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Problem Description

The goal of this master thesis is to design a power electronic converter for use with solar power
systems. The converter is meant to be used in the renewable energy laboratory at NTNU. It should
be focused on the overall system, and the design should therefore be made with basic

solutions in order to make the complexity low. In order to make this design, a literature study
giving an overview of photo-voltaic systems and the power electronic converters used should be
made. The study shall focus on both the hardware configurations, but also the control of these
systems. To verify the theoretical studies made, simulations and experimental tests of the system
should be made.
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ABSTRACT

In this master thesis the basic theory of grid connected photo-voltaic systems is explained,
giving an introduction to the different aspects of system design. Starting with a look at the
standards concerning grid connection of distributed resources, and working its way through
how the photo-voltaic cells work, to how photo-voltaic modules with electrical converters
can be arranged. Some different converter topologies suitable for use with photo-voltaics
are found, and based on these topologies, solutions for how to control these converters
have been examined. These controls involve methods for utilizing the maximum power
from solar panels, methods for synchronizing with the grid and methods for current and
voltage control.

Based on this theory a system model is made, including an isolated current fed full bridge
DC-DC converter in cascade with a three phase full bridge DC-AC converter having a LCL filter
as grid interface. This model is simulated in Simulink and experiments are made on a
laboratory setup, where focus has been on the control system. Therefore linear system
models of the control system has been made, and these have formed a basis for the
optimization of the control systems. The simulations have been made using Simulink, and
the control system for the converters has been implemented in two DSP’s, one for each
converter.

The design and construction of the DC-DC converter has been made in this thesis, but it
showed out to be more complicated then first assumed. Because of this, too little time was
spent in the design of the circuit and too much time was spent on testing and correcting
errors. It ended with a non-functional converter, and therefore the experiments made had
to be done without the DC-DC converter. However the report shows that the isolated
current fed full bridge DC-DC converter is a promising topology in photo-voltaic systems,
and should be investigated closer.

It is found in the simulations and experiments made, that the system models derived give
a dynamic response close to the real, and are suitable for giving a basic understanding of
the system dynamics and for optimizing the control system. The control system consists of
a maximum power point tracker which effectively finds the point where the photo-voltaic
modules delivers the highest power, and in order to synchronize to the grid voltage a phase
locked loop is used, which locks the converter output to the grid voltage in less then 10ms.
In order to control the power flow into the grid, current control in a rotating reference
frame locked to the grid voltage is used. This has simplified the control since it gives DC-
values stationary, and has made it possible to separately control the active and reactive
power flow.

Most of the tests made in the simulations and experiments have been made with operating
conditions close to ideal. In order to verify how the system handles varying operating
conditions, and to see if it coincides with the requirements in the standards, more extensive
testing should be made of the system. This includes testing with varying irradiance of the
solar panels, grid disturbances and grid failures.

Abstract
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1 INTRODUCTION

This master thesis deals with the connection of photo-voltaic power sources to the
electrical grid. Today photo-voltaics has become one of the major renewable energy
sources in the world, and in order to utilize the energy from this power source, electrical
converters is needed. This study is meant as an introduction to the design of grid connected
photo-voltaic electrical power converters, and it has been written for the Department of
Electric Power Engineering at NTNU.

The study shall give an overview of the different aspects of designing an electrical
converter. By taking the reader through the basics of what characterizes a photo-voltaic
system and which requirements is put upon such a system, the report aims on giving a
fundamental understanding of how to supply the energy from the solar panels into an
electrical grid. The theory shall then be put to the test by finding a representative system
model, and then simulating it and test it on an experimental setup.

Chapter 2 introduces photo-voltaic systems and has focus on the characteristics of solar
cells, and how they are arranged. Standards dealing with the interconnection of PV power
sources and the electrical grid are reviewed, and the last part of this chapter describes
different converter topologies, with filters and temporary storage alternatives.

Chapter 3 describes different ways to control the converters. Methods for utilizing the
maximum power from the solar panels, methods for controlling the energy flow into the
grid is explained, and some methods for synchronizing the converter output with the grid
voltage is presented. An introduction to islanding detection is given, and to the
implementation of a digital control system is also given. Last in this chapter it is explained
how to optimize the control systems used in this thesis.

Chapter 4 gives a description of the system used in the simulations and the laboratory setup
used in this project. It describes what sort of control, and which hardware have been used.
Based on this models for the control system is found based on linear system theory, and the
control systems are optimized using the methods described in chapter 3.

Chapter 5 and 6 describes the results of the simulations and the experiments which have
been made. The tests have focus on verifying the models made of the control system, but
also a harmonic analysis will be made in order to verify the quality of the power delivered
to the grid.

Chapter 7 concludes the thesis with a discussion of the most important aspects of this
thesis, and ends up with a conclusion and suggestions for further work

Chapter 1 Introduction
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2 OVERVIEW OF PHOTO VOLTAIC SYSTEMS AND CONVERTERS

In the resent years there has been a large increase in the interest for renewable energy. This
is due to an increasing need for energy, increasing power prices and the need for more
environmental friendly power sources. A consequence of this is an enormous amount of
new renewable energy projects. Renewable energy sources are often small (compared to
traditional energy production), and they are often spread around the utility network,
therefore they are often termed distributed resources, and includes sources like solar, wind
and wave power.

Solar power generated from photo-voltaic (PV) cells is gaining increased importance as a
renewable source due to advantages such as the absence of fuel cost, little maintenance
and no noise and wear due to absence of moving parts. So in theory this is an ideal power
source, but in practice there are several problems that needs to be addressed. There is still
a high installation cost, low energy conversion efficiency and issues concerning the
interaction with other systems.

The energy from PV panels is in the form of DC-current, and in order to utilize this energy
in the grid, the current must be transformed into AC-current. The most convenient way to
to this is by the use of electric power converters. Using these converters as a grid interface
for PV panels is not a new technology, and much of the same technology is used in e.g. fuel
cell converter, wind power converters and also converters for motor drives. Even though
they use much of the same technology, there are always some special considerations for
the different cases.

In this chapter the standards concerning the connection of distributed resources to the grid,
and which requirements this has on the system design is examined. Next the characteristics
of photo-voltaic power will be introduced, and different converter and solar panels
structures will be shown.

2.1 Grid connection standards

Before designing a converter for grid connection of photo-voltaic power sources, an
overview of which rules and regulations one must follow in order to be allowed to connect
to the grid should be investigated. These rules will however not be the same all over the
world. Depending on the grid type there are different considerations to be made in each
country, and therefore there will always be some adaption to the demands from the local
utilities. The demands from the local utilities are usually based on a national standard or
international standard which deals with the interconnection of distributed resources.
These standards are often very similar, but they might have some variations in the degree
of limitations and in the definitions used. By looking at the standards from two of the major
international standardisation organizations listed below, an overlook of the most important
demands and limitations can be found.

e |nternational Electrotechnical Commission - |IEC

Chapter 2 Overview of Photo Voltaic Systems and Converters



3 NTNU Department of Electric Engineering

e [nstitute of Electrical and Electronics Engineers - |EEE

When developing a PV system there is a risk that even though all current standards are
followed, there are new ones released before or right after the product is released, and the
product will become outdated. A major goal when designing a new converter is to make it
compatible with current standards, but also future standards. Below is a list of the most
recent standards of interest from IEC and IEEE.

J IEEE Std 1547-2003 [1]: Standard for Interconnecting Distributed Resources with
Electric Power Systems

e |EC 61727 Second Edition 2004-12 [2]: Photovoltaic (PV) systems - Characteristics of the
utility interface.

IEEE has also released a recommended practice document especially for grid connection of
photovoltaic cells, this states mostly the same as [1]

e |EEE STD 929-2000 [3]: Recommended Practice for Utility Interface of Photovoltaic (PV)
Systems

2.1.1 Converter requirements

Based on the international standards mentioned above a list of requirements for the design
of a converter can be made. Below is a list of requirements which should be followed when
designing a converter in order to make it coincide with the standards.

Grounding

It should be possible to connect the negative pole of the PV panels to ground.
Power Quality

The quality of the power provided by the PV system for the on-site loads and the power
delivered to the utility is governed by practices and standards addressing voltage, DC-
injection, flicker, frequency, distortion/harmonics and power factor. These parameters
must, unless otherwise is specified, be measured at the point of common coupling (PCC).

1. Voltage

Grid connected PV systems do not normally control the voltage of the connected grid,
they merely inject current into it, therefore there is usually not any active voltage
control. On the other hand there has to be a certain voltage operating range where
the inverter is allowed to work, in order to detect abnormal utility conditions and
prevent islanding mode. The inverters response to abnormal voltages is specified in
table 2.1.
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Table 2.1 - Voltage operating range

Voltage® Maximum trip time®
V <50% 0,1s
50% <V <85% 2,0s
85% <V <110% Continuous operation
110% < V< 135% 2,0s
135% <V 0,05s

a.

Limits are in % of the nominal voltage at PCC in RMS.

b. Trip time refers to the time between the abnormal condition occurring and the inverter ceasing

to energize the utility line.

Within the specified trip times the inverter must cease to energize the grid, but the
PV control circuits shall remain connected to the grid to allow sensing of the electrical
conditions. The latter for use by a reconnection feature. Unless the voltage is
measured at the PCC, the voltage drop between the inverter and the PCC must be
taken into considerations. For further information on voltage operating range see IEC
61727 §5.2.1 and /EEE 929 §4.1

DC-injection

The inverter shall not inject DC current >0.5% of rated inverter output current into the
utility AC interface under any operating condition. For further information on DC-
injection see IEC 61727 §4.4 and /EE 929 §5.2

Flicker

Only IEC 61727 gives specific limits for flicker, thus these will be used. This standard
states that the amount of flicker must comply with /EC 61000-3-3 §4 and IEC 61000-
3-5. The flicker limits stated in these standards are approximately equal, so the limits
in table 2.2 can be used for all system sizes. For the calculation of the amount of
flicker the reader is referred to the standards.

Table 2.2 - Flicker limits

Limits P2 Limits P,°

<1.0 <0.65

a. P is the short term flicker indicator. This is the flicker severity evaluated over a short
period (i minutes), where P,=1 is the conventional threshold of irritability
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b. P, is the long term flicker indicator. This is the flicker severity evaluated over a long
period (a few hours) using successive P, values.

4. Frequency

The PV system must operate in synchronism with the grid voltage. If the frequency
deviates outside of the specified condition, the converter shall cease to energize the
grid within a specified time. The allowed operating frequency and trip time differs
between countries, and thus these limits will have to be adjustable. The default limits
will be according to IEC 61727 §5.2.2, which states that when the utility frequency is

outside =1 Hz of the rated frequency, the system shall cease to energize the utility

within 0,2s. If the utility returns to normal operating frequency within this time, the
converter does not have to cease energizing the utility line.

The limits for North America can be found in IEEE 929 §4.3, and states that the
frequency operating range is between 59.3 - 60.5Hz, and the converter should cease
to energize the utility within 6 cycles (0.1s). For further information on the frequency
limits see IEC 61727 §4.5 and IEEE 929 §4.3.

5. Distortion/Harmonics

It is desirable to have low levels of current and harmonic distortion in the grid, in
order to decrease the potential for adverse effects on connected equipment. In the
standards this is regulated through limits in allowed current distortion. The allowed
current distortion limits the converter is allowed to inject into the grid is given in table
2.3. For further information on the harmonic limits see IEC 61727 §4.6 and IEEE 929

§4.4.
Table 2.3 - Harmonic current limits
Harmonic order h (odd harmonics)? Distortion limits®
THD 5%

3 through 9t <4.0%

11* through 15% <2.0%

17* through 21+ <1.5%

23 through 33+ <0.6%

above 33" <0.3%

a. Even harmonics are limited to 25% of the odd harmonic limits above.
b. All limits are given as percent of the rated fundamental current component

6. Power factor
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The converter shall have a power factor according to table 2.4, but in some situations
there is a need for the inverter to supply reactive power. Therefore the inverter
should have the ability to regulate the output power factor. For further information
on the power factor limits see [EC 61727 §4.7 and IEEE 929 §4.5.

Table 2.4 - Power factor limits

Output of converter® Power factor
>10% >0.85(lagging)
>50% >0.9(lagging)

a. In percent of rated output

Anti-Islanding

A non-islanding inverter is defined as an inverter that ceases to operate within a certain
time after the islanding occurs, but based on measurements it is not easy to define a set of
limitations defining exactly when an islanding situation occurs. The definition of when an
islanding situation occurs has been defined differently in the standards from IEC and IEEE.

1. IEC61727:

A utility distribution system is islanded when it is out of the normal operation
specifications for voltage and/or frequency. When this situation occurs, the PV
system must cease to energize the utility within 2 s of loss of utility.

2. IEEE 929 (definition of non islanding inverter):

An inverter that will cease to energize the utility line in ten cycles or less when
subjected to a typical islanded load in which either of the following is true:

a) There is at least a 50% mismatch in real power load to inverter output (that is, real
power load is <50% or >150% of inverter power output).

b) The islanded-load power factor is < 0.95 (lead or lag).

If the real-power-generation-to-load match is within 50% and the islanded-load
power factor is > 0.95, then a non-islanding inverter will cease to energize the utility
line within 2 s whenever the connected line has a quality factor of 2.5 or less.

Neither of these limits are adequate for determining when a islanding situation occurs in
every possible situation, but to be able to satisfy the standards the to last definitions should
be used. It should however be noted that in IEC 61727 it is stated that the issues of non-
islanding inverter is the subject of another standard under consideration. So one should be
aware that these requirements may change, and become stricter.
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Reconnection

When an out-of-bounds utility event occurs, in which the inverter has ceased to energize
the utility line, the inverter shall not reconnect before the frequency and voltage have been
maintained within the specified limits for at least 5 min. After these 5 min. The inverter shall
automatically reconnect to the utility.

2.2 Solar Cell Characteristics

Energy sources deliver energy in many forms, some mechanical with conversion to
electrical, some with conversion of chemically stored energy to electricity, and some
produce energy directly as electrical energy. The latter is the case when producing energy
with solar cells, where the energy is delivered as DC current. The photo voltaic cells have a
special current-voltage (I-V) characteristic which must be taken into consideration when
designing a PV power system. Defining this characteristic is a short circuit current I,. and an
open circuit voltage V. This characteristic varies with irradiance and temperature, and in
figure 2.1 it is shown how this current voltage relationship changes as the irradiance
decreases.

Irradiance

ISC

current(A

I I
voltage\V) Ve

Figure 2.1: 1-V characteristic of a solar cell as irradiance decreases
As can be seen from the figure, it is mostly the current which is affected by the change in

irradiance, and thus the voltage variation due to changes in irradiance is usually neglected.
The response to temperature changes is somewhat different, and is shown in figure 2.2
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ISC

Temperature

current(A)

voltagedV>

| |
[ [
\V oe
Figure 2.2: |-V characteristic of a solar cell as temperature increases

As the figure shows the open circuit voltage is largely dependent on the temperature,
whereas the current is only slightly dependent, therefore the current change due to
temperature variations is usually neglected. In a practical calculation, the voltage variation
with temperature of a module or a string consisting of n_cells in series, is often sat equal to:

dT

= -23-n,[mV/°C] (2.1)

It can be seen from the |-V characteristic that when drawing power from a solar cell, it is
most beneficial to work in the region where the product of current and voltage is at its
highest, and thus delivers the highest output power. The power-voltage (P-V) characteristic
is shown in figure 2.3.
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MPP

power (W)

| |
I I
voltagelV Ve

Figure 2.3: P-V characteristic of a solar cell

As seen from the figure it is important to deliver power at the voltage which gives the
highest power, or else the power output end thus the efficiency of the system will rapidly
decrease. This point on the curve giving the highest power, is commonly referred to as the
maximum power point (MPP). It is now important to recognize that the power is depending
on both the current and the voltage, and therefore the MPP will be largely depending on
both irradiance and temperature.

2.2.1 PV panel modelling

In order to simulate the behaviour of a specific solar panel, there have been made different
mathematical models in the literature, which can be used to make theoretical models.
These models will only be approximations to the behaviour of the panels, and the accuracy
of the models depend on how many internal phenomena are considered. The equations
shown below are rather simple and does not give a high degree of accuracy, but they will
give an understanding of the basic behaviour of the solar cells. The definition of the
different variables in the equations is found at the end of this chapter.

The cell temperature is a function of the ambient temperature and the irradiance, and is
given in Kelvin.

T, =T+ NOCT -20 G
800 (2.2)

In eq (2.3) the changes in short circuit current due to temperature and irradiance is shown.

G

Ise =lsc_src (1 +t; (T = Tsro ))G_
st

(2.3)
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In eq (2.4) it is assumed that the change in open circuit voltage due to changes in irradiance
are so small they can be neglected, therefore the open circuit voltage is only a function of
temperature.

Voc =Voc_sre (1 +aty (T = Terc )) (2.4)

The output current of a solar cell is the light induced current minus the diode current, as
can be seen from the equivalent circuit of a PV cell shown in the figure below.

Figure 2.4: Equivalent circuit of a photo.voltaic cell

The light induced current is the same as the short circuit current, and the PV cell output
current is then given in (2.5)

. . v
iy =1 —ip = oo — 1, {exp[ZTPV j—q
cell

Based om (2.5) the dark saturation current |, can be found by setting i,,=0 and v,,=V, as

shown in (2.6).
y -1
=1, {exp[ZTZ; J— 1}

(2.5)

(2.6)
By using (2.5) the PV voltage from one cell can also be found.
Kin| 1- "7 o
IO
Vo =q—_,_
(2.7)

A ideal I-V curve would be rectangular, but in practice this is not so. The “Fill Factor” (FF)
describes how close the |-V curve is to the ideal one, and is defined as
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EF = Puer
Voclse

(2.8)
Based on these equations a complete model of the PV panels can be made. This model can
then be implemented in a simulation program and used for simulation of PV-panels.
Another use of these models or other models for that sake, is in the control of a DC-power
source used as a PV simulator. A converter of this type can be an alternative to field testing
of PV-panels and of converters. With this converter one will also be able to do repeatable
tests, and simulations of all sorts of operating conditions. Some examples of such
converters are given in [4,5]. Below is a list of the different parameters found in the
equations presented in this section.

k, - Temperature coeffisient of I,

k, - Temperature coeffisient of V.

k. - Temperature coeffisient of P,0p

G - iirradiance [W/m?]

s -Short circuit current

|, - Dark saturation current

k =1.3806 10” J/K (Boltzmann constant)

MPP - Maximum Power Point

NOCT - Normal Operating Cell Temperature [°C]
n, -nr of cells in series in one panel
n,-nr of panels in series

ng,-nr of strings in parallel

Pyer - Power at MPP

q=1.610" C (Electron charge)

STC - Standard Test Condition (G=1000W/m’, T=25°C, AM1.5)
T, - Ambient temperature [K]

T, - Cell temperature [K]

G —irradiance [W/m?]

Ve - Open circuit voltage

2.3 Solar panel and converter configurations

Throughout the history of solar panels there has been several ways of arranging the solar
panels have been tried. How they are arranged has an effect on which type of converter
which should be used, and this will in turn influence the cost and efficiency of the system.
Figure 2.5 (from [6]) shows a historical overview of the different panel configurations of
panels and converters used in the past, present and future.
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Figure 2.5: Historical overview of PV converters. (a) Past centralized technology. (b) Present
string technology. (c) Present and future multi-string technology. (d) Present and future AC-mod-
ule and AC cell technologies.

In [6] a review of different configurations is presented, and a summary of this is presented
here. In this section the abbreviation MPPT is used a lot, which stands for maximum power
point tracker and is described in chapter 3.1.

Centralized Converters

This is an old technology, and is based on the connection of a large number of PV modules
to the converter (see figure 2.5a)). The advantage of this configuration is the need for few
converters, which give low loss in the power conversion stage, and the possibility to
connect several modules in series to achieve a sufficiently high input voltage and then avoid
further amplification. However the drawbacks are more severe, with limitations such as the
use of high-voltage DC-cables between the PV modules and the converter, power losses
due to 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.

String Converters

As seen in figure 2.5 b), the string converter is a reduced version of the centralized
converter, where only one single string is connected to each converter. In this configuration
one can also gain the advantage of high input voltage, if a sufficiently amount of PV
modules are connected in series. If the input voltage is to low, then the use of a
transformer, or a DC-DC converter can be used to boost the voltage. Since there is only one

1. String diodes are used to prevent current from one string to enter another string.

Chapter 2 Overview of Photo Voltaic Systems and Converters



13 NTNU Department of Electric Engineering

string, the use of string diodes! is not necessary, and it allows individual MPPT tracking of
each string. The mismatch losses are also reduced, but not eliminated. All in all this
configuration increases the overall efficiency when compared to the centralized converter,
and it will reduce the price, due to possibility for mass production.

