, Uoppc AT 105 °C = 300 V

12 | 185355430 |375| 102 | 40 | 480 | 8 | 85 | 11.5] 10.0] 160 | 140 | MKP1848612454P"
15 | 185|355 | 430 375| 102 | 40 | 600 | 9 | 10 | 90 | 80 | 160 | 140 | MKP1848615454P"
20 |215385]430|375| 102 | 40 | 800 | 11 | 12 | 7.0 | 60 | 160 | 140 | MKP1848620454P"
22 |215385]430|375| 102 | 40 | 880 | 11 | 115| 7.5 | 65 | 160 | 140 | MKP1848622454P°
25 |215385|430|375| 102 | 40 |1000| 115|125 | 65 | 55 | 160 | 140 | MKP1848625454P°
30 | 240 440|420 |375| 102 | 40 |1200|135| 15 | 55 | 45 | 160 | 140 | MKP1848630454P"
35 | 300 | 450 | 420 | 37.5 | 1027203 | 40 |1400| 17 | 185 | 40 | 35 | 160 | 140 | MKP1848635454P"
40 | 300 | 450 | 420 | 37.5 | 1027203 | 40 |1600| 17 | 185 | 40 | 35 | 160 | 140 | MKP1848640454P"
40 | 250 450|575 |525| 102 | 20 | 800 | 18 | 185 | 65 | 6.0 | 310 | 280 | MKP1848640454Y"
45 | 250 450|575 |525| 102 | 20 | 900 | 125|135 | 7.0 | 6.0 | 310 | 280 | MKP1848645454Y"

450 | 50 | 300|450 575|525 208 | 20 |1000] 15 | 165 | 55 | 50 | 310 | 280 | MKP1848650454Y"
55 | 300 450|575 |525| 203 | 20 |1100| 156 | 155 | 55 | 50 | 310 | 280 | MKP1848655454Y"
60 | 300 450|575 |525| 203 | 20 |1200| 155|165 | 50 | 45 | 310 | 280 | MKP1848660454Y"
65 | 350 500|575 |525| 203 | 20 |1300| 19 | 205 | 40 | 35 | 310 | 280 | MKP1848665454Y"
70 | 350|500 | 575 | 525| 203 | 20 |1400| 18 | 19 | 45 | 40 | 310 | 280 | MKP1848670454Y"
75 | 350|500 |575|525| 203 | 20 |1500| 19 | 205 | 40 | 385 | 310 | 280 | MKP1848675454Y"
80 |350 500|575 |525| 203 | 20 |1600| 19 | 205 | 40 | 35 | 310 | 280 | MKP1848680454Y"
90 |450 450|575 |525| 203 | 20 [1800| - |215| - | 80 | - | 280 | MKP1848690454Y5
95 | 450 450|575 |525| 203 | 20 [1900| - |215| - | 80 | - | 280 | MKP1848695454Y5
100 | 450 | 450 | 575|525 | 208 | 20 |2000| - |285| - | 25 | - | 280 | MKP1848710454Y5
200 | 700 | 650 | 575|525 | 203 | 20 |2000| - |305| - | 20 | - | 310 | MKP1848720454Y5 ©)
400 | 130 | 650 | 57.5 | 525 | 203 | 10 |4000| - |505| - | 15 | - | 380 | MKP1848740454Y5 ()

Figure B.12: Film Capacitors - Part 3 - Electrical data.
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