Multi-String Converters

The multi-string converter in figure 2.5 c), is a further development of the string converter,
and has many of the advantages of both the centralized converter and the string converter.
In this configuration there is one DC-DC converter with separate MPPT tracking for each
input, all connected to the same inverter. This is beneficial since the MPPT can be
controlled individually for each string, and a plant can be realized with less components
than the string converter. This gives a flexible design with high efficiency, and will probably
become standard where centralized and string converters are used today.

AC-Module Converters

With this configuration one PV module is integrated with the converter in one electrical
device, as shown in figure 2.5 d). By incorporating the PV module and the converter into
one device, the possibilities of creating a module based “plug and play” device arises, and
it can than be used by persons without any knowledge of electrical installations. In this
configuration the mismatch losses between the PV modules is removed, and it is possible
to optimize the converter to the PV module, and thus also allowing individual MPPT of each
module. Since there will be need for more devices then with the previous mentioned
configurations, it will give the benefit of large scale production, and thus lower prices. On
the other hand the input voltage will become low, requiring high voltage amplification,
which may reduce the overall efficiency.

2.4 Converter topologies

The converters for all the panel configurations presented in 2.3, are based on the same
basic topologies. In [7] a schematic of the fundamental PV converter topologies is
presented, this is shown in the figure below.

on the LF side

with isolation

with DC-DBC

on the HF side
converter

without isolation

PV
Iiverters

with isolation

without DC-DC
converter

without iselation

Figure 2.6: PV converter topologies [7]
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A seen in the figure, there are three major parts an converter can be constructed of. First
there is the DC-AC converter (inverter), a DC-DC converter and transformer (galvanic
isolation) and. The different parts are described in [6,7,8], and is summarized in the
following paragraphs.

2.4.1 Transformer

The transformer has to major functions in the circuit, to amplify the voltage and to gain
galvanic isolation between the PV modules and the grid. There are two basic ways to
connect the transformer, one is by embedding it in a high frequency (HF) DC-DC converter,
or connecting a low frequency (LF) transformer on the grid side. The latter is in newer
converters often avoided because of increased size, weight and prize. So in modern
converters there is a tendency towards using HF transformers.

The galvanic isolation is often needed in order to ground the PV system properly. This
grounding sometimes involves connecting the negative terminal of the PV array(s) to
ground, and in transformerless systems this might become a problem. Especially in one-
phase systems with neutral to line connection, where the inverter is already grounded on
the grid side. Galvanic isolation can also, if mounted on the low frequency (LF) side, prevent
DC-current from entering the connected grid. This can however be solved by using
improved measuring equipment, which is able to detect small DC-currents.

Some standards demand that the PV modules shall be grounded and monitored by faults,
while others only demand equipment ground (grounding of frames and other metallic
parts) in the absence of galvanic isolation. There is usually not any direct demands for
galvanic isolation in the standards, but it is often the only, or the easiest way to achieve
system grounding and/or to prevent the injection of DC-currents. Transformerless
topologies are also very interesting because they can offer higher efficiency and reduced
cost, but more research is needed to be done in order to minimize the leakage current and
ensure safety and panels reliability

If using a transformer the question will be where to place it, on the high frequency (HF) or
the low frequency (LF) side? The LF transformer is more expensive, larger and heavier, but
the design is more simple then if a HF transformer is used.

2.4.2 DC-DC converter

PV converters with DC-DC converter is termed dual stage, and in this topology the DC-DC
converter will handle the MPPT (see chapter 3.1) and some voltage amplification if needed.
Most converter structures only have one DC-DC converter, but multi string converters will
have two or more.

The output of the DC-DC converter will depend on the inverter used at the grid interface. If
the inverter is controlling the grid current by means of pulse width modulation (PWM), or
bang-bang (hysteresis) operation, then the output of the DC-DC converter can be a pure DC
voltage. The inverter can also switch at line frequency, and then the output of the DC-DC
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converter can be a current, modulated to follow a rectified sine wave, thus the inverter will
unfold the rectified sine wave into a full sine wave. According to [6] the latter solution can
give a high efficiency if the nominal power is low, but if the power is high, it is advisable to
operate the inverter in PWM mode, and thus the output of the DC-DC converter will be a
pure DC voltage.

The choice of DC-DC converter depends mainly on the use of HF transformer, and
amplification range. When there is no transformer, a buck, boost, buck-boost or variants of
these can be used, and if a HF transformer is used, a forward, push-pull, flyback, half-bride,
full-bridge or other variants can be applied. Because there is usually a need for galvanic
isolation the ones with a HF transformer is the most interesting.

The forward and the flyback converters are typically used for low power applications (up to
approximately 250w for the flyback), because of low utilization of the magnetic
components due to unidirectional core excitation. There are ways to improve the power
handling capabilities of these converters, but this will not be handled here. These
topologies are therefore best suited for small AC-module converters, or other low power
designs.

For medium power applications, converters with bidirectional core excitation are
preferred, because they utilize the magnetic components better. The push-pull, half-bridge
and full-bridge converters are examples of the latter. In [7] three different topologies with
bidirectional transformer excitation has been considered, with “max efficiency” as
optimization criteria. These topologies are usually used for applications at 750W or more,
and the three topologies are:

* Full bridge isolated boost DC-DC converter (FB)
e Single-inductor boost push-pull converter (SIC)

e Dual-inductor boost push-pull converter (DIC)
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Figure 2.7: The full bridge isolated boost (FB), the single-inductor boost push-pull (SIC) and the
dual-inductor boost push-pull (DIC) DC-DC converter [7].

The results of the comparison is shown in the tables presented below.

Table 2.5 - Comparison of DC-DC converters ([7])

Parameter Full-Bridge SIC DIC
Number of switches 4 2 2
Number of Boost Inductor 1 1 2
Transformer 1 primary coil 2 primary coils 1 primary coil
Switch peak voltage Voc/n 2*Vpc/n Voc/n
Switch rms current
Boost inductor current Irc IFc Irc/2
Inductor current ripple 2fs 2fs fs
frequency
Trafo peak volt- ampere (Voc/n)*Irc (Voc/n)*Irc (Voc/n)*Irc/2
Duty-cycle 0.69 0.69 0.38
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Table 2.6 - Loss comparison dc-dc converters ([7])
(Full bridge is reference, with loss in pu)

Loss types Full-Bridge SIC DIC
Psw, switch 1 ~1 ~0.5
Pc, switch 1 ~0.5 ~0.61
Pcorrer, transf 1 ~1 ~0.5
Pcore, transf 1 ~1 ~1
Pcopper, inductor 1 ~1 ~0.64
Pcorg, inductor 1 ~1 ~2.65

The comparison concludes that the full bridge isolated boost DC-DC converter is
advantageous as it uses the same power stage as the grid inverter (proven technology), and
it is more suitable for applications with higher input voltages. Whereas the push-pull DC-DC
converters are more suitable for applications with low input voltage, and the topology with
dual-inductor yields in slightly higher efficiency as single-inductor topology.

The full bridge isolated boost DC-DC converter is also called a current fed full bridge
converter. In [26] it is compared to the voltage fed full bridge converter, which is based on
the same converter but with different input circuitry. The current fed converter has a
inductor at the input and therefore has a boost characteristic, whereas the voltage fed has
no inductor and therefore has a buck characteristic. In this thesis they are compared with
each other with respect to their suitability for use with fuel cells, but the results are
interesting also for photo-voltaic systems. It is here concluded that the current fed
converter has a 1-2% higher efficiency compared the voltage fed converter, which is due to
lower semiconductor losses. In the voltage fed converter it is also shown that the
transformer leakage inductance has a great influence on the dimensioning of the converter,
and that it limits the maximum output to input voltage ratio or the operating frequency of
the converter. This is not a problem in the current fed, but it will need a clamping circuit for
the energy stored in the transformer leakage inductance.

2.4.3 DC-AC inverter

The DC-AC converter is the most fundamental part of the PV converter, and can be made
as one- or three-phase. A single phase converter is the most common solution for small
residential converters up to approximately 5-6 kW, but the use of a three-phase converter
has some advantages. First of all the power will be distributed equally in all three phases,
and unlike single-phase inverters, the three-phase inverter will under balanced load
conditions have a constant instantaneous load power (see figure 2.8). The latter will
remove the need for capacitive storage elements under the balanced load conditions, but
control techniques that deal with unbalanced three-phase condition can be needed.
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Power

Figure 2.8: The instantaneous power in the three phases, and the sum of these powers as the
solid line

The inverters used for grid interfacing of the PV panels are usually voltage source inverters
(VSI’s), but current source inverters (CSl) are also used. Since the PV modules are current
sources, a capacitor has to be added in parallel when using a VSI, in this way the inverter
sees a voltage source.

This thesis is based on a three-phase converter, and the most commonly used topology is
the full bridge VSI (two level), but it is also possible to use more advanced multilevel
inverters (three levels or more). Some of the most common is described in [9], like the
diode clamped multilevel inverter, the flying capacitor structure, and series H-bridge
multilevel inverter. It is also possible to use a line commutated inverter, but it gives poor
power factor and power quality, and is seldom used.

By using a full bridge VSI as shown in figure 2.9, a near sinusoidal current can be produced
and harmonic distortion can be lower than by using a line commutated inverter. The level
of harmonic distortion is depending on the switching frequency, and the modulation
technique used (see chapter 3.3.2).
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Figure 2.9: Full bridge VSI

By using a multilevel inverter, advantages such as improved power quality and
electromagnetic compatibility (EMC), lower switching losses, and higher voltage capability
can be achieved. The main disadvantages of this technique is that a larger number of
switching semiconductors are required for lower-voltage systems and the small voltage
steps must be supplied on the DC side either by a capacitor bank or multiple PV modules
configured to create voltage steps. Multilevel inverters are most often used in larger PV
systems, and it is an area of much research.

2.5 Grid filter topologies

Injection of power from the PV system to the grid is typically done through a VSI. Harmonics
in the output voltage of the inverter is usually attenuated by connecting a filter between
the VSI and the grid in order to cope with the power quality requirements of the utility.
Improvements in the reactive power export to the grid is also constrained by the filter
parameter. The most common filters used for this purpose are reviewed in this chapter

2.5.1 L-filter

The degree of which the harmonic content is attenuated depends on the filter used. A first
order filter consisting of one inductor in series with the mains is the most commonly used
filter. This is because the filter is easy to make, and it has no resonance problems as higher
order filters may have. The major drawback of this filter is the size of the inductor needed
to achieve a reasonable attenuation of the current harmonics. So with an attenuation of
20dB per decade over the whole frequency range, this filter is most efficient when used
with high frequency PWM converters.

2.5.2 LC and LCL-filter

Higher order filters consisting of combinations of inductors and capacitors, can give a better
attenuation of the harmonics, but they also make the design more complex. The most
common higher order filters are the second order LC filter and the third order LCL filter. In
grid connected systems the LC filter is seldom used, since the resonance frequency of the
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filter will vary with the inductance value of the grid. Instead by using a correctly designed
LCL filter this problem is reduced, because the resonance frequency is mostly depending on
the filter components. The LCL filter will also give a better attenuation than a LC filter given
the same size.

The dynamic control of the inverter is more difficult when using a LCL filter compared to
using a simple L filter. With the LCL filter two more poles and two more zeroes are
introduced compared two the simple L filter. So care must therefore be taken when
designing the controller, and the additional poles and zeroes can make the system unstable
if not proper damping is introduced.

Damping

Damping of the LCL filter resonance can be either active using the converter, or passive
using elements like resistors, capacitors and inductors. Several different methods for
passive damping has been proposed ([10]), from a simple resistor in series with the
capacitor, to more complex circuits including resistors, capacitors and inductors in series or
parallel with the condensator. When a resistor is introduced in the circuit, there will be
some increase in the losses, how much depends on the configuration. One should also be
aware that some of the configurations might introduce resonance frequency shifts, and
lower attenuation at higher frequencies compared to the undamped LCL filter.

Several different approaches to active damping has been proposed in the literature. These
methods often require the measurement of the capacitor voltage and/or currents, but
other methods using estimated values have also been used. The use of active damping
removes the losses associated with passive damping, but it increases the complexity of the
control and might introduce other problems if not correctly designed.

In the figure below a LCL filter with a simple passive damping resistor in series with the filter
capacitor is shown.

Figure 2.10: LCL filter model with damping and inductor resistance
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2.6 Temporary storage

In some applications temporary storage of the produced energy might be needed for
several reasons. If the system is connected to a weak grid, some extra capacity might be
useful to stabilize the grid during short periods of high power consumption, and to increase
the short circuit capabilities of the grid. The temporary storage might also be used as a UPS,
where a part of the load will be supplied by the PV system if the grid is disconnected. There
is also the case where the PV system is working as a standalone system, but this is not of
interest here. There are several different technologies for storing the produced energy, but
for grid connected systems some sort of battery storage is the most common.

Chapter 2 Overview of Photo Voltaic Systems and Converters



Fundamentals of Grid Connected Photo-Voltaic Power Electronic Converter Design 22

3 CONTROL OF PHOTO-VOLTAIC CONVERTERS

Almost all of the converters found in the previous chapter are active converters with
controllable switches. These can be controlled in various ways in order to achieve a desired
effect. In this chapter some control methods which are of interest in PV systems are
presented. An introduction to the implementation of a control system in a DSP is also given.
In order to optimize the control systems, some methods for the optimization of the various
controls is also given.

3.1 Maximum power utilization of photo voltaic power sources

To utilize the maximum power produced by the solar cell at all times, the regulation system
has to be equipped with a maximum power point tracker (MPPT). This is a device which
tracks the voltage at where the maximum power is utilized at all times. It is usually
implemented in the DC-DC converter, but in systems without a DC-DC converter the MPPT
is included in the DC-AC inverter control. Several methods have been developed for this
purpose, and the most well known are presented here, with their major advantages and
drawbacks (from [7,11]).

3.1.1 Constant voltage (CV)

This algorithm is based on the fact that the MPP voltage changes only slightly with varying
irradiance. The MPP voltage is expressed as the ratio between V,./V,., Where V,,, is the
voltage at the point of MPP, and V. is the open circuit voltage. This ratio is depending on
the solar cell parameters, but a commonly used value is 76%. By momentarily setting the
current to zero, this algorithm is allowed to measure the open circuit voltage V.., and then
calculate V,,,. The drawbacks of this algorithm is the loss off energy when the load is
disconnected, and the MPP is not always located at 76%.

3.1.2 Perturb and observe (P&0O)

This is the most commonly used algorithm for MPP tracking, and is based on perturbing the
voltage and observing the dP/dt. The direction of the derivative shows if the voltage is to
high or to low, and the voltage can thus be decreased or increased until the MPP is reached,
and thus the derivative is zero. Because this algorithm is based on perturbation, there will
always be some oscillations even when the MPP is reached. In figure 3.1 a flow chart from
[7] describing the P&O algorithm is presented.
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Figure 3.1: Flow chart of the P&O algorithm [7]

3.1.3 Incremental conductance (INC)

In the incremental conductance algorithm the drawbacks of the P&O algorithm with
oscillations around MPP is removed. This is done by using the PV array’s incremental

conductance to compute the sign of dP/dt without perturbations. In [7] it is shown that
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Based on these equations the algorithm can determine if the MPP is reached, and stop
perturbing the operating point. One disadvantage of this technique is the increased
complexity compared to the P&O algorithm, and In figure 3.2 a flow chart from [7]
describing the INC algorithm is presented.
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Figure 3.2: Flow chart of the INC algorithm [7]

3.1.4 Parasitic Capacitance (PC)

In every solar cell there is a parasitic capacitance, and this capacitance is used to determine
the MPP. The parasitic capacitance technique uses the switching ripple to perturb the array.
To account for the parasitic capacitance, the average ripple in the array power and voltage,
generated by the switching frequency is measured and then used to calculate the array
conductance. Then the incremental conductance algorithm is used to determine in which
direction the operating point of the MPPT has to be moved. It can be seen that this is a
refinement of the INC technique, and is thus at least as complex. A disadvantage of this
method is the size of the parasitic capacitance is very small in each module, and thus it only
comes into play in larger systems with several modules in parallel. There is also a problem
when there are large input capacitors on the DC-DC converter, as these might overshadow
the effect of the parasitic capacitance.

3.1.5 Efficiency of the MPPT techniques

Even though incremental conductance and parasitic capacitance is more complex than the
other to methods, all the methods presented here are designed to be implemented in low
cost systems with low computational capacity. Results presented in [11] indicates the
efficiency of the three first methods, these are reproduced in table 3.1:
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Table 3.1 - Efficiency of the MPPT methods [11]

cv P&O INC
Array 88.1% 96.5% 98.2%
Simulator 92.7% 97.2% 98.5%

These results indicate that CV has a low efficiency, and the difference in efficiency between
P&O and INC is small, but both have high efficiency. How the parasitic capacitance
compares to these methods is unknown, but since it is a refinement of the INC method, one
can assume an efficiency of the INC or even slightly better.

3.2 DC-DC Converter Control

The DC-DC converter is controlling the DC-link voltage, and in most cases trying to keep it
at a constant voltage, but in the case when the DC-DC converter is used for MPPT, it’s main
purpose will be to operate the PV system at it’s MPP. Therefore the feedback to this system
is the PV panel power, not the DC-link voltage. So in the case where the DC-DC converter is
controlled by an MPPT, the current drawn by the DC-AC converter will decide the DC-link
voltage.

In the MPPT algorithms it is usually assumed that the duty cycle is the controlled variable,
but it is also possible to have the peak switch current as the controlled variable. In the
literature (described briefly in [12], and more in depth in [30]), these controls are described
with feedback of the DC-link voltage, which is not the case when using an MPPT. Then the
power is feed back to the MPPT, and the control of the DC-link voltage becomes an open
loop control. The principal of these to techniques when using an MPPT as the controller is
shown in the two figures below

VPv<JC>
—>
ool £)
—» Converter
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PV G E—— MPPT

Figure 3.3: Direct duty-cycle control strategy for DC-DC converter
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Figure 3.4: Peak switch current control strategy for DC-DC converter

By using the peak switch current control strategy there can be seen some advantages
compared to the direct duty-cycle control, like better protection of the switches by limiting
the current to acceptable levels and transformer saturation problems due to DC-bias tend
to disappear. The drawbacks of this strategy is the need for an extra current sensor, and the
control system must be able to accurately switch at the instant the current reaches the
threshold current. It also has a susceptibility to noise, and therefore some filtering of the
feedback is required which will introduce a delay.

3.3 DC-AC Converter control

In order to control the DC-AC converter inverter there are to major control strategies,
current control (CC) and voltage control (VC). Where current control is the most common
way to control grid connected VSI’s. A current controller has the advantage of being less
susceptible to voltage phase shifts and to distortion in the grid voltage, thus it reduces the
harmonic currents to a minimum. Whereas voltage control can result in overloading of the
inverter due to small phase errors, and large harmonic currents may occur if the grid
voltage is distorted. If operated in standalone mode, voltage control would be a natural
choice, but when operated in grid connected mode, current control is the most robust
control. Therefore only current controlled VSI’s (CC-VSI) will be considered here.

Some of the control schemes presented in this chapter will involve the use of
transformations between the 3-phase system and different two-phase systems, therefore
the concept of transformation is described first.

Common to all the control strategies described in this chapter is a clearly separated current
error compensation and voltage modulation part (PWM modulation). This concept allows
one to exploit the advantages of open-loop modulators separate from the current error
compensation loop, and therefore this is described next.

In the last chapters three different current control methods are described. The first two are
described in [7,12,13,14,], where the first is a Pl controller using a rotating reference frame,
the second is a proportional resonant (PR) controller using a stationary reference frame.
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The third method is described in [15], which is a state feedback controller working in a
rotating reference frame. Other control strategies like hysteresis and dead-beat control has
also been reported ([15,16]), but these methods will not be discussed further in this thesis.

3.3.1 Transformations

In order to avoid controlling three current/voltages separately, transformations from a
three-phase system to different two-phase systems have been made. These are based on
the fact that in a balanced three-phase system there are only two independent current/
voltages, thus the third current/voltage can be expressed by the other two. These systems
are often referred to as reference frames, where the frame is the axis system of the
transformed system.

Stationary reference frame (Clarke transform)

When a three-phase system is transformed into a two-phase system, this is often called a
abc to o (or a0 when the zero vector is used) transform, or a transform into the
stationary reference frame. Both the three-phase and the two-phase system is said to be
stationary, because the axes is locked in one position, but the term stationary reference
frame usually refers to a two-phase stationary reference frame.

The transformation is made by applying the Clarke transformation in eq (3.2), where the
three-phase quantities must be phase values, i.e not line values. By inverting the coefficient
matrix, the three-phase quantities can be found as a function of the two-phase quantities.
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The transformation can be thought of as a change of coordinate system, from a three axis
(phase) system to a two axis (phase) system as shown in figure 3.5. It can be seen from the
abc system that only two phases is needed to express the vector X, and thus it can be
expressed in the af system as the vector X,, without any loss of information. In the figure
o is the angular speed of the vector, and 6 is the instantaneous angle of the vector. If X is
the grid voltage, then o represents the grid frequency, and 0 represents the instantaneous
phase angle.
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Figure 3.5: Abc to O3 transformation

Usually the three-phase quantities are assumed symmetrical, and thus the zero-sequence
component can be ignored. When there is no zero-sequence component the instantaneous
active and reactive power is given by eq (3.3) and (3.4). The factor 3/2 is introduced in order
to have the power from all three phases.

Pop = E(Vaia +Vﬂiﬂ)
2 (3.3)

Qs = §(Vﬂ"a - Vaiﬁ)
2 (3.4)

Synchronous reference frame (Park transform)

In this system the axis system is no longer locked, and rotates following an arbitrary vector,
hence the term “synchronous reference frame”. It is sometimes also termed the dq system
(or dqO if zero-vector is used).

This transformation is widely used in motor drives, where the axis system follows for
instance the rotor position or rotor flux. In grid connected inverters it is most common to
lock the axis system to a voltage or current (usually the grid voltage). In figure 3.6 the d-axis
is locked to the vector X,,, and therefore X,=X,, and X,=0. The axis system will then rotate
with an angular speed of ®, and have an instantaneous angle of 0 (referred to the
stationary system).
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Figure 3.6: OLB to dq transformation

The transformation is made using the Park transformation shown in eq (3.5), where the
stationary quantities can be found as a function of the synchronous quantities by inverting
the coefficient matrix.

X, cos(6) sin(@) O [X,
X, |=|-sin(@) cos(8) 0| X,
X, 0 0o 1||X, (3.5)

0 - Instantaneous phase angle

If the dg-axis system is locked to the grid voltage, the axes will rotate with the frequency
2nf,, and the dq values will become DC-values stationary. If it is still assumed that the three-
phase quantities are symmetrical, then the zero-sequence component is still zero, and the
active and reactive power is given by eq (3.6) and (3.7)

P :g(vdid + vqiq)
2 (3.6)

G :E(v iy =V, )

24" (3.7)
These equations assume that both the voltage and the current is transformed into the dqg-
system using the same reference frame. When the reference frame is oriented at the
voltage vector, then the d-axis current will represent current in phase with the voltage, and
thus it represents the active power in the circuit. The g-axis current will then represent
current which is out of phase with the voltage, and thus it represents the reactive power in
the circuit.
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It should be noted that other versions of the Park transform exists, and in these the
orientation of the dg-axis on the X_, vector might differ. This can for instance lead to having
the active power controlled by the g-axis, but only the transform given by eq (3.5) will be
used throughout this text.

3.3.2 Pulse Width Modulation (PWM)

The PWM modulators are open-loop voltage controllers, and the most common methods
for PWM modulation is carrier based PWM (CB-PWM), space vector modulation (SVM) and
random PWM. The fundamental difference between these methods are described in [31],
and a summary of the operation in the linear modulation range is presented.

Carrier Based (CB-PWM)

CB-PWM is the basic and most common way to modulate the switching signals. This
method can be divided into to methods, sinusoidal PWM and CB-PWM with zero sequence
signal (ZSS). With sinusoidal PWM, three reference sinusoidal signals are compared to a
triangular wave generating logical signals controlling the switches. Whereas the ZSS
method is based on the sinusoidal PWM, with the addition of a zero sequence signal of third
harmonic frequency. The injection of the third harmonic is not producing phase voltage
distortion or affecting load average currents. It does however extend the linear region of
operation, reduce the average switching frequency and reduce the current harmonics.

The ZSS method can be further divided into continuous and discontinuous modulation
(DPWM), where the most well known method of continuous modulation is the method with
sinusoidal ZSS, but also triangular ZSS is used. A ZSS amplitude of 1/4 of the fundamental
corresponds to the minimum of output current harmonics, and with 1/6 it corresponds to
the maximum linear range. Discontinuous modulation is formed by unmodulated 60°
segments (converter power switches do not switch) phase shifted from 0 to ©t/3, and can
reduce the average switching frequency and switching losses, but has higher harmonic
content at lower modulation ratios. The maximum output voltage in the linear region for
the sine PWM and the PWM with ZSS is

3

VLL,sine :mVDC = 0-612'VDC
1
VLL S8 =_VDC = 0-707'VDC
2
(3.8)

The principle of the generation of switch signals is shown in figure 3.7, where a triangular
carrier signal is compared to sinusoidal signals representing the phase voltages. If the
sinusoidal is larger than the carrier wave, then switch turns on, and if less it turns off.
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Figure 3.7: Generation of Carrier Based PWM signals [31]

Space Vector Modulation (SVM)

SVM is a method based on space vector representation of the converter AC-side voltages,
and it is shown in [31] that the difference between SVM an CB-PWM is only the treatment
of the three-phase quantities. CB-PWM operates in terms of three-phase natural
components, whereas SVM uses an artificial vector transformation. With a three-phase two
level inverter there are eight possible switching states, made up of six active and two zero
switching states. There are several different methods for creating the switching pattern,
the only difference between them is the placement of the zero vectors. The different
switching states is shown in the figure below.

19 |

U.(001) U (101)

Figure 3.8: Space vector representation of output voltage. [31]

The most popular method is the three-phase SVM with symmetrical placement of zero
vectors (SVPWM). This method corresponds to CB-PWM with triangular ZSS of 1/4
amplitude, and has almost equal harmonic content as CB-PWM with sinusoidal ZSS. It is
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easy to implement in a microprocessor, and is therefore the natural choice of SVM. Two
other techniques for SVM is vector modulation with V,=0 (voltage between converter
neutral and grid neutral=0, equal to sine PWM), and vector modulation with third harmonic
(equal to CB-PWM with sinusoidal ZCC), but these are easier to achieve with CB-PWM. Two-
phase SVM is another method which is equivalent with the discontinuous CB-PWM with
ZSS(DPWM). This method will have only one zero state per sampling time, and therefore a
simple calculation, but is best used at high modulation ratios. The maximum line voltage
with the SVPWM and also the two-phase PWM is

1
VLL?SVPWM = ﬁVDC =0.707- VDC

(3.9)

There is also a variant of SVM called adaptive SVM (ASVM), which combines different SVM
techniques into one universal solution. This method gives full control range including
overmodulation and six-step operation (square wave operation) and higher efficiency of
the inverter, but the inverter will only mostly operate in the upper linear area of
modulation, therefore this method is not of interest.

The generation of the switch signals is for the SVM based on a mathematical approach,
which can easily be implemented into a microprocessor. For details on this the reader is
referred to [31] where this is described in detail.

Random PWM

Random PWM is based on randomly varying the switching period, and thus creating
harmonics more evenly distributed throughout the frequency spectrum. This has
advantages as reducing the acoustic noise, and compliance with standards defining limits
for emission of conducted and radiated EMI may be obtainable with less filtering and
shielding efforts. The implementation of random modulation is strongly dependent on the
hardware used for the PWM, and the distribution of harmonics is not well defined as it is
for fixed carrier period PWM.

3.3.3 PI Controllers

Pl controllers can be applied both in the stationary () or synchronous (dq) reference
frame, but by applying them to the dq system there will be DC currents stationary, and the
Pl compensators are able to reduce the stationary error of the fundamental to zero. This is
not the case with Pl controllers working in the of3 system, where there is an inherent
tracking error of phase and amplitude. Therefore current control in a synchronous
(rotating) reference frame, using Pl controllers is the typical solution in 3-phase grid
connected inverters.

An advantage of current control in the dq system is individual control of active and reactive
power by orienting the dg frame on the grid voltage (see chapter 3.3.1). Where the active
power is controlled by the d-axis current and the reactive power is controlled by the g-axis
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current. Some well known drawbacks of this method is the need for many transformations,
decoupling in three-phase converters, and limitations in compensating the low harmonics
in order to comply with power quality standards. In its general form the PI controller is
defined as

j (3.10)

If harmonic compensation (see 3.4) is desired, it is possible to add harmonic compensators
with the same method as described above, but now using reference frames rotating at the
desired harmonic frequency.

3.3.4 PR controllers

The proportional resonant (PR) controller is a new type of controller described in
[7,12,13,14]. In this approach the PI DC-compensator is transformed into an equivalent AC-
compensator (using the transforms described in 3.3.1), thus giving the same frequency
response characteristics in the bandwidth of concern. By using this method the complexity
of the calculations will be reduced, and the cross couplings are removed. The PR controller
is defined as

S
12

H.(s) =K, +K
=K (3.11)

In combination with the PR controller it is often added a harmonic compensator (HC). The
harmonic compensator consists of a sum of generalized integrators (Gl), which are tuned
to have almost infinite gain at different frequencies, called resonant frequencies. Outside
these frequencies the GlI’s have almost no attenuation. This is an interesting feature of the
Gl, because it does not affect the dynamics of the PR controller outside the tuned
frequency. Thus one can add as many Gl as needed without affecting the overall system
dynamics. The harmonic compensator is defined as

S
H,(s) = Kn—

vom. & +(a-hY (3.12)

This combination of PR controllers and harmonic compensators, can be tuned to react to
the fundamental frequency for a good regulation, and tuned to harmonic frequencies in
order to compensate them (see 3.4).

3.3.5 State feedback controller

In the methods described above where the control processes have a mathematical
description in the form of transfer functions, it is not possible to observe and control all of
the internal phenomena involved in the control process. Therefore the state space method
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is gaining more and more attention, because this method provides a uniform and powerful
representation in the time domain of multivariable systems of arbitrary order with linear,
nonlinear, or time varying coefficients. There exist different ways to write the state space
equations, but one way described in [32] is

(3.13)

x(t): State vector
u

(t

y(t): Output vector

):
): Input vector

A: State coupling matrix

B: Input coupling matrix

C: Output coupling matrix

D: Input to output coupling matrix

With this system description also the initial conditions are easy to implement, and the state
feedback controller can work in both stationary and synchronous reference frame. When
using this method the poles of the closed loop system can be placed in predetermined
locations in the s-plane (or z-plane when discretized), and thus controlling the
characteristics of the response of the system.

Also with this method harmonic compensation (see 3.4) can be achieved, by including a
model of the system at the desired harmonic frequency.

3.4 Harmonic compensation

Nonlinear loads have become a large part of the load profile of the grid nowadays. These
loads draw currents with a harmonic spectrum where the harmonic above the fundamental
becomes distinctive. When these currents go through the impedances of the grid, they
create voltage harmonic drops which deteriorate the grid voltage. This deterioration of the
grid voltage will affect all the grid connected equipment, and if the harmonics are
sufficiently large, it can lead to damage or deterioration of this equipment. It can therefore
be understood that this situation is undesirable, and some sort of compensation is needed
in order to keep the harmonics at a low level.

The classical solution to this problem is installing passive filters, but these filters have some
drawbacks. The source impedance will strongly affect the compensation characteristics,
and they are susceptible to undesirable series and parallel resonance with source and load.
In order to alleviate these problems active filters have become more and more interesting,
because they are flexible and have the ability to adapt to varying situations. An active filter
can be a VS| programmed to deliver currents at the desired harmonic frequencies
(harmonic compensation), and thus reduce the harmonic voltage drops. Which means that
any grid connected VSI can be used as an active filter.
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In order to compensate for any harmonic drawn by the load, the harmonic currents needs
to be isolated and their phase and amplitude must be known. This can for instance be
achieved using filtering or some FFT algorithm. Once the harmonic current is known, it can
be compensated using for example one of the methods described about current control in
chapter 3.3.

3.5 Grid synchronisation

The inverter delivers current to the grid, and the synchronization of the current with the
grid voltage is important to:

e deliver power at a power factor within the limits in the standards, or within limits given
by the utility if there is need for reactive power compensation.

¢ reduce the harmonic current content, by applying a “clean” reference current.
¢ minimize the grid connection transients.

In [7,18] several methods for grid synchronization are presented. These are summarized
here, discussing their major advantages and disadvantages.

3.5.1 Filtered Zero Cross Detection (ZCD)

With this method the zero-crossing of the voltage is registered, and the phase angle is
calculated. The method is easy to implement and uses little computational capacity, but the
technique has several drawbacks. Since the technique is based on zero-crossing detection,
the phase angle is only updated two times per period of the grid voltage frequency, and
therefore the dynamic performance of this technique is low. Also filtering has to be applied
in order to detect the zero-crossing of the fundamental frequency, and therefore a delay is
introduced. This can be avoided using special high order predictive filter without delay, but
then the complexity becomes very high.

3.5.2 Filtering of grid voltages

By filtering the grid voltage in different reference frames, such as the two-phase stationary
or the synchronous frame, the phase angle can be extracted directly using the arctangent
function. The filtering is done in either the stationary frame, or in the synchronous where
there are DC-components. The arctangent function is always applied to the stationary
frame, thus giving the instantaneous phase angle. Therefore when the filtering is done in
the synchronous frame, the signal must be transformed back into the stationary frame
before applying the arctangent function.

In [18] it is reported improved performance over the zero-crossing method, but the
technique encounters some difficulties in extracting the phase angle when grid variations
and or faults occur in the network. Another drawback of this method is the use of filtering,
since most filter types introduces a delay, the calculated phase angle will lag the real phase
angle.
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3.5.3 Phase Lock Loop (PLL)

A phase lock loop (PLL) produces an output signal which synchronizes in phase and
frequency with the input signal, using a negative feedback loop. The PLL controls the
internal signal such that, the error in phase between input and output is kept to a minimum,
and the frequency is equal at input and output. A basic PLL circuit often consists of three
components, a phase detector, a loop filter and a voltage controlled oscillator. This basic
circuit is shown in figure 3.9.

Signal
Reference phase locked
signal Voltoge to reference
— Phase L‘OOD Controlled >
Detector Filter )
Oscillator

Figure 3.9: A basic PLL circuit

The phase detector is implemented by transforming the voltages into the dq system. By
using the phase locked angle in the dq transformation, the phase difference between the
reference signal and the phase locked signal can be extracted by applying the arctangent
function. This gives the exact phase difference, but the phase difference can also indirectly
be found by recognizing that the phase difference is zero when V, equals zero. In three-
phase systems the transformation is easy to implement, but in single phase systems there
is only one voltage, so the orthogonal component of the voltage has to be found artificially.

The loop filter can be some sort of regulator, which brings the phase error to zero. This is
usually a Pl regulator, but also higher order regulators can be used. A higher order system
increases the dynamics of the system and enhances the filtering capabilities, but it also
increases the complexity. When choosing the controller order, one must weigh what is
most important of the latter. When using a Pl controller, this gives a second order system,
and then the PLL bandwidth and damping factor can be set using linear system theory.

After the loop filter, which output is the frequency, a voltage controlled oscillator is applied.
This is usually a simple integrator, which gives the phase locked angle as output. With the
PLL no delays are introduced, so the phase locked angle will be in phase with the grid angle.

A schematic model based on one presented in [7] is shown in figure 3.10, and shows the
basic principle of a phase lock loop with its transformations of the three-phase voltages. In
this loop the arctan2 function is applied as the phase detector, giving the exact phase
difference.
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Figure 3.10: Schematic of a phase lock loop (PLL) with transformations

This algorithm has better rejection of grid harmonics, notches and any other kind of
disturbances then the previous methods, but during grid unbalancing further
improvements has to be done. In the case of a unsymmetrical voltage fault, the second
harmonics produced by the negative sequence will propagate through the PLL and become
reflected at the output. This means that in order to alleviate this problem, the zero-
sequence signal has to be filtered out, thus the PLL is only estimating the phase angle of the
positive sequence signal.

3.5.4 Adaptive PLL

In [18] a more advanced PLL structure is described, based on a adaptive algorithm. In this
method three PLL systems is used, one for each phase. Where there are three control units
that individually control the frequency, phase angle and voltage magnitude of the grid
voltage. This gives precise information about each phase, and therefore this method is
suitable for grid monitoring, and thus islanding detection (see chapter 3.6) and safety
improvements. The disadvantage of this structure can be the large algorithm needed to
implement the controllers (3x3 controllers in this case, but it can be less in other
structures), and a moving average filter that is involved in the controllers which is
computationally heavy but very precise.

3.6 Antilslanding

Islanding can be defined as the continued operation of a distributed generation unit while
the mains are tripped due to fault conditions or for maintenance purposes (from[19]).
Unintentional islanding of the PV system is not desirable because it can damage equipment
which remains connected to the inverter, and it can lead to dangerous situations since the
grid may be assumed deenergized. It is also a problem if the supply system is reconnected,
because then the PV system is likely to be out of phase, and large currents can be injected
into the PV system.

A non islanding inverter is defined as an inverter that ceases to operate within a certain
time after an islanding situation has occurred. In order to detect the islanding situation,
different algorithms can be implemented in the inverter control. In [20] these algorithms
are divided into two major groups: remotely controlled (communication based) and locally
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built-in detection schemes. This survey is dealing with the inverter as a locally controlled
device, so the communication based detection schemes are of no interest here. The local
detection schemes can be further divided into two groups, active and passive.

3.6.1 Passive

The passive methods are based on local measurements, and the most common methods
are

¢ Frequency limitations
- Magnitude change
- Rate of change
- Phase shift

Voltage limitations

e Power
- Change of active power
- Change of reactive power
- Power factor (P/Q) and (df/dP) indices

e Harmonic content changes

These methods are usually easy to implement and they work without affecting the overall
system, unless the limits are to strict and the inverter trips without being in islanded mode.
One of the main limitations with these methods is that each of the methods have operating
regions where they are not able to detect an islanding situation within the given time limits.
This region is called the non-detection zone (NDZ). The impact of these zones are usually
neglicible, but they can in some cases (particularly during balanced load conditions, when
the load matches the power produced by the inverter) become a problem. Often
combinations of these methods are used in order to reduce the NDZ.

3.6.2 Active

In these method disturbances is injected into the supply system in order to locally detect
islanding conditions based on system responses. The most common methods are based on
one of the following principles.

e Impedance measurement
¢ Voltage variation

e Frequency variation

e Qutput power variation

One of the advantages of these methods is increased ability to detect islanding even during
balanced load conditions, and thus decrease or even remove the NDZ. One of the main
problems with the active methods, is the interference of the disturbances introduced by
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multiple distributed resources connected to the same grid, and other side effects can also
be found depending on the method. Not much experience has been gained with these
methods yet, but this is an area of growing research activity.

3.7 Digital Signal Processing

In todays control of converters and drives it is mostly digital controllers which are used. The
use of digital controllers is convenient when implementing new control systems, since the
control can be programmed and uploaded into a digital controller. Thus it is easy to make
changes to the control, and problems with non ideal analog components is removed. On
the other hand when using a digital control system then everything is in the discrete
domain, which means one must change the system models and the way of thinking into the
discrete domain. The focus in this chapter is on the implementation of the control system
into a DSP.

3.7.1 DSP program

The control program of a DSP is often written in the high level language like C or C++, and
sometimes pieces of assembly code might be used for special purposes. In order to have
the code readable it is important to organize the code in a logical manner. In C++ the
program code can be organized in a structure where each specific function is given its own
class, and on a higher level it can be organized in separate files. In this way the code is easier
toread and it becomes easier to change the code at a later time. This can also make it easier
to test different algorithms, since it is then possible to change one function without making
changes to the rest of the code.

Interrupts

In a continuous system the calculations are continuous, but in the DSP the calculations are
executed at fixed (discrete) intervals. These intervals are called interrupts, and each
interrupt is started when a defined event occurs. The interrupts may be executed at the
same frequency, but they can be phase shifted, or they can run at different frequencies. In
the DSP there are a set of predefined triggers for the interrupt, and each interrupt has a
priority based on the event that triggered it. The priority means that if two interrupts are
pending, then the one with the highest priority will be executed first.

All the algorithms needed to run the converter is executed in the interrupts. Which
algorithms that are executed in the different interrupts, depend on how fast they must
executed, and if some of the algorithms need to be phase shifted to one and another. An
example is the controllers which will usually be driven at the switching frequency in order
to have the fastest possible response, while the ADC (Analog to Digital Converter) can be
executed at the same frequency, but 180 degrees phase shifted in order to have the
measurements ready before the calculations start. In this way the calculations will have
fresh measurements, but will not be delayed by the measuring.
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Superior Control

In order to make everything run when it should run, and make sure things are not executed
if they are not intended to, some superior control is needed. This superior control can
involve a state machine which will have a set of defined states the system can be in. The
state machine will handle the transaction between the different states, and make sure no
illegal state transactions occur. In each state the superior control has defined which
algorithms that are allowed to run, and there is also some logic which tells when it is
allowed to or must leave that state.

An example of a superior control with a state machine is shown in figure 3.11, this shows in
principle how the superior control works. The triangles in the figure represent the state
machine, and the squares represent the events which will occur in each state. The different
states can briefly be described as follows.

DSPERROR - This is the state the system is operated in once a serious system error occurs.
The system will here be disabled, and must be manually restarted.

DSPRESET - The system is transferred here when the user or the system needs to reset the
system for some reason. In this state the system is disabled, and once the system is
disabled it is automatically transferred to the next state.

VALUESINIT - In this state the initial values for the measurements is sat, and offset values
for the ADC is found. When this is done the system is automatically transferred to the
next state

CONVINIT - In this state the converter hardware is initialized if needed. When this is done
the system is automatically transferred to the next state

CONVCTRLINIT - In this state the initial values for the control system is sat. When this is
done the system is automatically transferred to the next state

CONVREADY - When the superior control has reached this state everything should be
initialized properly, and the converter should be ready to start. The system will be in
this state until the user sets a start bit. In this state it is also made sure that none of
the system variables is changed from their initial values before the system is started.

CONVRUNNING - When the system reaches this state, the converter starts running. All
algorithms concerning the operation of the converter is executed in this state. The
system will be in this state until the user sets the stop bit, or until a system error
occurs and the system is sat in the error state.
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Figure 3.11: Flow chart of superior control with state machine
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3.7.2 Measurements and analog to digital conversion

In a DSP the measured values has to be sampled before they can be used in any calculations,
and this is done using a analog to digital converter (ADC). When using an ADC it is important
to adjust the offset of the measurements before the measurements begin. If this is not
done, one can risk having a shift in the measured value compared to the actual value, and
in a three phase measurement it can lead to the measured values having a phase
unbalance, even though the real values don’t.

According to the sampling theorem the sampled signal should not contain frequencies
above half the sampling frequency in order to avoid aliasing. In order to avoid this the most
common solution is to use an anti aliasing filter to remove higher frequencies before it is
sampled. This filter should then have a corner frequency of

,

o <=
°T 2

By using an analog filter to avoid anti aliasing, a phase delay is introduced in the

measurement, and the circuit is more complicated and expensive due to the extra filters.

Therefore it is desirable to avoid these filters if possible.

A method called synchronous sampling [17,22] is a much used method in digital drives in
the industry. With this method the ADC is synchronized at the top or bottom peak of the
triangular PWM carrier signal. In this way the ADC conversion is made at an instant when
the switching harmonic currents are negligible. This gives a measurement which is close to
its averaged value, and with negligible ripple. Thus the need for an anti aliasing filter is
reduced, and is therefore not needed for the measurements.

3.7.3 Discretization

In order to analyse the system in the discrete domain, the continuous models will have to
be transformed into discrete models. There are several methods available for this, some
based on numerical integration and some on numerical derivation. Two of the most basic
methods used are the Euler’s forward and backward numerical integration methods, which
are first order transformations, meaning that they utilize only one sample per sampling
interval in the calculations. These methods are quite accurate when the sampled signal has
a frequency which is much lower than the sampling frequency, but the accuracy decreases
as the sampling frequency approaches the frequency of the sampled signal.

Another method based on numerical integration called the trapezoidal method (also called
the bilinear transformation or Tustin’s method) is much used. This is a second order
transformation, which means it uses two samplings during each sampling interval.
Therefore this method is more accurate, and will not be as frequency dependent as the
Euler methods, and will therefore be the preferable method. The transformation from the
s-plane to the z-plane is achieved by inserting the relation in eq (3.14), into the continuous
time model.
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s (3.14)

When the system is transformed into the z-plane it is a small step left in order to implement
it in @ computer algorithm. It can be transformed into the discrete time domain by
introducing the z-operator as a time shift operator, where z means a positive time shift and
1/z means a negative time shift. The transfer function can then be used on discrete time
input and output values by using the relations shown in (3.15). The resulting expression will
be a difference equation, which can easily be implemented in a computer algorithm. It
should be noted that this is not the mathematically correct way, but it yields the correct
answer in an easy manner.

ZX[k] = x[k +1]
z7'x[k] = x[k —1] (3.15)

3.7.4 Discrete filtering

The measured values might be in need for some filtering in order to remove unwanted
frequency components from the measurements before they are processed in the DSP.
Therefore some kind of filtering might be necessary, and in order to avoid the drawbacks of
the analog filters, a digital filter implementation will be more appropriate.

There are lots of filtering techniques available, from simple first order to complex higher
order filters. If it is not necessary to have a very sharp cutoff, a simple first order filter will
usually do an appropriate job. Therefore only the implementation of this filter will be found
here. Based on the continuous model of a first order filter as shown in (3.17), the z-
transformation can be applied and a computer based algorithm can easily be found.

1

He (s)
4T, (3.16)
The bilinear transformation is found by substituting (3.14) into (3.16)
T+z"
He(2) = > -
T (Tg 2T ) +(Tg-2T )2 (3.17)

Next the time shift operator z is used as shown in (3.15), and a difference equation is found.

yIk] = a,x[k]+a,x[k — 1]+ b,y[k —1] (3.18)
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The difference equation in (3.18) can then easily be implemented in a computer algorithm,
and if the sampling frequency is high compared to the corner frequency, the filter constant
can be used from the continuous model.

3.7.5 Discrete Pl Regulator

Several places in the control algorithm there will be a need for Pl regulators. In (3.19) the
transfer function of a Pl regulator is shown.

' (3.19)

In order to use this in a computer algorithm it must be discretized. By using the same
procedure as with the discretization of the filter, the z-transformed model and a difference
equation can be found.

(KoTg +2KoT ) + (Ko Ts — 2K, T, )z’1

(2) = o 2Tz
i /

(3.20)

The difference equation of this is the same as found in (3.18), but with these coefficients

a, :%+KP
21,
KoTg
-K
2 27-I P
b, =1

3.8 P&O algorithm optimization

Since the efficiency of the INC and P&O algorithm is so close, and the P&O algorithm is
much easier to implement it will be analysed further. In order to have the efficiency of the
algorithm as high as possible, the algorithm would in an ideal case have an indefinitely small
duty cycle step, and be executed indefinitely often. This however is not possible because of
the characteristics of a real system. Their will be noise, time delays of different sorts and
changes in operating conditions which has to be considered. Therefore the minimum step
size and duty cycle which can be used without risking to “confuse” the algorithm should be
calculated.
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3.8.1 Minimum time step

A disadvantage of the P&O algorithm is a tracking error which might occur during rapid
changes of the solar irradiance. According to [24] the error occurs when the change in
irradiance during one sampling interval is larger and in the opposite direction of the power
change due to the duty cycle modulation. This will “confuse” the MPPT, and it will adjust
the duty cycle in the opposite direction. In order to reduce the risk of confusing the MPPT
during these changes, the sampling interval of the P&O algorithm should be sat as low as
possible without causing instability. In [23] it is stated that the system sampling interval
should be sat according to the converter’s dynamics, so that after each duty-cycle
perturbation the system is allowed to reach the steady state operation before the next
perturbation. If the sampling is sat lower than this, the MPPT might become “confused” by
the PV array + converter transient behaviour.

In order to find the time at which the system has reached steady state one has to look at
the system model. It is shown in [23] that the array power is proportional to the PV voltage
squared, as shown in (3.21). Therefore by finding a model for the control to PV-array
voltage, one can calculate the time before the transients caused by the control
perturbation has reached a certain value. When the system has reached this value, the
MPPT can safely run without being confused by the system dynamics.

Rivee (3.21)

Where R, is the steady state equivalent resistance of the PV load at the quiescent
operating point, where it is assumed that the operating point is in the vicinity of the MPP.
This relation is given in (3.22)

Vier

luee (3.22)

Ryer =

The sampling interval can now be found by defining a region around the steady state value

of p(t) which must be reached before a new sampling is allowed.

3.8.2 Minimum duty cycle step

When the sampling time of the algorithm is found, it is the duty cycle step size which will
appoint the speed of the MPPT. A larger step size gives a faster response, but more steady
state ripple and thus higher steady state loss. The minimum step size is constrained by the
maximum possible change in irradiance between each sampling. By using a to small step
size, the chance of confusing the MPPT during rapid changes in irradiance gets bigger. In
[24] a criteria for avoiding the confusion of the MPPT is found.

|AR,[ > [AR (3.23)
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The criteria in (3.23) states that the change in PV power due to the perturbation of the duty-
cycle must be larger than the change in PV power due to irradiation during one sample
period. In [24] eq (3.23) can be expanded and an equivalent expression is found (see [25]
for explanation of the right hand side).

1%,
20%

pv

(Hy - Ad)" > V,uK|AS|

1
MPP T 5
R
vPP MPP

Where H, is the DC gain of the system (4.2) and K is a material constant. For further detail
on this the reader is referred to [24] and [25].

(3.24)

3.9 PLL Pl controller Optimization

When choosing the controller parameters for the PLL, a closed loop design which gives fast
tracking and good filtering characteristics should be pursued. These two requirements
cannot be required simultaneously, because they are inconsistent. So a trade of between
these two parameters must be made.

In a PLL using a Pl regulator the closed loop control loop will be a second order transfer
function. According to [21] the Wiener method is the most widely used optimization
method, and for a second order loop the transfer function is according to this method given
as

V2w,5+ o,

Hoy (5) = —— 02T @
ruls) s* +\20,5+ w2

(3.25)

Where closed loop bandwidth can be found by the use of the stochastic information of the
signal and noise, and by the Wiener method it is given as

a)n2 =AwA ﬂ

0 (3.26)

Aw: Deviation of the frequency

P, : Input signal power

W, : Input noise spectral density

A Lagrangian multiplier which determines the relative proportions of the noise and transient error

Itis however concluded in [21] that it is very difficult to estimate the stochastic information
of the noise, and this relation does not provide the optimum result under the distorted
waveform. Therefore empirical trade-off will be used instead. As mentioned before both
good filtering and fast tracking response is desired, where a low bandwidth gives a good
filtering effect whereas a high bandwidth gives faster tracking response, so both cannot be
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fully achieved. Errors caused by phase unbalancing and harmonics can be reduced by using
a low bandwidth, but by choosing a to low bandwidth the dynamic performance of the PLL
can become to low.

If the compromise between filtering and dynamic response when using the PI controller is
not acceptable under distorted utility conditions, other methods such as higher order PLL
or other techniques should be considered.

3.10 Voltage and current controller optimization

Two controller optimization methods which are thorougly described in [35] will be used for
the voltage and current controllers of the inverter. Both these optimization methods are
based on modulus hugging, also called frequency response magnitude shaping. The
modulus hugging aims on bringing the modulus (absolute value) of the frequency
characteristic as close to the value of 1 over as wide a frequency range as possible, from
zero and upwards. By using modulus hugging, the result will always be control loops which
give stable operation. Therefore no further investigations of the stability of these control
loops is necessary.

3.10.1 Modulus optimum

The modulus optimum criteria can be used for processes containing several small time
constants, or systems having 1 or 2 large time constants and several small. It can be proved
that if the small time constants are small compared to the integrating time constant of the
controller, then the higher order products of the small time constants does not contribute
to the overall behaviour. Therefore the small time constants are added together and seen
as one equivalent time constant T,,.

The type of controller needed to achieve the modulus hugging depends on the which of
these three systems which is to be controlled.

1. System with several small first order delays

An integrating (I) controller as shown in (3.27) is suitable for this system.

(3.27)

This gives an open loop transfer function for the system as shown in eq (3.28) (small
t's are used for the small time constants)

1 1 1 1 1 1
H1(S):—KS e I — s
ST, " 1+st, 1+st, 1+t ST, " 1+sT,, (3.28)

The closed loop transfer function with this controller is then
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Ks

 Ks+sT, +8TT,,, (3.29)

Mi(s)

When optimized using modulus optimum, the controller parameter becomes

11 =2l (3.30)

2. System with one large and several small first order delays

For this system a proportional-integral (Pl) controller as shown in (3.31) is suitable.
This is because the Pl controller contains a phase advance which then can be used to
compensate (cancel) the phase delay caused by the large time constant. If the phase
delay is not compensated, the large time constant must be added to the small time
constants and will make the control response slow. This will be shown by the
following equations.

(3.31)

With this controller the open loop transfer function for the system becomes as shown
in eq (3.32) (small t’s are used for the small time constants)

_K 1+sT, 1 1 1

H,(s) =K
ST, 1+sT, 1+st, 1+st, (3.32)

If the large time constant is compensated by the Pl phase advance (pole-zero
cancellation) by setting T=T,, the transfer function becomes as shown in (3.33).

1 1
H,(s) =K, —K;
sT, " 1+sT,, (3.33)

The closed loop transfer function with this controller is then

KoK,

KoK +sT, +8°TT,,, (3.34)

M, (s)

When optimized using modulus optimum, the controller parameter becomes

T
T,

sl (3.35)

7;:
K, =

3. System with two large and several small time constants

Chapter 3 Control of Photo-Voltaic Converters



49

NTNU Department of Electric Engineering

For this system a proportional-integral-derivate (PID) controller as shown in (3.36) is
suitable. This is because the PID controller contains two phase advances which can be
used to compensate (cancel) the phase delay caused by the large time constants,
similar to the system with one large time constant. By compensating the two largest
time constant, the speed of the control loop is determined by the sum of the small
time constants. It could be possible to compensate more of the time constants in
order to make the control response even faster, but that would make the loop very
sensible to disturbances and it will be hard to achieve stable control.

(1+8T))(1+5T,)

HPID (S) = KP ST
I

(3.36)

With this controller the open loop transfer function for the system becomes as shown
in eq (3.37) (small t’s are used for the small time constants)

L N N N B
P ST, A+sT, 14T, 1+st, 1+st, (3.37)

H(s)

If the large time constants are compensated by the PID phase advances (pole-zero
cancellation) by setting T=T, and T,=T,, the transfer function becomes as shown in
(3.38).

1 1
Hy(s) =Ko —K;
ST, " 1+sT,, (3.38)

The closed loop transfer function with this controller is then

KoK,

KoK +5T, +8°TT,,, (3.39)

M,(s)

When optimized using modulus optimum, the controller parameter becomes

I
\'

1

Il
—

2
T

2K.T
sens (3.40)

T,
TD
KP

It can be seen from the closed loop transfer functions of these systems, that after
compensating for the large time constants, the systems end up as similar second order
transfer functions. Therefore it can be said that any system which can be compensated or
simplified in such a way that it gives a closed loop transfer function as shown in equation
(3.41), can be compensated using modulus optimum.
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(3.41)

@
§* +2lwys + af

M, (s) =

The generalized design criteria to achieve modulus hugging is

(3.42)

1
)

The frequency response of a modulus optimized control loop is shown in figure 3.12.

Bode Diagram of modulus optimized transfer function
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Figure 3.12: Frequency response of a modulus optimized control loop.

The step response of a modulus optimized control loop is shown in figure 3.13. This has a

rise time of 4.7T,,, a maximum overshoot of 4.3% above the final steady state value, and

the time used to reach the steady state within E2% (settling time) is 8.4T,,.
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Step response of modulus optimized transfer function
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Figure 3.13: Step response of modulus optimized control loop

3.10.2 Symmetrical optimum

If the system to be controlled also involves an integrator, modulus optimum criteria can not
be used. This is because compensation is not possible, since the integration of the
controller will be added to the integration of the controlled system, which in turn will lead
to oscillation of the controlled variable. Therefore another method to achieve modulus

hugging has to be used, which is called symmetrical optimum.

As with the modulus optimum, the type of controller needed to achieve symmetrical
optimum optimization depends on the system.

4. System with one integrating element and several small first order delays

This system will need a Pl controller (eq (3.31)), because a phase advance is needed
in order to overcome the effect of the integrating element. This gives a system with
the open loop transfer function in eq(3.43), which can be optimized by symmetrical
optimum

PP I B N RPN b B

ST, STy Mast Aest, 4st, ¢ ST, Ty 1+sT,, (3.43)

Hy(s)

Since compensation of this function only leads to oscillation, the closed loop transfer
function is found directly.
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KoK (1+5T)

- KPKS +SKPKST/ +SZT/TS +S3TlTsTeq4 (3 44)

M,(s)

When optimized with symmetrical optimum, the controller parameters become

(3.45)

5. System with one integrating element, one large and several small first order delays

With this system a PID controller (eq (3.36)) is needed in order to compensate the
large delay. The open loop transfer function of this system is

(1+sT,)(1+sTD)K 11 1T 1

Hy(s) =K
s(8)=K sT, S ST, 14T, 1+st, 1+st,

(3.46)

After compensating and adding together the small time constants, the transfer
function becomes.

H4®=4$1+SEKS1 1
sT, ST 14T (3.47)
Giving the closed loop transfer function
K.K (1+sT,
M, (s) = . S( 2 /) 3
KoKs + SKoKsT) + 8T Tg +8°TTsT, 5 (3.48)

This is the same as for the system without one large time delay, so the controller
parameters become similar.

T, =4T,

eq4

Sheat (3.49)
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6. System with only first order delays, where one is at least for times as large as the
remainder

With a system of this type, the large time delay can be approximated as an integrator.
The larger the time delay is compared to the remainder, the more correct this
assumption becomes. If this system is designed according to the symmetrical
optimum criteria, the transient response will be somewhere between that of
symmetrical optimum and modulus optimum. If the large time constant is equal four
times the remainder, the modulus optimum transient response is achieved, if it
becomes larger it will approach symmetrical optimum.

It can be seen from the closed loop transfer functions of these systems, that after
compensating for the large time constant, the systems end up as similar third order transfer
functions. As with the modulus optimum, it can be said that any system which can be
compensated or simplified in such a way that it gives a closed loop transfer function as
shown in eq (3.50), can be compensated using symmetrical optimum.

B b, + sb,
a, +sa, +s’a, + s°a, (3.50)

Mg, (s)

Here a,=b, and a,=b,, and if this equation is analysed in order to achieve modulus optimum,
then these design criteria can be found.

a’ =2a,a,

2 _
8 =28, (3.51)

The frequency response of a symmetrical optimized control loop is shown in figure 3.14.
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Bode Diagram of symmetrical optimized transfer function
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Figure 3.14: Frequency response of asymmetrical optimized control loop

The step response of a symmetrical optimized control loop is shown in figure 3.15. This has

arise time of 3.1T_,, a maximum overshoot of 43.4% above the final steady state value, and

the time used to reach the steady state within E2% (settling time) is 16.5T,,.

Step response of symmetrical optimized transfer function
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Figure 3.15: Step response of symmetrical optimized control loop
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4 SYSTEM DESCRIPTION, MODELLING AND OPTIMIZATION

In this thesis a system is designed in order to demonstrate some of the theory described.
The system setup is based on the topologies and control methods shown in the first
chapters. Since most of these methods are well known and are not so complex, it has made
it easier to design and construct a complete system. If it shows out at a later time that more
advanced control is needed, these can easily be implemented at a later time when the
system is up and running.

The system has been made first of all to test the different control methods, and therefore
it has not been designed to be a high efficiency system. However the control system has
been optimized with the methods described in chapter 3.10.

4.1 Converter topology and control description

In the setup for this assignment a multi-string inverter with a DC-DC converter and a DC-AC
converter will be used. For the DC-DC converter the current fed full bridge converter with a
HF transformer will be used, and for the DC-AC converter an ordinary 3-phase full bridge VS|
with an LCL filter as the grid interface will be used. The basic topology is shown in figure 4.1.

Full Bridge Boost Full Bridge 3-Phase

e __________DC-DC Converter _______ B ~—DC=AC Inverter_

| L boost 1 1 }

‘ o :

| ‘ |

| Sif AS tn D Dag | s rSY 7 |

| | \ 2 \
=VAR —Cpv (e } } o - i

|

} Se Sy DEZX D4Z§ } } Se Sy S¢ }

| | | |

| | | |

| | I |

- - - — - - - - _

Figure 4.1: The basic converter topology

The control of the DC-DC converter will be a P&0O MPPT which utilizes the direct duty cycle
control, and the DC-AC converter will be current controlled by Pl regulators in a synchronous
reference frame. By locking the reference frame to the grid voltage, the d-axis current will
represent the active power, and the g-axis current the reactive power. In order to
synchronize with the grid a PLL with a Pl regulator will be used, and in order to detect anti
islanding, passive methods complying with the requirements stated in chapter 2.1.1 will be
implemented. Pulse width modulation of the switch signals will be made based on SVPWM,
but other methods can also be implemented in order to test the difference.

In this setup no harmonic compensation will be implemented, and there will not be any
temporary storage since the system will always be connected to the grid.
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4.1.1 DC-DC converter values

Because the DC-DC converter topology was not available as a laboratory converter, a new
one had to be constructed. Since this converter type is not so common, models for the
converter is not easily available in the literature, so therefore a steady state model and a
dynamic model based on small ripple AC modelling is derived in appendix 1. Based on the
steady state model, the converter is rated in appendix 3, and the rated values found are
presented in the table below.

Table 4.1 - DC-DC Converter component values

Component Value
Input capacitor 330uF
Boost inductor 1.0mH

DC-link capacitor 165UF

The operating conditions of the DC-DC converter is shown in figure 4.2.

Table 4.2 - DC-DC operating conditions

Name Value
Switching frequency 50kHz
DC-link voltage 600V
Input voltage 170-350V
Input current® 0.5-5A
Transformer ratio 1.4
Duty cycle limits? 0.12-0.58

a. Lower limit is based on keeping the converter operating in continu-
ous mode

The switching devices will be mosfets in the inverter side and fast diodes on the rectifier
side of the converter.

4.1.2 DC-AC converter and LCL filter values

An IGBT converter which is designed for laboratory use at NTNU SEfAS will be used as the
DC-AC converter. But LCL filter which is used as a grid interface has to be buildt especially
for this setup. The rating of this filter can be found in appendix 3. The component values of
the filter and the DC-AC converter are presented in the table below, and the converter
operating conditions is shown in table 4.4.
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Table 4.3 - DC-AC Converter and LCL filter component values

Component Value
DC-link capacitor 3300uF
Inverter side inductance L, 4.3mH
Filter capacitance C; 0.68uF
Grid side inductance L, 2.0mH
Damping resistor R, 10Q

Table 4.4 - DC-AC converter and LCL filter operating conditions

Name Value
Switching frequency 20kHz
DC-link voltage 600V
Output voltage 0-400V RMS
Current limit pr leg 25A (at 20kHz)
Pulse width modulation 0-100%
Resonance frequency f, . 5224Hz

4.1.3 Laboratory setup

A schematic of the laboratory setup is shown in figure 4.2, and a equipment specification is
listed in table 4.5.

Table 4.5 - Equipment in laboratory setup

Traco Power

Type Brand Model #

Current transducer LEM LAH 25-NP 1
Current transducer LEM LA 205-S 3
Voltage transducer LEM LV 25-600 5
Controller card NTNU/SEfAS TMS 320 F2812 2
Measuring board NTNU/SEfAS v1.0 1
Variable DC power supply Sorensen DLM 300-10E 1
2

DC power supply TXL 060-0533T
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The controller cards used are based on the Texas Instruments TMS320F2812, which is a 16/
32bits, 150MHz DSP micro controller. The card utilizes a Xilink XC95288XL CPLD as gate
expansion. The DC-link has also been equipped with a charging circuit in order to avoid large
inrush currents when connecting the grid. The current and voltage measurements are
made with LEM current and voltage transducers, and when the DSP card is extended with
the external measurement card it can handle eight LEM modules. The DSP has a buildt in
12bit analog to digital converter which can maximum handle 16 channels per conversion.

Variable
DC-Power

Supply

VPV

lev

DC
Power Supply

DSP

DC-DC
Converter

DC
Power Supply

Voc

DC-AC
Inverter

SN

Iiabc

Measure
Card

LCL-Filter
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4.2 P&O Maximum Power Point Tracker optimization

Minimum time step

In the appendix 1 a small signal AC model was developed for the DC-DC converter. This
model gives a third order system, and can be difficult to analyse analytical. In order to
simplify this model it is assumed that the DC-link is stiff, therefore the AC variations in the
DC-link is zero. With this simplification the transfer function becomes as shown in (4.1).

” 1(ILRon-*_VDCj
p :vpv(s):_ C,L, n
™ d(s) .. (R, R,D 1
§°+s| 44
Lb Lb vaLb

(4.1)

This is a typical 2nd order transfer function, and can be analysed using well known methods.
Equation (4.1) can be written as

g _Vu(s)_ pe
vvd T4 -
P d(s) S +2m s+ (4.2)
Where
H= _(lLRon +VDTC)
[
’ vaLb
; JCu R, (1+Dm)
N
The step response of the PV voltage then becomes
v (s): lua)g dA(S)
P SZ+20)O§S+(0§ S (43)
Transformed into the time domain the step response becomes
v, (1) :md(1— 1 - g cos( 1-¢? a)ot—arcsin(cj))]
=¢ (4.4)

The sampling interval can now be found by defining a region around the steady state value
of p(¢) which must be reached before a new sampling is allowed. The steady state value
and the region is defined in (4.5) and (4.6) respectively.
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R 2Ad?
Blt) =—£=—
o R (4.5)

(1 + 5)y2Ad2 (1 - 5),L12Ad2

Risee

RMPP (4 6)

Where ¢ gives the allowed deviation from the steady state value, and in this case a
deviation of 10% giving € = 0.1 is assumed to be adequate. Based on (4.4) to (4.6) it is shown

in [23] that the time T, before p is confined within the region in (4.6) can be approximated

as

5@y (4.7)

Based on the chosen component values 7, becomes 9.3ms. To be on the safe side the

sampling time is then chosen to be T; ., = 10ms.

Minimum duty cycle step

The minimum duty cycle step has been calculated based on eq (3.24). The calculated value
became close to 16ys, which would make the MPPT algorithm very slow. There is also a
possibility that this equation is not evaluated correctly since there are so many factors

involved. In order to have a faster process a step size of Ad = 0.001 will be used.

4.3 Phase Locked Loop Pl Regulator

4.3.1 Model

A model of the three-phase PLL is shown in the figure below

0.(c) + et 0-.(c
( ) HPI(S) I/S ( )>

Figure 4.3: PLL model
The Pl regulator is the same as in eq (3.10), and then the closed loop transfer function with

the grid angle as input and the PLL angle as output becomes as shown in (4.8), and the
phase error is found in (4.9).
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Kps+—" )
M (s) = Zoe T __2osto
c K 2 2
; 82+Kps+—” S*+2w,s+w,
T (4.8)
2 2

£ $ B $
- T2 2
K, §"+2lwos+w,

T (4.9)

4.3.2 Optimization

Based on the optimization criteria found in chapter 3.9, the second order loop parameters
must satisfy

a, > 2xf, (lower gives good filtering, higher gives good tracking response)

1
(=
V2 (4.10)

In order to achieve both good filtering and a fast tracking response, the undamped
resonance frequency is sat to 628 rad/s (twice the grid frequency), giving these regulator
parameters.

K, =890
T =0.0023

The parameters are calculated according to a continuous system, and this can be done if
the sampling time of the discrete system is less then the fastest time constant of the
physical process. In this case the process is a pure integrator, and the time constant of the
regulator is much larger than the sampling time constant (T,=50us).

By using the bilinear transform, which involves substituting eq (3.14) into (4.8) and (4.9) and

rearranging, gives the system in discrete form as shown in (4.11) and (4.12).

(4TS, +Teaq )27 + (2 e} ) 27" + (4T Go, + Ty )
(4-4T e, +Toa} )27 +(-8+2T{ ) ) 2" + (4 + 4Tl + Ty ) )

4

(4.11)
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M.(2)= 477 -8z +4
e (4—4T3§a)0 +Tsza)02 )272 —i—(—8—i—27—82a)§)271 +(4+ 4Ts§’a)0 + Tsza)g)

(4.12)

In figure 4.4 the frequency response of the PLL transfer functions is plotted, and in figure
4.5 the bode diagram of the disturbance rejection is shown. In figures 4.6 and 4.7 the step
response and a pole-zero plot of the function is shown. It can be seen that the discrete
system shows similar response as the continuous system at frequencies lower than
approximately 5kHz.

Bode Diagram of Moi(s) and Mc(z)
100 T — r —

100 f----

Magnitude (4B
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I
(]

an bee--
10

Frequency (Hz)

Figure 4.4: Bode plot of transfer function between input and output
Blue dotted: Discretized system
Red continuous: Continuous system

From figure 4.5 it can be seen that disturbances with frequency above twice the grid
frequency (100Hz) is filtered.
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Boade Diagram of Mels) and Me(z)
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Red: Continuous system
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All poles and zeroes are inside the unit circle, and therefore the PLL control loop will show
stable performance.

Pale-Zero plot of Mc(z)
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Figure 4.7: Pole-zero plot of the discrete transfer function M(z)

4.4 Current Regulator

The current regulator is found in the inner control loop of the DC-link voltage regulator.
These are actually two regulators, one for the d- and one for the g-axis. Both of these
regulators are working on the same system model, and it is adequate to estimate the

parameters of one

4.4.1 Model

of them.

The current control loop for the d-axis can be modelled as shown in figure 4.8 (similar for

g-axis).

Io‘,r‘e?

Hpsp(s)

Hei(s)

Hdocac(S)

He(s)

Hinvi(s)

La

Figure 4.8: D-axis current control loop (similar for g-axis).

In this model all non-linearities and noise in the output voltage is ignored for simplicity. The

blocks in the figure are described as follows.
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H,., - Represents the time delay caused by the DSP, as it needs some time to do calculations
and because of the way signals are sampled. The time delay caused DSP will be a minimum
of half the switching period, that is 25us.

1

Hpsp(8) = 14T s
DSP

(4.13)

H.... - Represents the time delay caused by the inverter, because the desired output voltage
from the inverter will be the time average over one switching period. It will take
approximately half the switching period from a new voltage reference is applied until it is
averaged over the load, thus the time delay becomes 25s.

1

s (4.14)

Hdcac (S)

H; - In order to reduce unwanted noise in the measurement a first order digital filter with a
corner frequency of 3 kHz will be used, which gives a delay of 333us

1
1+T.s

Hi(s)
(4.15)

H,, - Represents the Pl regulator (eq(3.19))

H... - Represents a transfer function of the LCL filter, and will describe how the inverter
output current reacts to a change in output voltage from the inverter.

A model of the filter is shown in figure 2.10, and based upon this a mathematical model of
the filter in the dq reference frame has been derived. This result is shown in eq (4.16), and
the derivation can be found in appendix 2.

. - [ R+R R T
dy)] [ e = 0o - 0 y ]
dt " ’ / — 0 0 0
di, (1 w  RER Re g X |G
at Li i Li ’id(t) 0 l 0 0
diy, (1) Ry A T R I LU L Vi(t)
at _ Lg Lg Lg igd (t) 40 0 _i 0 Vig ()
digq (t) 0 & —w _ R + Rd 0 1 igq (t) Lg ng (t)
ddt(t) L, L L0 |o o o - Li v, (1)
Ves 1 1 Ve (1) g
— 0 — 0 0 S
dt C. c, @
av,, (t) 1 1
p 0 — 0 — - 0 - :
- L o o ]
(4.16)
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From this model it can be seen that the d- and g- axis of the currents are dependent, so a
decoupling should be used in order to simplify the model. In order to simplify the model
further the capacitor voltage can also be fed forward. Since the capacitor voltage is not
measured it can not be fed forward directly. There are two alternative ways of doing this,
oneis to feed forward the grid voltage and assume that the difference between this and the
capacitor voltage is handled by the integrator in the controller. The other solution is to
estimate the capacitor voltage, based on the grid voltage and the inverter current.
Assuming one of these two feed forward methods will be used, the model of the LCL filter
can be simplified.

Based on the mathematical model in (4.16), the converter output current can be expressed
asineq(4.17) and (4.18), where the feed forward terms are marked with colours. The blue
colour indicates the cross coupling between the d- and g-axis, and the red colour indicates
the filter capacitor voltage. The capacitor voltage also includes the damping resistor, in
order to make the error less by using the grid voltage as feed forward instead.

L850 R (101, (0) =1 (04, (0~ Ry (0-+ 0L, (0

"t (4.17)

LD R (1,01, 0) v )40, (0R

it ilig (t)— oL,iy (1)

(4.18)

Collecting the feed forward terms into a single term gives the equations (4.19) and (4.20).

Viar =Ry (g () =14 (1)) = vy (1) + @L, (1) (4.19)

Vigi =Ry (T ()= (1)) =V (1) — i (1) (4.20)

By applying the feed forward terms, the model gets simplified to the to equations (4.21)
and (4.22).

L iy (1) =Viy(t) = Riiy (1)

Tt (4.21)

L %O R
I (4.22)

These to equations are similar, and will have the same transfer function. The transfer
function of the LCL filter with the decoupling becomes

H,.(s)= iy (S) _ g (8) __ 1R,
; w(S) vy(s) sL+R, 1+Ts (4.23)

<
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Using measured values for the inductances (se chapter 4.1.2), the time constant becomes.

L s
R 0

1

4.4.2 Optimization

The T,, time constant is much larger then the rest of the time constant, so this can be seen
as a system of one large and several small time constants. Therefore modulus optimum
with a Pl controller can be used as an optimization criteria, as is described in chapter 3.10.1.
The model in figure 4.8 is therefore reduced by adding together the small time delays,

giving the model in figure 4.9.

larer — I

Hei(s) ™ Hsum(s) ™ Hivi(s)

Y

Figure 4.9: Reduced current control model
Where the sum of the time delays is defined in eq (4.24)

1 1

1+(TDSP + T e +Tﬁ)s B 1+ T8 (4.24)

Heqi(s) =

Giving the equivalent time delay.

T

eqi

=Tosp +T,

e + T =255 + 2515 + 333 115 = 383 s
The sum of these time constants is approximately four times larger then the sampling time
constant T,, and therefore only a small error will occur if the parameters are designed after
the continuous system. The open loop transfer function of this system then becomes

+Ts 1 YR
Tis 1_{—Teqis 1_{—Tiivis (425)

Hy(s) = K5

In order to compensate the pole from the large time delay, the phase advance from the PI
regulatoris used. This leads to an integral time which is equal the large time constant, giving
the closed loop transfer function
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KP 1/RI
Md(S)= Hid _ T"S(1+Teqfs) _ KP/Ri _ KP 1
1+Hy 1+KP7.(11/R'T) T,S(1+7'eq,s)+Kp/R,. TiTqR, sz+is+T7}_<PR
ST 1S eqi i

et (4.26)

Which can be recognized as a second order function on the form of (3.41), giving

KP
DNTTR
re (4.27)
1 [TR
;Z_ it
2\ Kol (4.28)

By using the modulus optimum criteria the damping factor { is sat equal to ./1/2, giving
the closed loop transfer function the value 1 between zero frequency and as high a
frequency as possible. The controller parameters now become.

T = Tiivf =2.47ms

TR,
K, =1
oot

eqi

=58

The system is discretized by applying the bilinear transform to eq (3.41), giving the discrete
transfer function in (4.29).

? 4227 +1
M(z) =KT¢ e} -
2)=KTs (4-4T o, + Ti} )2 +(-8+2T2a% )2 +(4+4Tlw, + Tea) )

(4.29)

In figure 4.10 the bode diagram of the continuous system and the discretized system is
plotted. From the diagram it can be seen that the discrete system behaves as a continuous
system up to approximately 5kHz, this proves that the approximation of the system as
continuous was correct. It can also be seen from the magnitude plot that the magnitude has
the value 1 up to a high frequency, as it should using the modulus optimum criteria.
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Bade Diagratm of Mid(=) and Mid(z)
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Figure 4.10: Bode diagram of continuous and discretized closed loop models of the inner con-

trol loop
Blue dotted: Discretized system
Red continuous: Continuous system

In figure 4.11 the step response of the system in discrete and continuous form is shown. It

can here be seen that the response of the discrete system follows the continuous system.

Step responze of Mid(s) and Mid(z)
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Figure 4.11: Step response of the discrete and the continuous time model of the inner control

loop
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In figure 4.12 a pole zero-plot of the discretized system is plotted. This shows that the poles
of the closed loop lies inside the unit circle, and therefore the system is stable as predicted
when using modulus hugging optimization.

Pole-Zero plot of Mid(z)
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Figure 4.12: Pole-zero plot of the discretized closed loop system

4.5 Voltage controller

The voltage controller is found in the outer control loop of the DC-link voltage control. The
output from this regulator is the reference to the d-axis current controller in the inner

control loop.

4.5.1 Model

The DC-voltage controller is found in the outer control loop, and is shown in the figure

below

Id,r@?

I

\/ dc,ref
Hpei(s)

Mi(s)

Hac(s) -~

Hev(sD

Figure 4.13: DC-link voltage control loop
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H. - In order to reduce unwanted noise in the measurement a first order digital filter with a
corner frequency of 3 kHz will be used, which gives a delay of 333s.

1

va(s):
1+T,s (4.30)

H,, - Represents the Pl regulator (eq (3.19))

M, - Represents the d-axis current controller, and in order to use the symmetrical optimum
criteria, the system should be approximated as a first order system. This can be justified
knowing that the outer control loop must be slower than the inner control loop. Based on
eq (3.41), the inner control loop transfer function can be rewritten as follows.

1
1T, 20

— 8"+ 25 +1
I (4.31)

Mid(s) =K

At frequencies below ),

1
— 8t <1
@y

And the system can be approximated as the first order function in eq (4.32).

I 1 1
2£S+1 4527;ums+1 4( 1 ]2 1+2Tsums

@y

M (s)
(4.32)

The difference between the approximation and the 2.order system is shown in figure 4.14,
and it can here be seen that the approximation is correct at low frequencies.
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Bode Diagram of Mid(s) as a 1=t order approximation and as an ordinary 2nd order system
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Figure 4.14: Bode diagram of the 1.order approximation compared to the 2.order original sys-

tem
Red: 2.order original system
Blue: 1.order approximation

H,c - Represents the transfer function between the d-axis current and the DC-link voltage.

The DC-link voltage will vary with the DC-link current according to the following transfer

function

(4.33)

DC CDC s

Hpe () =K

-axis current to the dc-current. The currents can

The constant K, is a constant relating the d

be related knowing the power balance in eq (4.34), and the relation between the dc-link

voltage and the d-axis voltage. The latter relation is derived in (4.35)

(4.34)

(4.35)

By combining (4.34) and (4.35), the relation between the currents is found in (4.36).
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(4.36)

0 < m, <1 with sinusoidal CB-PWM
0<m, < y\/g with SVM or CB-PWM with third harmonic injection

Assuming SVPWM is to be used, and in order to generate a voltage close to the grid voltage
a modulation ratio close to maximum will be used most of the time. Therefore the constant
relating the DC-link current and the d-axis current becomes.

4.5.2 Optimization

The voltage control system contains two phase delays where both are of the same order,
and can be summed together as one time constant. The system then satisfies the
symmetrical optimum criteria where there is one integrator, several time constants and a
PI regulator. The open loop transfer function of the voltage control system can now be
written as

1+Ts 1 1+Ts 1

=K.K = N 72T <
e CooT;s* 1+(2T +T,)8 e CpoT;s* (R (4.37)

Hpe ()

Tp =21,

eqi

+T,

Giving the closed loop transfer function in (4.38). If compared to eq (3.50) it can be seen
that it satisfies the symmetrical optimum criteria.

__Hye(8) K Ts+1
- =Rplpc 3 P
1+ Hpe (S) CocTiT0S” +CpcTi8" + KoK T8 + KoK g

eqv

Mo (s)
(4.38)

According to the symmetrical optimum criterion the parameters can now be found

T = 4Teqv =4.4ms
K, :1—CDC =1.72
2K,.T

DC "eqv

By inserting the controller parameters into eq (4.38), an equation called the standard
equation for the symmetrical optimum is obtained
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(4.39)

1+4T, s
8T, °s’ +8T,°s* +4T, s+1

M. (8)

In figure 4.15 a bode diagram of the model is shown, where the continuous model is

compared to a discretized model. The system is discretized using the c2d function in Matlab

with the sampling time T,.

Bode Diagram of Mdc(s) and Mdco(z)
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Figure 4.15: Bode plot of the continuous and discrete voltage control loop

Red continuous: Continuous system

Blue dotted: Discrete system

The step response of the optimized loop is similar to the one shown in figure 3.15, and it

can be seen that the step response is equal for the discretized and the continuous system.
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Step response of Mdc(z) and Mdc(z)
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Figure 4.16: Continuous and discrete step response of the voltage control loop

As expected also all the poles are inside the unit circle as it should when using a modulus
hugging technique.
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Figure 4.17: Pole-Zero plot of the discrete voltage controller
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4.6 Complete control system model

With the controller optimization and model simplifications made in the previous chapters,
an overview of the complete control system can be made. This is shown in the figure below

V screr
Vv _
P\/ MPPT ol PWM dec—-dc Ve + e dc voltage] [ Tarer
Tov conv controller
Va
—Yo b of Ve
Vi »
\4
Ve ap s dq Y
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K * ’
Ve . - i b
PLL \_/ controller
Va ’—> +
I - .
L abc op Ta 7QL‘ Ly dg Va of Va Va la
L, —I—l Ve dc-ac |v, LCL |1
. Is Ia _’—‘ \/-“ f PWM nverte - filter e
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Figure 4.18: Overview of the control system of the DC-DC converter and the DC-AC converter
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5 SIMULATION

The simulation of the converters are made in Simulink, which is a simulation program based
on the Matlab platform. In the simulation the converters are simulated separately since the
DC-DC converter and the DC-AC converter are supposed to work as separate units
connected to the same DC-link. A brief description of the simulations can be found in
appendix 5.

5.1 DC-DC Converter

In the simulation of the DC-DC converter the MPPT is simulated with a simplified model of
the converter, based upon the small signal AC model derived in appendix 1. As the PV panel
input the |-V characteristic of a PV panel is incorporated as a look up table. The look up table
is loaded from a GUI (Graphical User Interface), in which the user can change the solar panel
operating conditions. The look up table values are calculated based on the equations found
in chapter 2.2.1

5.1.1 I-V Characteristic

The I-V characteristic of the simulated PV panels under STC is shown in the GUl in figure 5.1.

|-V Characteristic

Solar Module Data
Type: BF Solar
Model : 60 and 90 cell moncrystalline

lsc_stc 60 : 5 A

Voc_stc 60: 429 \ _
lsc_stc 90 5 A :;
Voc_stc 90: 543 W 5

User Variables

Solar Irradiance : 100 %
Ambient Temperature 25 deg C
. i} o D""""'I""""i ...i.........i.................
Shadow Degree : Y B e e o
Shadowed Area 0 % Voltage [V]
: P-V Characteristic
B0 Cell Panels In Series 1
14 ! ! ! ! !
90 Cell Panels In Series : 4 : ; ; ; ;
I S O S - MPP. 4
Panels In Paralal : 1 200 ; ; ; : ;
Plaot and transfer data to Simulink 1000
g 80af------o--- e b e b e -
Solar Panel Cutput = ; : : : :
Voc: BABB \ Prpp: 121491 Wy ] — R e S e — e -
lsc - SE4063 A Vrmpp 2973y : : : ! !
] P A S L S ) S .
FF - 0813893 |mpp: 534672 A : : : : :
oo A T— AR — e
ol e AT D RN T
0 50 100 150 200 250 300
Voltage [V]

Figure 5.1: GUI of the PV-panel I-V characteristic under STC

Chapter 5 Simulation



Fundamentals of Grid Connected Photo-Voltaic Power Electronic Converter Design 78

The I-V characteristic is based on values from actual solar panels, but it was found that the
calculated values are closer to an ideal I-V characteristic than the panels actually are. This
is due to the fact that the models found in chapter 2.2.1 does not consider e.g the
resistances and other nonidealities in the PV cells. This however will not be of any
significance since the model will only be used to simulate the MPPT, and not simulate real
cells. This model can easily be made more accurate if needed later, by adding more
accurate models of the PV cells.

In the next figure the characteristic of the PV panels is shown under a partial shadow
condition. The shadow is across 40% of the cells with 50% shadowing, and all the cells are
in series. From the P-V characteristic two maximum power points can be found, and these
will confuse the MPPT. The simple algorithm used in the P&O algorithm will not be able to
see the difference between these points, and it will find one of these points depending on
where the tracker was before the shadowing. In order to test how much this will influence
the efficiency of the MPPT, the tracker should be tested over some time with varying
degrees of shadowing. No simulations with varying conditions have been made here.

Solar Module Data I Characteristic

5 T T T T T
Type: BF Solar
kaodel : a0 and 80 call moncnvsialling
Isc_stc B0 : & A
Voc_stc B0 429 W _
=
Isc_stc 90 5 A z
Voco_stc 90 543 Y E
User Variables
Solar Irradiance 100 Ya
Ambient Temperature 40 degC
. ,
Sl Degres: a0 E 0 50 100 150 200 250 300
Shadowed Area : 40 % Voltage [V]
B0 Cell Panels In Series : 1 P-V Characteristic
500 T T T T T
90 Cell Panels In Series : 4 : : ‘MPP ¢ :
T [-mmmmerm e e AhE TR IR EELELE B
Panels In Paralel : 1 : : : : :
BOD v mmmemee focseeenee A foonnneee boprtToons fooonaaes :
Flot and transfer data to Simulink : ;
10 R S48 SRR, DU i R -
z : :
Saolar Panel Output e ) P P U S AU SR S |
VigE - %1308 Y Prpp: 726043 H : :
= ] R S S R . PR _
lsc - SBADES A Vrmpp | 136,336 d : :
FF - 0494556 |rripp | 534672 A 200 f---oome e o b o b e .
A A S .
0 50 100 150 200 250 300
Veoltage [V]

Figure 5.2: GUI of the PV-panel I-V characteristic under partial shadowing
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5.1.2 Maximum Power Point Tracker

The simulation of the MPPT was made with the I-V characteristic at STC shown in figure 5.1.
No tests where made with shadowing since it is obvious that it will not work as explained in
the previous section. In figure 5.3 the duty-cycle steps from the MPPT is shown when a step
in the irradiance from 0 to 100% is given. It can here be seen that with the chosen values of
sampling time and step size the MPPT reaches steady state in approximately 0.8s.

Figure 5.3: Duty-cycle steps due to the MPPT

The current, voltage and power values of the PV panel when the MPPT has reached steady
state is shown in figure 5.5. It can here be seen that after each perturbation, there is some
transient behaviour in the values as expected, and from figure XX it can be seen that within
the next perturbation this is approximately within 10% of the initial value. In the
simulations a steady state efficiency of the MPPT of 99.9% was found.
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Figure 5.4: Ripple in PV power after a perturbation in the duty cycle
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5.2 DC-AC Converter simulation results

A description of the simulation model can be found in appendix 5. Most of the simulations
has been made on a simplified model of the plant with a pure sinusoidal output from the
inverter, since the dynamics of the control system will be the same. But in the harmonic
analysis full PWM was used in order to test the filtering effect of the LCL filter.

In order to reduce the complexity of the model, carrier based modulation is used instead of
space vector modulation. This modulation technique is simpler to implement in Simulink,
and by using third harmonic injection with a ZSS signal of 1/4 the amplitude of the
fundamental, an equal result to that of SVPWM can be achieved.

5.2.1 PLL

In figure 5.6 the results from the simulation of the PLL is plotted. This shows that the time
used to reach the steady state within 2% (settling time) is approximately 10ms, when a

phase jump of 30° is applied.

PLL Phase Error

04 i i i i i
PLL Phase Locked Angle

9 I I I I

Real Phase Angle
! T T T T T T T

5 i i i i i i i
0 0.005 0.01 0.015 0.02 0.025 003 0035 004

Figure 5.6: Simulation of PLL with a start-up angle of 30° and a phase jump of 30° at 20ms.
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5.2.2 Current control

The current control system is simulated with a fixed DC-link voltage, where the DC-link
voltage controller is disconnected. Instead a step of 1A in the d-axis current reference is
applied, and the d- and g- axis current response is found. When using the parameters found
in chapter 4.4, the step response of the d- and g- axis current becomes as shown in figure
5.7. The step response has a rise time of 8.3T,_,an overshoot of ca 1.5% and a settling time

eqi’

equal the rise time

kR 0.036 [u0338 0.04 0.042 0La44 2.046 0.043 0as

Figure 5.7: Step response of d- and g- axis current with parameters found by modulus optimiza-
tion

The g-current also reacts to a step in the d-axis current. This shows that the circuit is not
completely decoupled as it should be. With the modulus optimized controller parameters
the loop become slower than what was predicted, and this had consequences for the
cascaded voltage control loop. By adjusting the parameters gain to 1.6K,, the control loop
acted approximately as it should according to the modulus optimization.

5.2.3 Voltage control

To test the voltage controller a step is applied in the DC-link voltage reference. In figure 5.8
the step response of the DC-link is shown, this is the response to a step of 1V applied at
55ms. The DC-link voltage response has a rise time of 2.7T,,,, an overshoot of 34%, and the
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time used to reach the steady state within E2% of the step size is 13T,,,. It was also noted
that by running steps larger then approximately 1V, the voltage controller went into
saturation.
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Figure 5.8: DC-link voltage step response after a -2V step at 55ms

5.2.4 The LCL filter

In figure 5.9 the currents and voltages across the different elements of the LCL filter is
plotted at start-up. At Oms the grid is connected to the LCL filter, and at approximately 8ms
the inverter is given a current step of 1.85A in the d-axis current regulator. As expected
most of the voltage and current ripple can be seen in the inverter side inductor, the grid side
inductor has therefore only a small amount of the total ripple, as it was designed for. The
voltage across the capacitor is a smoothed sinusoidal voltage with low ripple in the voltage.
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Figure 5.9: LCL filter current and voltage. From top: converter inductor voltage, grid inductor
voltage, capacitor voltage, converter inductor current and grid inductor current
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Harmonic analysis

In the simulation an analysis of the harmonic content in the grid inductor current of the LCL
is made using the Powergui FFT tool. The analysis is made with a phase current of 1.3A rms,
and sinusoidal PWM with third harmonic injection with a modulation ratio close to 1.15 is
used. In figure 5.10 a spectrum analysis of the grid inductor current is shown, where the
harmonics from 1st to 33rd of the fundamental are included.

Fundamental (50Hz) = 1.862 , THD= 1.01%
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0.7 -
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200 400 600 800 1000 1200 1400 1600
Frequency (Hz)

[l

Figure 5.10: Harmonic spectrum of grid side inductor current, from 0 to 1650Hz

The lower harmonics found in figure 5.10 was not expected when using PWM at 20kHz.
During the simulation it could be seen that the calculation of the pulse width had to be
accurate in order to reduce these lower harmonic components. The calculation of the pulse
width is in the simulation made the same way as in the DSP, using a up/down counter and
a compare value for each phase. In the harmonic analysis a timer value (resolution) of 7500
was used. This corresponds to a clock frequency of 150MHz, which is the same as in the
DSP. If much lower resolutions where used then the lower harmonic content soon crossed
the limits of the allowed values, but the distribution of the harmonics changed. Therefore
reducing the resolution could reduce the 2nd harmonic but increase the 5th harmonic, and
in total increase the THD.

In figure 5.11 the same spectrum analysis is shown, but now including the harmonics up to
50kHz. In this figure harmonics in the side bands of the switching frequency and in the side
bands of the multiple of the switching frequency is seen. The highest value of the side band
harmonics is the one closest to the switching frequency, having an amplitude of
approximately 0.2%.
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Fundamental (50Hz) = 1.862 , THD=1.04%
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Figure 5.11: Harmonic spectrum of grid side inductor current, from 0 to 50kHz
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6 EXPERIMENTAL RESULTS

6.1 DC-DC Converter

During the testing of the DC-DC converter it was several design errors which caused
problems for the correct operation of the converter. Some of the most severe problems are
explained in appendix 6. It is there shown that since there is a leakage inductance in the
transformer, a clamping circuit will be needed in order to reduce the voltage spike which
will be generated across the full bridge (see [26] and [27]). Also there where some problems
with a very small magnetizing inductance in the transformer, which led to nonlinear
operation of the converter. It showed out that the core used had a small gap in the centre
leg which it was not supposed to have. When the core was replaced, this problem was
solved. It also showed out that when positive duty cycle steps where applied, an inrush
current proportional to the step size was experienced. This current was due to the charging
of the DC-link capacitor, and could be troublesome because it could become quite large.
The problems listed above where solved, but the final problem caused malfunction of the
converter, with breakdown of the full bridges as a result. This problem was with high ripple
in the gate of two diagonal mosfets already on when the two remaining diagonal switches
where turned on, which is probably caused by some large di/dt’s in the circuit and the
problem increased with increased voltage across the bridge. Because of this improper
operation of the DC-DC converter, only some limited testing of the MPPT algorithm was
made converter.

6.1.1 MPPT

The MPPT was tested on a resistive load with the DC power supply at reduced input voltage
since DC-DC converter was not capable of handling higher voltages. The idea was to use the
DC-power supply as an ideal PV-power source, by setting a voltage and a current limit. This
however was not working because there is one constant current region and one constant
voltage region. In the constant current region the MPPT will work, but in the constant
voltage region it can not function properly because the MPPT is depending on the direction
of the voltage change. Ideally there would not be any change in voltage in the constant
voltage region, but due to measurement noise, some inaccuracy of the power supply and
rounding errors of the DSP, the voltage measurements fluctuates a little but in an arbitrary
direction. These fluctuations confused the MPPT, and made the duty cycle step go in an
arbitrary direction.

This was the only tests made before the full bridge was destroyed, and therefore no more
effort was put into testing of the DC-DC converter.
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6.2 DC-AC Converter

Since the DC-DC converter was not functioning properly the DC-AC converter had to be
tested separately. Since no high voltage isolated DC power source was available at the
moment of testing, the DC-AC converter was not connected to the grid, but the grid voltage
was measured.

Many tests could have been made on this converter, but due to lack of time and the fact
that the converter could not be connected to the grid only tests of the controllers, and a
harmonic analysis was made. Other tests which would have been of interest is tests of grid
standard compatibility, where the requirements in chapter 2.1.1 where put to the test.

6.2.1 PLL

Inorder to test the PLL it is difficult to apply a step in the angle of the grid voltage, so instead
the response at start-up of the PLL is analysed. In figure 6.1 a plot of this response is plotted,
where the frequency has a rise time of 2.8ms, with a overshoot of 5.3% and a settling time
of approximately 7ms.

Plot of PLL step resonse

-2
0 0002 0004 0005 D008 001 0012 0014 0016 0018 002
Time[s]

Figure 6.1:
Red: Phase locked frequency in PU
Blue: Phase locked angle in PU
Green: PLL PI controller error
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6.2.2 Current control

The step response of the current controllers where tested with the optimized parameters,
and a step from 0.1pu of current to 0.7pu of current. The response can be seenin figure 6.2.
The response of the d-axis current has more overshoot and shorter rise time than expected
from the optimization. By adjusting the controller parameters to 0.5K, and 1.08T, the
response became close to what was expected from the modulus optimization.

The g-axis current shows a minor response to the step in the d-axis current. Due to the
feedback used, there should ideally not have been any response at all. During steady state
it could be seen a ripple of 200Hz superimposed on the d- and g- axis current which the
current controllers where not able to reduce to zero.

Plot of d- and g- axis step resonse
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Figure 6.2: Step response of the d- and g-axis current to a step from 0.1 to 0.7pu in the current
reference.
Blue: d-axis current
Green: g-axis current

6.2.3 Voltage control

The voltage control was tested with the given controller parameters, but with these
parameters the control loop became extremely sensitive to noise and made the controller
fluctuate between its upper and lower limit. This was due to the proportional gain being to
high compared to the ripple in the measurements. The proportional gain is proportional to
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the size of the DC-link capacitance, and since the DC-AC converter in this system is much
larger than the rating of the rest of the system, the gain becomes large compared to the
system rating.

In order to reduce this problem a filter with a corner frequency of 1kHz was used in the
feedback instead of the one with 3kHz, and new controller parameters where calculated
based on that. This reduced the noise in the feedback and made the control loop less
responsive to the noise, but still the gain of the controller is so large that only a minor step
in the DC-link voltage reference could be applied without going into saturation. In the figure
below a step of -0.5 V in the reference value is applied, and it can be seen that it has a rise
time of approximately 7ms, which equals 3.95 times the new T,,. The overshoot and the
settling time is more difficult to decide since there is still some noise in the measurement.
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Figure 6.3: Step response in the voltage control loop.

6.2.4 LCL-filter

In figure 6.4 and 6.5 the currents and voltages across the different elements of the LCL filter
is plotted during steady state at 1.3A rms phase current. The PWM method used is the
SVPWM method at maximum modulation ratio within the continuous mode. As expected
most of the voltage and current ripple can be seen in the inverter side inductor, the grid side
inductor has therefore only a small amount of the total ripple. The voltage across the
capacitor is a smoothed sinusoidal voltage with low ripple in the voltage.
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Figure 6.4: Voltage in the LCL filter inductances during steady state
Blue: Inverter side inductor current
Purple: Grid side inductor current
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Figure 6.5: Voltage across the LCL filter elements during steady state
Yellow: Inverter side inductor voltage
Purple: Capacitor voltage
Blue: Grid side inductor voltage

Harmonic analysis

The harmonic content of the current in the grid side inductor was measured with three
different PWM methods. When measuring the harmonic content the modulation was ran
at the maximum modulation ratio within the linear range, and the input voltage was
adjusted in order to get the same fundamental current from all of them. The harmonic
spectrum was measured with a Fluke 43 Power Quality Analyser, which can measure up to
the 50th harmonic. This means the harmonics around the swithcing frequency could not be
found. In the figure below the spectrum of the harmonics from 1st to 33rd are shown,
above this the harmonic content was neglicible, and was therefore not plotted. The
fundamental current had a rms value of 1.3A, and the load was a resistive load of 50€2.
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Figure 6.6: Harmonic spectrum in % of fundamental current for three different PWM methods
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7 DISCUSSION, CONCLUSION AND FURTHER WORK

7.1 Discussion

In this thesis much of the basic theory on designing a converter for grid connection of PV
systems have been explained. Based on the theory described in the first chapters a
laboratory setup has been buildt. This setup has been simulated using Simulink and the
setup has been tested in the laboratory. The laboratory setup has as far as possible been
made with well known solutions and techniques, which are not always the most efficient or
reliable but usually easier to implement. It has however made it possible to create a
complete system in the time available, instead of focusing on some minor part of the
system, which would have been the case if more advanced solutions where to be used.

Even though the system was designed in this manner, not everything worked out easily. The
DC-DC converter has caused a lot of problems, as will be explained in the next chapter, and
because of this the system could not be tested with this converter. This has made it
impossible to run some tests, and the time for testing became very reduced.

7.1.1 DC-DC converter

The DC-DC converter has been the major troublemaker in this design. It showed out that
this converter topology was a design very few people had any experience with, and the
combination of this being a current fed full bridge with a transformer and a rectifier in
cascade, made it much more complex than a converter with only one stage.

Much of the work done in this thesis has been on designing and testing of the DC-DC
converter. Lots of time has been used during the design process and on learning how to
build a converter, but most of the time is probably spent on testing and correcting design
errors in the lab. From the beginning of this assignment it was the intention that as little
time as possible should be used on designing and building this converter. It can be seen now
that since the converter is not working properly, that either building the converter should
not have been a part of this thesis or it should have been a much larger one.

However the isolated current fed full bridge converter is a topology which according to
chapter 2.4.2 should be well suited for use with PV-systems, because of its high suitability
for high input voltages, high efficiency and bidirectional core excitation. Therefore it is still
of interest to do further research on this topology, and a converter for laboratory use and
testing should be buildt.

7.1.2 MPPT

In the simulation the MPPT tracked the MPP as it was expected to, but there where some
experiences made during the simulations. First it was seen that the model for the PV panels
found in chapter 2.2.1 was not very accurate, this was due to the fact that none of the
internal resistances and other nonidealities where included in the model. This means the
model is not useful for simulating specific solar panels, but for testing a MPPT algorithm it
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is adequate. The model also showed that under partially shadowed conditions two or more
maximum power points may occur, and this can “confuse” the P&O algorithm so that it
does not always find the most efficient power point. Therefore it can be stated that in order
to maximize the efficiency during cloudy days, a more advanced power point tracker which
is able to track the most efficient power point should be used.

Based on the calculations made when calculating the sampling time of the P&O algorithm,
the oscillations should have reached 10% of its initial value before the next perturbation,
and it can be seen from in the simulation that this is approximately true.

It was found that with a step in irradiance of 100%, the tracker would use 0.8s before
reaching the new power point. This shows that the tracker is not a fast process, but since
the operating conditions of the PV panels are also slow, it is suspected that this will not have
any large influence on the dynamic tracking error and the efficiency. During steady state
operation the efficiency of the algorithm was as high as 99.9% with the optimized MPPT,
but this is expected to decline with 1-3% during dynamic conditions. In order to test the
tracker during dynamic conditions, the simulation model should be expanded in order to
test the system over time, with changing operating conditions for the solar panels.

The MPPT in the experimental setup was not tested, but it was found that an ordinary DC-
power supply with the current voltage characteristic of an ideal solar cell can not be used
to test if the MPPT tracker works. Therefore in order to make reliable tests, field testing of
solar panels must be made, or if possible a DC-power supply which is able to accurately
simulate a PV power source should be used. The latter would be an enormous help in
testing of the PV converter in order to run accurate and repetitive tests.

7.1.3 PLL

Both in the simulation and in the experimental tests the PLL manages to lock the phase to
the grid voltage in approximately 10ms. This shows that the loop is not very fast, so the
dynamics of the loop becomes poor, but the filtering effect of the control loop is high.
Therefore it will not be so sensitive to harmonics and phase unbalancing. Since both the
dynamics and the filtering effect should be as high as possible, and they are inconsistent,
the PLL should be tested during different grid conditions to see if the current parameters
are the best. It should then be tested with a grid given phase jumps, harmonics and phase
unbalance.

7.1.4 Current control

The response from a step in the d-axis current reference led to a to a slow response in the
simulation and to fast response in the experimental test. These where only minor errors,
and by small adjustments of the controller parameters the response became as expected
by modulus optimization. The reason for these small errors can be many, e.g errors due to
simplifications made in the model when optimizing, inaccurate values of the components
used in the laboratory setup, computational rounding errors and decoupling errors.
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The decoupling did not remove the coupling between the axes completely. A probable
reason for this is the different time delays in the control loop. In order for the feed forward
term to work as expected the g-axis voltage must be updated immediately when the d-axis
current changes. This is not possible in a real system and the decoupling will therefore have
reduced effect.

Even though the optimization did not give the correct response without adjusting the
values, this cannot be expected either from a real system since the models used will only
be approximations to the real system. However the system response was so close to the
expected, that it can be said that the system models used are sufficient for optimizing the
control system.

7.1.5 Voltage control

In the simulation a step in the DC-link voltage led to a faster response with less overshoot
then what was expected, but it is so close that it shows that the system models used in the
optimization is close to the simulated model.

In the experimental setup the combination of a high gain due to a large capacitor bank and
some noise in the measurements, led to the fluctuations between the upper and lower limit
in the output of the voltage controller. To reduce the effect of this ripple the feedback filter
corner frequency was reduced from 3kHz to 1 kHz, thus reducing the ripple. Still it can be
seen from figure 6.3 that there is some ripple which makes the response unclear, but it can
be seen that the response is close to the expected, but with less overshoot.

In this control loop it is possible that a filter with an even lower cutoff frequency should
have been used, or the controller itself could have been adjusted to have a larger filtering
effect, in order to remove even more of the fluctuations in the control loop because of the
noise. This would however lead to a slower control loop. If the feedback filter becomes
much larger then the other time constants, it could be possible to compensate this phase
delay by using a PID controller instead of the Pl controller as explained in chapter 3.10.2,
which would probably have improved the response.

It should be noted that because of the large capacitor bank and the small current rating of
the converter, the voltage controller will saturate by very small changes in the voltage.
Therefore the effect of the improved response will only have an influence during small
variations in the DC-link voltage.

7.1.6 LCL filter

The plots of the currents and voltages from the LCL filter in the simulations and in the
practical case is similar. The amplitude of the high frequency voltage ripple is almost equal
in the simulated and in the experimental case. As expected most of the ripple in the output
voltage is handled by the inverter side inductor since it is closest to the source and the
largest. It can also be seen that the current ripple in the grid side inductor is largely reduced,
so the current is almost sinusoidal.
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Harmonic analysis

In the harmonic analysis made in the simulation, harmonics where found in the side bands
of the switching frequency and in the side bands of the multiples of the switching frequency
of the grid side current in the LCL filter. This is as expected from the ideal case, and the
highest of these where 0.2% of the fundamental. This is approximately as the LCL filter was
dimensioned for, and the attenuation is below the levels stated in table 2.3. The THD is also
inside the limit given, but there are some harmonics around the fundamental frequency
which is not expected. It was experienced that when reducing the counter value (reducing
the resolution of the pulse width), the amount of harmonics of the fundamental increased.
It can therefore be concluded that the calculation and implementation of the correct pulse
width is important in order to generate the desired waveform.

In the analysis in the experimental setup three PWM methods was tested, and all with very
different results. First it can be said that the analysis did not include the higher harmonics
of the switching frequency, so the attenuation of these remain unknown. What was not
expected was the high content of harmonics of the fundamental frequency, from 2nd
harmonic and up. This was so high that the harmonics content becomes higher than
allowed by the standards when SVPWM an sinusoidal CB-PWM is used. This must mean
that the generated sine wave is not completely sinusoidal, and since the LCL filter is
designed with a much higher cutoff frequency, these are not attenuated by the filter.

This is basically the same problem as in the simulations, but the harmonic content is
different. In the simulations it was showed that it is very important that the pulse width is
calculated correctly in order to generate the wanted waveform. Probably the same is the
problem in the DSP, but since the resolution is the same as in the simulations and the
harmonic content is much higher, it is probably something else causing the deviation from
the ideal pulse width. This problem can also explain the 4th harmonic which is seen in the
d- and g- axis current, since the 4th harmonic with the SVPWM is quite noticeable.

The pulse width was generated based on an angle going linearly from 0 to 2w, so the basis
should be correct assuming this angle is updated each sampling interval. Based on this
angle the pulses are modulated according to the different algorithms used for the PWM
methods. Since the calculations are digital, there will be some rounding errors which can
contribute to this. Another possibility is that not all the interrupts are executed as they
should, and then the angle and the compare values will not be updated. Ideally the new
compare values for the generation of the PWM signals should be updated at the underflow
or period match of the counter (top or bottom of triangular carrier wave), but because
there are some calculations which has to be made that is not always the case. There will
also be different time delays and dead times in the loop from the DSP through the gate
driver and into the gate. All of this can contribute to making the effective pulse width of the
inverter deviate from ideal.
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Since this problem occurs in all the three PWM techniques used, it can therefore be
assumed that the problem is not with the algorithms them self but more with the timing of
the algorithms. Therefore the execution of the algorithms should be controlled and if
possible adjusted to make the timing better. It should also be checked if it is possible to
reduce the rounding errors, and it should be checked if all the interrupts run as they should.
It is also possible that in order to reduce the problem even more, some sort of
compensation for the dead time and time delays in the loop should be implemented. The
PWM modulation should at least be corrected such that the harmonic content is below the
limits of the standards.

7.1.7 The overall system

Even though only limited testing of the system was possible, most of the system that was
tested worked as expected. However the system has only been tested under limited
operating conditions, with a reduced number of components. In order to see if the system
is stable under other operating conditions and as a complete system, more extensive
testing should be made.

First of all the system should be made complete with an isolated high output voltage DC-DC
converter, and a PV panel or a powersupply able to simulate a PV panel, should be used a
power source. This system should then first be tested separately to see if the MPPT tracker
works as expected, both during steady state and during different operating conditions.
When the testing of the DC-DC converter is finished, the converters can be connected
together and to the grid. The overall system can now be tested, and the DC-AC converter
should be phased into the grid. When this is done the tests mentioned in the sections above
should be made. Also it should be verified if the converter is working according to the
requirements given in the standards from chapter 2.1., including anti-islanding and a power
guality analysis.
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7.2 Conclusion

In this thesis the most basic theory on the design of an electrical power converter for photo-
voltaic systems has been shown. Based on the theory described a complete system model
has been designed. The model is designed with focus on testing of the theoretical models
derived for the control systems, and with low focus on hardware efficiency. The system is
based on the use of a multi string inverter, which consists of an isolated current fed full
bridge DC-DC converter, a 3-phase full bridge DC-AC converter with a LCL filter as the grid
interface. This system has been simulated in Simulink, and an experimental setup has been
made.

The DC-DC converter was not available as a laboratory converter, and therefore it had to be
designed and constructed. Since the converter topology is not a common one, theoretical
models was developed for the converter, and based on this a converter was constructed.
However the converter did not function as expected during the testing, because of
problems caused by phenomena not included in the ideal models developed. It was also
shown that since the converter was buildt on a printed circuit board with an integrated full
bridge, it was difficult to apply changes and troubleshoot the circuit. The full bridge in the
circuit eventually broke down, so the converter had to be put aside for the rest of the
experiments. It is however shown that the current fed full bridge DC-DC converter is an
interesting topology for use in photo-voltaic systems, and therefore further studies should
be made on this converter topology. The three phase full bridge DC-AC converter was
therefore tested on a resistive load instead of the grid, since isolation was needed.

The simulations of the PV panels showed that the models used in this thesis is to simple to
accurately model a real PV panel, but for testing of the a maximum power point tracker
algorithm they are adequate. The model also showed that during partial shadowing of the
solar panels, two or more power points might occur, and then the perturb & observe
method used would not be able to track the power point with the maximum power. The
algorithm showed an efficiency close to 100% during steady state operation, but it is
predicted to be lower during dynamic operating conditions. Therefore the efficiency of the
algorithm should be simulated with varying operating conditions. The same tests should be
made on the experimental setup once a functional DC-DC converter is made.

Both the simulations and the experimental tests showed that the models developed for the
control systems was close to the real and simulated system. A phase locked loop with a Pl
controller was used for the synchronization with the grid, and this was able to lock the
phase in approximately 10ms. For the power flow into the grid, current controllers in a
rotating reference frame was used, and when locked to the grid frequency the active power
could be controlled by the current in direct axis and the reactive power by the quadrature
axis. The direct current reference was sat by a DC-link voltage controller in cascade. These
control systems has been modelled and optimized, and the results from the simulations and
the experiments showed that the deviation from the expected result was small. However
there was some problems with noise in the feedback to the DC-voltage controller in the
experimental setup.
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The LCL filter worked as expected, as it attenuated the ripple around the side bands of the
switching frequency in the grid side current below the limits in the standards from IEEE and
IEC. What was not expected was that the harmonic analysis also showed high levels of
harmonics centered around the fundamental frequency, which ideally should not have
been there. The reason for these have been found to be inaccurate pulse width causing the
output of the inverter to deviate from the ideal sinusoidal shape it should have.

Since the DC-DC converter could not be used, and less time has been available for testing,
there is still much work that can be done on this project. First of all the DC-DC converter
should be finished, and then more extensive testing of the systems should be made in order
to see how it works during grid disturbances and failures. The simulations could also be
extended in order to simulate the same problematic.

7.3 Proposed further work

A PV simulator should be made, which is able to give accurate repeatable outputs
simulating a given PV panel during different operating conditions. The simulator could be a
DC-DC converter with a graphical computer interface, in order to make the adjustments
intuitive and simple. In that way the simulator will be a good tool for educational purposes
as well as for testing purposes.

Since the isolated current fed DC-DC converter topology is a promising for use with photo-
voltaic systems, a more optimal design of the converter used in this project should be
made. The new converter should be made for laboratory use, with a wide operating range
and more hardware based protection of the circuitry.

Develop the laboratory setup made in this thesis further, with the goal of one day creating
a setup which can be used in the renewable energy laboratory at NTNU. This will also
include further testing of the setup, with the tests that have been suggested in the
discussion. The setup should have a user friendly graphical computer based interface,
which is suitable for both research and educational purposes.
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1 DC-DC CONVERTER ANALYSIS

In this chapter different calculations and models has been made from the DC-DC shown in
figure 1.1. This converter type is called an isolated full bridge boost converter.

Full Briclge Boost
DC-DC Converter

L boost

' B BE

\ \
i |
| \
\ \
} St Ss VAN AN }
‘ ‘ [ ] [ ]
\ \
PV | TLev —Copc |
\ \
D
| Sa/ 34/ 2 De |
\ \
\ \
\ \

Figure 1.1: Schematic of DC-DC converter

1.1 Steady state analysis

The switching scheme for the DC-DC converter is shown in figure 1.2.

\J

DTs/2 A-HTs/2 DTs/2 A-DOTs/2

S1,84

\J

Se,83

\J

Figure 1.2: DC-DC switching scheme
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With this switching scheme, the voltage at the primary side of the transformer v,(t), and the
inductor current i (t) and voltage v,(t) for one period, is shown in the figure below.

Ts

DTs/2 - Ts/P DTs/2

V(1) Vie/ N

A-DTs/e

-Vie/N

ity M
Vev/L

VPV

\

vt

Vev=Vioe/N

Figure 1.3: Voltage over primary side of HF transformer, and inductor current and voltage.

From figure 1.3 it can be seen that the inductor ripple frequency is.

2
S

1.1.1 DC-link voltage

DT T
£t S
2

For 2 the voltage balance is:

VDC (t)

Vo, (t)+V,(t) :T = Vo, +V, =

Sum of voltage over the inductor must equal zero

Appendix 1 DC-DC converter Analysis
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DT. (1-D)T.
V. s =V £
P L 9
D
VL = VPvm
- (2.3)

D
V=V, —
L PV 1—D
VDC = n[vpv +VPV %) = n(VPV %"' VPV %j = VPV %
B B B B (1.4)
Solving for the duty cycle as a function of output and input voltage
D=1- VPV n
Voc (2.5)
1.1.2 DC-link current
Solving for the average DC-link current as a function of PV current and duty-cycle
L L
2 % 2 7
loo=— | ldt=—1 I, dt
2 2
2 (, I _, DT,
:ﬁ IPVE_IPV 2 j—va lpy
(1-D)
= IPV
n (1.6)
1.1.3 Inductor current ripple
The ripple during steady state is derived using the inductor voltage equation
di, (t)
v, (t)=L, _ —t~
L( ) boost dt
Al
AVL = Lboost —=
Al pp :LAVL At =V, LTs =Vey M s
B boost boost 2 Lboost VDC
Al, = AIL,PP =V, Voc =Vey o1 .
2 4LboostVDC (1_7)
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1.1.4 Boost inductor

The largest boost inductor will be needed close to the limit between continuous and
discontinuous conduction mode, so by inserting |, into equation (1.7), and solving for the
inductor gives

VPV VDC B VPV N

boost — s
4I LB VDC

L
(1.8)

1.1.5 PV capacitor

The PV capacitor is calculated based on the assumption that all the inductor current ripple
will be delivered by the capacitor.Current ripple in the capacitor is given by.

dVey

Ie,, = PVT
AVp,
At (1.9)

Al =Al, =C,,

Having the expression for the inductor current ripple from (1.7), and solving for the PV

capacitor.
DT,
CPv:A/L.Lt:A/L. s
AV,, 2AV,,
2
(1_VPV'nj (1_va'nj (1_va'nj
Vv Vv "/
=Voy = T = T =V = Ts2
4Lboost 2A VPV 8LboostA VPV ( 1.10 )
Where AVey is the allowed voltage ripple at the PV side during steady state.

1.1.6 DC-link capacitor

Assuming the DC-link current to be constant, the capacitor is given at the PV maximum
power. The capacitor must deliver current during the 1st and 3rd interval, and the length of
one of these intervals is

a-2L

2 (1.11)

The voltage ripple in the DC-link can be found by

Appendix 1 DC-DC converter Analysis



109 NTNU Department of Electric Engineering

dVe

i. =l,,=C
Coc — 'DC o g (1.12)
From this the capacitor can be derived as
. VPV -n
1-——— T
At DT Voe Ioe (Voo =Voy -1)T;
Coc =loc =lp =In =
AV,e 20V, 2AV,, V.  2AV, (1.13)

Where AV is the allowed voltage ripple in the DC-link during steady state.

1.1.7 Limit between continuous and discontinuous conduction

Inductor current at the limit:

VDC _VPV 'nT

lg=Al .=V
LB L_limit ( PV 4LboostVDC leimit (1 14)

DC-link current as a limit (by applying (1.6)):

(1-D)
n (1.15)

IDCB = ILB

1.1.8 Max blocking voltage switches
During the first and third interval the voltage over all the switches is zero, during the second

interval the voltage over the switches is:

Vsr = Vs =0V
Voo =V = ﬁ
n (1.16)
and during the fourth interval:
Vs, =V, =0V
Vor =Vs, = 2=
n (1.17)

The maximum blocking voltage over the switches is therefore:

V. =20 _y
S _max n PV 1—D (]_]_8)
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1.1.9 Max blocking voltage diodes

When reverse biased, the maximum voltage over one diode is the secondary voltage of the
transformer, which equals the DC-voltage

VD?max = VDC (119)
1.1.10 Current rating switches
Maximum average current through one switch:
Iy g =2
S _MAX 2
(1.20)
Max peak current through one switch
Voo =V, -0
Is,P,MAx = IPV?MAX +AIL,MAX = IPV?MAX +(VPV %Tj
boost ¥ DC MAX (1.21)
1.1.11 Current rating diodes
Maximum average current through one diode
Inc (1-D)
ID?MAX :7ZIPV,MAXT (1.22)
Max peak current through one diode:
1 1 Voo =Vo, o0
/D,P,MAX = _(/PV,MAX + AILJ\//AX) = _(IPVMAX +£VPV %Tj ]
n n boost ¥ DC MAX (1 23)
1.1.12 Transformer winding ratio
Based on equation (1.4) the transformer winding ratio can be found by
V V
n= e (1-D,) =2
VPV?min VP (124)

Appendix 1 DC-DC converter Analysis



111 NTNU Department of Electric Engineering

1.2 Small signal AC modelling

In this chapter an equivalent circuit based on the small signal AC model will be derived.
Based on the methods described in [30]

In this derivation the duty cycle is defined as
d(t) = dutycycle
d'(ty=1-d(t) (1.25)

The switch intervals are divided into these four, where S, denotes which switches are on

DT,

Int,:0<t<—5(S,,S,,S,,S,)

Int,: == <t<-(S,,S,)

(=)
SN—"
—

Int,

Int, :

(1.26)

Small ripple approximations of interval 1 and 3:

VL(t) = <VPV(t)>Ts _<iL(t)>TS 'Ron

ot (1.27)

Small ripple approximations of interval 2 and 4:

on

oelt .
V()= (Vi (0), M =(i.(t),, 2R

n

d<VPV(t)>Ts

ipy () = <iL(t)>Ts +Cpy dt

(1.28)

Averaging inductor voltage over one period:
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n (1.29)

dt RDC n RDC
o)y () (Ve ()
= —d(t) R +d'(t) , —d'(t) R

Rpc n
- _ <VD’;(t)>Ts + dl(t) <IL(t)>Ts
be 5 (1.30)
Averaging input current over one period:
. , d(Vey (1)),
(10, = (10), 0, -

1.2.13 Constructing small signal AC equations by perturbing and linearizing

The inputs:

<VPV(t)>Ts = VPV + VAPv(t)
d(t)=D+d(t)

d'(t)=1-d(t) =1—(D+d(t)) = D'~ d(t) (1.32)

The response to the inputs:

Appendix 1 DC-DC converter Analysis
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(1.33)

The averaged inductor equation

Large signal averaged inductor equation:

d(IL +fL(t))

L
boost dt

= (VPV +VAPv(t))_(IL +I"\L(t)).R°” (1+D|_ &(t))

Vg (VDC +VADc(t))
_(D —d(t))—n -

Multiplying out and collecting terms (DC terms, 1st and 2nd order terms):

dl, di(t) v

Lboost [E—FTJ = [VPV _ILRon (1+D')—D'%]

+(\7Pv(t)+ILRonc§(t)—fL(t)Ron (1+D')-D'@+&(t)‘%]

n

+(iL(t)&(t)+ “(t)Mj
(1.35)

Assuming the second order terms are much smaller in magnitude then the first-order
terms, and the DC-terms must equal zero, the small-signal AC equation becomes:

L 20 - L0 )+ (/LRM +ﬁ]&(t) ~R,(1+D)}()
at n n (1.36)
The equation for the quiescent value (DC-terms):
Ny D
0=V, -R, (1+D )IL —— V)
n (1.37)
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The averaged capacitor equation

Large signal averaged capacitor equation:

a

. (Vs (1) (Voo +Velt)) (0-dt) (1.+1.)
dt Rpc n

(1.38)

Multiplying out and collecting terms (DC terms, 1st and 2nd order terms):

C (dVD%—d‘}DC“)j: pi Yoe |, D"m—d(t)’—L——‘?Dc(t) + —c?(t)’ﬁ
%\t dt n R, n n Ry n (1.39)

Assuming the second order terms are much smaller in magnitude then the first-order

terms, and the DC-terms must equal zero, the small-signal AC equation becomes

av,.(t) D': l - 1 .
Coe oW D05 i Ly,
dt n n Roc (1.40)
The equation for the quiescent value (DC-terms):
0= EIL _RLVDC
n oo (1.41)
The averaged input current equation
Large signal averaged capacitor equation:
- . d(Vs, +V,(t)
(IPV + IPV(t)) = (IL + IL(t))+ CPV M
ot (1.42)

The DC terms must be equal in size and therefore the small-signal AC equation becomes

h ry dVA t
iy (£) = i, (t) + Cpy 2;( ! (1.43)

The equation for the quiescent value (DC-terms):

o =10 (1.44)
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The equivalent circuit based on the averaged inductor, capacitor and input current

equations.

[lﬁm + Vﬂ_ﬂ]a(r)
Lo R, (140" "
t SV ] m O
+ L - +

U (1)

Figure 1.4: Equivalent circuit to the small signal AC equations

The first transformer has a ratio of 1:1, and can therefore be removed, a simplified circuit
without the transformer is shown in the figure below.

X

Figure 1.5: Simplified equivalent circuit to the small signal AC equations

1.2.14 State equations:

dVpy (t)

o =i (t)+ 1oy (1)
di(t) . .. D',

hoost ? = VPV(t) _Ron (1 +D)IL(t) _FVDC(t) + (ILRon +%
dv..(t) D': 1, I -

C e —Z () ——V . () —Ld(t

be g L(t) R oe(t) . (t)

Appendix 1 DC-DC converter Analysis
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1.2.15 State-space equations in matrix form

dVADC(t) i |
Cy O dfﬁl‘ 0 - (Z)' Vy ()
0 Ly 0 2Ol raen) -2
o 0 ¢l "ot
bl dvoc(t) 0 E _L VDC()
oad ] L n Roc |
1 0 0 0 V.,
. 1 .
0[] +||0 R, | |de
0 1 Voo
0 —— 0
- (1.46)
1.3 State-Space Averaging
The state equations in matrix form (bold letters denotes matrixes).
ax(t)
—— = Ax(t) + Bu(t
v (f)+Bu(t)
y(t) = Cx(t) + Eu(t) (1.47)
The state, input and output vectors are listed below.
VPV(t)
x(t)=| i.(t)
VDC(t)
u(t) = [in(t)]
y(t) =[vpe(t)] (1.48)
1.3.16 Linear system equations interval 1 and 3
State equations:
dv .
CPVTPV_ i () +ipy (f)
di, (f) .
Lboost (Lﬂ = Pv(t)_RonIL(t)
dv,.(t 1
CDC th()__R_VDC(t)
b (1.49)
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Output equations:

R, .
VDC(t) :TDC’L(t) (1.50)

The constants of proportionality matrices for these intervals:

0 -
A =|1 -R, 0
0 0 _
L RDC
B, =
C, =0 Roe O}
i n
E =[] (1.51)
1.3.17 Linear system equations interval 2 and 4
State equations:
dv .
CPV d;v = IL(t)+IPV(t)
di (t .
Lboost % = VPV (t) _2RonIL (t) __VDC(t)
av,.(t) 1. 1
Coc oo () =—i (t) ———Vp(t)
dt n Roe (1.52)
Output equations:
R, .
Voo (t) =—2%i,(t)
n (1.53)

The constants of proportionality matrices for these intervals:
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0 -1 0
1
A, =1 2R, ——
n
o 1 _1
i n Roc
B, =
C,=|0 Roc O}
i n
E, =[0] (1.54)
1.3.18 Averaged matrices for the constants of proportionality
0 1 0o -1 01
A=DA,+D'A,=D|1 -R, 0 |+D'|1 2R, ——
n
0 0 - 1 1
Roc 0 n R
L s | n Roc
0 —1 0
=1 —(DR,,+D'2R,,) —D'l
n
0 pl 1
i n Roe |
1 1 1
B=DB,+D'B,=D|0[+D'|0|=|0
0 0 0
C=DC,+D'C,=D|0 Roo O}D'[O Roc 0}:[0 Roc O}
i n n n
E=DE,+D'E, =D[0]+D'[0]=[0]
C,, O 0
K: 0 Lboost O
0 0 Co (1.55)
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1.3.19 The equilibrium vectors

X=-A"BU
Y= (—CA*1B+E)U
(1.56)
| R,1"D+2R,n°D'+D" R, |
VPV n2
IPV = —1 [IPV]
Voe _ D'Rye
L n -
R
[VDC] = {_ﬂ}[/w]
n (1.57)

1.3.20 State equations of small signal AC model

The state, input and output vectors:

_VAPV(t)
x(t)=| ()
V(1)
i(t) = s (1)
y(t) = [VDc(t)] (1.58)

State and output equations on matrix form:

) .
K% = AX(t) +Bii(t) + [ (A, ~ A, )X + (B, ~B,)u]d(t)

y(t) = CX(t)+Ed(t) + [ (C, - C,) X +(E,~E,)U]d(t) (1.59)
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0 1 0 0 -1 O1 0 0 (1)
A -A, = -R,, 0 |-|1 2R, — |=|0 R, —
1 n n
0 0 | |0 LI B S
- 40 n R | L n
1 1 0
B,-B,={0|-|0|=|0
10] |0 0
CcC.-C :_O —oe O}—[O Roe 0}:[0 0 0]
17 V2 I n P
E,~E, =[0]-[0]=[0] (1.60)
The state equations:
_dVPV(t)_ i ]
C,y, O 0 dfﬁl‘ 0 ol (;' Vey (1)
0 L., 0| ’;—i) =[1 -R,(1+D") -= || it
n .
0 0 Cp ) 0 D' 1 Vo (t)
oat || n Roc
1 0 0 0 v,
. 1 .
+0 -[ipv(t)]+ 0 R, —| Iy |]dit
n
0 1 Voe
0 —— 0
- (1.61)
The output equation:
VAPV(t)
. Rpyc s
[Voc(t)]: 0 T 0 IL(t)
VADC(t)

(1.62)

The state equations of (1.61) is equal that derived in (1.46), so it should be correct. The
output equation is controlled by inspection, and is correct.
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1.4 Transfer function of DC-DC converter

Finding the Laplace transformed of the differential equations in (1.45).

SCoyVpy (S) = —fL(S) + ipv(s) (1.63)

Lol (8) = Vpy (8) = Roy (14 D") () - %Voc() (/R +Vn j&(s)

(1.64)
. D' 1 . I -
SCpcVpc(S) = FIL(S) _R_VDC(S) _#d(s)
bc (1.65)
The photovoltaic voltage:
A 1 ° °
Vpy (S) = —<_IL(S) + IPV(S))
sC

ad (1.66)

Solving (1.63),(1.64) and (1.65) for the DC-link voltage gives these transfer functions

o DVo =Ryl 1

H (S) — VDF (S) — K nLBoostl LBoosrCP\/
‘ ds) s° +§°G, +5G, +G,
Ve (S) 1
H,(s) ==>==K,
’ oy () s* +5%G, + G, +G, (1.67)
Doing the same for the PV-voltage
Vg +0°Royl, ~D'Ry,
H,(s) = A;:v(s) K, nSCDc'EDc (VDC +nRONIL)
d(s) §°+5°G, +5G, + G,
45 Lggest + CoeRocRon + D' CocRocRon + D* RDC +'72":\)01\/ +n2D'RON
H (S) _ VAPV (S) _ K BoostCDCRDC BoostCDCRDC
4\®) == =Ny
oy () §° +5°G, + G, +G, (1.68)
and the inductor current
o (Vo +n°Royl, +D'Rygl, )
. s°+s
j CocRoc (Voo + 1Ry !
H5(S):I£(S) :K5 DC DC( + )
d(s) s° +§°G, +G, +G,
1
. s+C R
H,(s) = !L(S) = K, ———pee
iy (8) §°+5°G, +sG, + G, (1.69)
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Where the constants are defined as
G — Lgosst + CocRowRoc +D'CocRonRoc
, =
LBoosr CDC R DC
G = D* CoRoc +r'zcncRDc +n2DICP\/RON +r’zc"lvv":\)om
| =
nzLBoostCP\/CDCRDC
6o 1
LBaos( CPV CDC RDC ( 1. 70)
and
K, =- U
nCpe
— DI
? nLBoost CPV CDC
K - Voo +nRy 1,
, =X _ONL
nLBoostCPV
K-t
CPV
K — Vo +nRy, 1,
° nLBoosl
K = 1
LBoost CPV ( 1 . 7 1)
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2 LCLFILTER

A figure of the filter is shown in the figure below

Figure 2.1: LCL filter model

2.1 Differential equations

The differential functions of the LCL filter, which is valid in the stationary abc and of3
reference frame is

(2.1)

There are no cross couplings between the phases, and thus the equations are equal for all
phases. If expressed in matrix form they become.

[ di;(t) i _Ri +Ry & _i L
at L, L L i(t) L
dig(t) ~ R, R, +R, 1 ! l‘ 0 1| v,(t)
o A ol I e e P
g g g Vv (t) g Y
dv,(f) 1 ¢
ot — -— 0 0 0
L 11 G C,

- - - (2.2)

This can be transformed into the dg-system by inserting the inverse transformation of the

dqg currents as shown in equation (2.3) (where X is the current or voltage of interest) into
(2.2)
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X,=X,cos0—-X_ sin@d
X, =X, sind+ X, cos& (2.3)
The solving of these equations can be quite tedious if solved by hand, but by using a
program like maple, it becomes rather simple. Solving for the dq currents gives the
expression in (2.4).

[ R +R, R, 1

[ di ()] |- ® < 0 -—— 0 _ _
Z—t() L’ h b 1o 0 o0
di, (t) —w —RfZRd 0 % 0 —Ll |k
dt i R R i i I/d(t) 0 Li 0 0
digd (t) & 0] __9 Ry ) i 0 {iq(t) i Vid(t)
a | _ Lg Lg Lg lga (t) 40 0 _i 0 Vig ()
i (1) 0 R, " R, +R, o i (£) L, Vg (1)
] dt(t) L L, L VCdEg o 0 o0 Li v, (1)
Ve v,
i T 0 T 0 0w |- :
C, C, 0
av,, (t) 1 1
o 0 _ 0 — o 0 - /
L G G i
(2.4)

2.2 Transfer functions

Transfer functions are derived based on the three phase differential equations derived in
the previous chapter, but in these equations the inductor resistance is not considered.

116) =< (R 8]+ Rey (9 -V, (5) +1,(5)

(2.5)
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Solving the equations.

()= §’L,C, +SC,R, +1
T s(SLLC, +S(LCR, +L,CR, )+ (L, +L,))
B SC,R, +1 v (s)
s(S’LL,C, +8(LCR, +L,CR,)+(L, +L))
i (s)= sC,R, +1
T s(SLLC +s(LCR, +LCR, ) +(L, +L))
~ S’LC, +SC,R, +1 v (s)
s(S’LL,C, +8(LCR, +L,CR,)+(L, +L))
L

— g
vels)= S2LL,C, +s(LCR, +L,CR, )+ (L, +L,)V'(S)

v.(s)

i

v.(s)

i

L

1

+
$°LL,C, +8(LCR, +L,CR, )+ (L, +L,

v, (9)
) (2.6)

Defining the resonant frequency

, 1{1 1}
WOpg = —t—
Gl L (2.7)

and the impedances

7 =
Lcg — 7 A~
LG (2.8)

Inserting the definition of the resonant frequency into the solutions

1 §?L,C, +SC,R, +1 v (s) 1 sC,R, +1 y
sL,L,C, (sz+stCfa)2 +a),is) T osLLC (sz+stCfa)2 +a),is) ?

i;(s)

1 sC,R, +1 V(s)— 1 $°L,C; +SCR, +1
sL,L,C, (32 +SR,C, 0, + ) T sLLC (32 +SR,C.0)’, + &’

1 L, 1 L
= 2 2 2 Vi(s)
LL,C; (s* +5R,C ek, + ol )

res res

ig (8)

i

LLC, (s?+5R,C 0k, +of

res res

v (s)
(2.9)
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The transfer functions of the damped system.

H - i(s) _ 1 s*+sCR,zl +2
vi(s) sL (s*+sR,C ), + @)
H,, - i) _ 1 sCRyzl +2
Vy(s) L, (s*+sR,Col, + )
Ho = iy (8) _ 1 SC,R,Zic +2ic
Vi(s) Ly (8* +R,C,el, + )
H,, - iy(s) _ 1 s* +C,R,z}e, + 215,
Vo(s) sL, (s*+8R,Coe}, + )
H, = v,(s) _ Zng
v,(s) (s2 +SR,C 0, + a),zes)
H v,(s) _ z

v,(s) (32+stwa2 +wfes)

res

(2.10)

By considering the inverter as a harmonic generator at high frequencies, and the grid as a
short circuit, the converter voltage harmonic at the switching frequency becomes

vi(hg,)#0, and the grid voltage harmonic at the switching frequency becomes

vo(hy,,) # 0. With these assumptions the current equations becomes

2 2 2
1 s°+sCR,z,, + 27,

i.(hy,)= v,(h

I( SW) SLI (SZ +stCfa),zes +a),zes) l( SW)

, 1 sCR,Z, +7

Ig (hsw) = 2 LOLC 2 L 2 vi(hsw)
sL; (s +SR,C; +a)res)

(2.11)

The transfer function between the inverter side and grid side current at switching
frequency becomes

sL (8% +sR.C.a?. + &’
V(h ): :( d~f Pres res).

1 sw

i sw)

2 2 2
§°+sCR,z. + 7,

2 2 2 2 2 2 2
1 SCR,z/; + 2}, 1 sCR,Z, +77, Sl (S + SR, Gy s + a)res) .

i( = ( = i-(h,)
g\ sw 2 2 2 i\sw 2 2 2 2 2 2 I\ sw
sL; (s +8R,C @, + a),es) sL, (s +SR,C,w + @ ) §*+sCR,z; + 7

res

; 2 2
IQ (hsw) — SCfRdZLC + ZLC

; 2 2 2
ii(hy,) s +sCR,z +2j,

(2.12)
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Transfer functions of the undamped system.

g (s 1 s +2;
iivi Vi(S) SL,' (SZ +a)'?es)
g1 2

res

— i/'
livg Vg (S) SL,» (Sz +w2 )

H. = =
igvi ,(S) SLi (SZ +60,i5)
b i(s) 1 S +z,
igvg Vg(S) SLg (Sz +a)rzes)
chvi = v (S) - chg
v,(s) (s2 +a),2es)
2
-
v S +o
g res (213)

With the same assumptions as for the damped system the transfer function between the
inverter side current and the grid side current at switching frequency becomes.

(2.14)
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3 SYSTEM RATING

A multi-string converter with full bridge boost converters on the input, and a three-phase
full bridge inverter on the output is to be used. The converters will be dimensioned to be
used on the solar panels at NTNU, and should be able to connect to a 400V grid. Each string
will have its own full bridge boost converter, and the DC-DC converter will therefore be
dimensioned for one string only. The DC-AC inverter on the other hand, must be
dimensioned to withstand the power delivered from all the strings.

3.1 Description of solar panels at NTNU

The solar panels at NTNU are mounted on the southern wall of electro building b, and cover
192m?2. They are integrated in a 455m? double glass facade mounted on the outside of the
buildings existing cladding. The solar modules are delivered from BP Solar, and the modules
consist of series of 60 or 90 monocrystalline silicone cells from Saturn Technology. These
modules are arranged in strings with four 90 cell modules and one 60 cell module, with a
total peak power of 14.56kW.

Electrical data for one PV string

Open circuit voltage V¢ sc 300V
Short circuit current Iy o 5A
Maximum power Py, «¢ 910W
Voltage at maximum power V,,,, «c 210V
Current at maximum power |, «¢ 4.3A

All data is given at STC (Standard Test Condition), with irradiance of 1 kW/m?, air mass (AM)
of 1.5, and a cell temperature of 25°C.

3.2 DC-DC converter

In this chapter the DC-DC converter will be rated, and most of the calculations made here
are based on equations derived in appendix 1.1.

3.2.1 Switching

The switching scheme of this converter is shown in the DCDC converter appendix, and to
reduce the size of the magnetic components the DC-DC converter will be switched at a high

frequency. A switching frequency of /¢ = 50kHz will be used, and therefore mosfets will

be a natural choice of switches.
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3.2.2 Voltage rating

The inverter will be connected to a three-phase 400V grid, and this will therefore be the
rated output voltage of the full bridge inverter, that is V,, = 400V. Based on this the needed
DC-link voltage can be calculated. To achieve the maximum output voltage without
overmodulation, the inverter must run at approximately unity modulation ratio, that is m,
= 1. Once the modulation ratio is known, then the DC-link voltage can be calculated based
on the maximum voltage with space vector modulation, given in equation (3.9) in the
master thesis.

V.. =2V, =+/2-400 = 565V

This is the minimum voltage on the DC-link, but because there will be a voltage drop across
the LCL filter the voltage is sat to 600V. Based on the DC-link voltage and the PV panel
voltage, the transformer winding ratio and the DC-DC converter can be dimensioned. The
input voltage is a function of the temperature, and the input voltage range of one string can
be calculated by using equation (2.1) from the master thesis. Assuming the temperature of

the cells can vary from -30°C to 60°C, and the number of cells in series per string is

n,=1-60+4-90 = 420, the open circuit voltage range is:

Voe max = —2:3 107 N (T = Tsre) +Voe src

=-2.3-10"*-420-(-30-25)+300
=353V

Vo min = -2.3-10°° Ny (g = Tsre) + Voo sc

=-2.3-10"°-420- (60— 25) + 300
= 266V

This is the maximum and minimum voltages at open circuit, and the converter should be
able to handle the maximum open circuit voltage even though it is not the normal operating
voltage at MPP. So the maximum operating voltage of the DC-DC converter becomes:

VPV?max = VOC?max = 353\/

Since the converter will be working at the MPP voltage, which is lower then the open circuit
voltage, the minimum voltage the DC-DC converter must handle will be lower then

Vocfmin- By finding the MPP voltage at max temperature, and a voltage 10% below this

value will give an approximation of the lowest allowable operating voltage. The minimum
operating voltage of the DC-DC converter is then:
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vV
Vy =Sy 09— %266-0.9 168V

VOC?STC

Should the voltage be above or below these values, the converter must cease to energize
the DC-link.

3.2.3 Current rating

Since the converter will operate in continuous conduction mode (CCM), a lower current
limit must be set, which also will become the limit between continuous and discontinuous
conduction mode (DCM). It is desired to have a large operating range of the converter, and
thus a low limit, but at the same time it is desired to keep the boost inductor as small as
possible, and thus a higher limit. So a minimum input current limit of 10% of I is therefore
used, and the maximum input current is equal the short circuit current of the PV panels.
Giving an operating range of:

0.5A <1, <5.0A

The lower limit equals the limit between CCM and DCM, | ;.

3.2.4 Transformer ratio

To be able to use mosfets in the DC-DC converter the voltage over the switches must be
kept at an acceptable level. The highest voltage over the switches will be equal to the
primary voltage of the transformer, and is therefore a direct function of the winding ratio
and the DC-link voltage. A 500V mosfet is assumed used, and there should be some safety
margins, so the primary voltage of the transformer should never exceed 400V. Based on
this the transformer ratio becomes:

n:VD_C:@:']A
V, 400

3.2.5 Duty cycle limits

Based on the previous calculations, the duty cycle limits becomes

V., .
D —q—tprmn M _y 10814 5
Voo 565
V. .
D, =1l _y 391445
Voo 600

Appendix 3 System rating



131 NTNU Department of Electric Engineering

3.2.6 Boost inductor

The inductance of the boost inductor is governed by the minimum current the circuit must
deliver in CCM, the PV voltage and the DC-link voltage. This is shown in equation (1.14) in
appendix 1.1, so the boost inductor becomes:

V.-V, -n
boost VPV MTS
4ILBVDC

L
(3.1)

As seen from the equation, the only variable is the PV voltage. In the figure below the boost
inductor is shown as a function of the PV voltage.

0.001 +

0.000%

0.0003

0.0007

180 200 220 240 260 280 300 320 340
W

Figure 3.1: Boost inductor as function of the PV voltage

It can be shown that the maximum inductor appears at:

V
VPV_maxL = ZLC
h (3.2)

By inserting this into equation (3.1), the boost inductor needed is:

Lboost = VDC Ts = 600 201076 =1.1mH
16n-1, ° 16-14-05
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3.2.7 PV Capacitor

The PV panel can be seen as a current source, and as mentioned in the master thesis, it is
needful to convert it to a voltage source by adding a capacitor in parallel. In this way the
capacitor will handle the ripple current from the boost inductor, smooth the current from
the PV panel, and keep the PV panel voltage ripple at a minimum. The capacitor can be

found as shown in appendix 1.1
2
[1_\/PV’”J
VDC T2

C,, =V,
" PV 8LboostAVPV ’

(3.3)

Choosing a maximum voltage ripple of 0.1V, and plotting

0.025-4
0.021
0.0154
0.01+

0.005+

180 200 720 240 260 280 00 320 340
W

Figure 3.2: PV condensator as function of PV voltage

It can be seen from the plot that the capacitor needs to be highest at the lowest input
voltage, and using equation (3.4) gives a capacitor value of approximately 30pF. But if a
electrolytic capacitor is to be used the maximum current ripple must also be considered. In
appendix 1.1 an expression for the current ripple is derived
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VDC B VPV N

A/L:VPV TR s
DC

boost (34)
Solving this equation for the highest current ripple, gives a maximum ripple of 0.50A, with
an rms value of 0.29A.

3.2.8 DC Capacitor

The instantaneous power drawn from the DC-link is constant and equal the power drawn
from the PV panels, as shown in figure 2.8 in the master thesis. Assuming the DC-link
voltage is held constant, the current drawn from the DC-link is also constant, so therefore
the capacitor must deliver all the current during switching intervals 1 and 3 (see appendix
1.1 for switching schemes). Based on this the capacitor size is in appendix 1.1 derived as

C - Ioc_wax (VDC ~Vix_sm '”)Ts

T Ve 2AV,, (3.5)

At the maximum power, the DC current is 1.6A, and setting a maximum voltage ripple of 1V,
the capacitor size becomes C,~ = 7.7uF . If an electrolytic capacitor is to be used, then

the current ripple must also be taken into consideration, and in this case the rms current
ripple is the same as the maximum DC-link current.

3.2.9 Circuit design

Based on the calculations made in the previous chapters, the DC-DC converter has been
designed. For the design of the circuit, the OrCad 10.5 program pack was used, where the
circuit design was made in Capture CIS, and the PCB layout was done in Layout. A schematic
of the circuit is shown in the figure 3.3, and the component specification can be found in
table .3.1
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Figure 3.3: DC-DC converter schematics from OrCad Capture
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Table 3.1 - Component list
Type Brand Description Size Count
19MTO50XF International Mosfet full bridge 500V 1
Rectifier
IR2113 International High and low side 2A 2
Rectifier driver
8ETHO6 International High speed diode 600V, 18ns 4
Rectifier
ETD49/25/16 Ferroxcube 3F3 ferrite core 2
55109A2 Magnetics Kool mu toroid 77110 1
FA-NR: 607418 | Block Litz wire 0.1mm2
LAH 25-NP LEM Current transducer 25A 1
NMVQO515SAC Newport Isolated DC-DC 1w 4
Components converter
EETED2G331DA | Panasonic Electrolyte capacitor 400VDC, 3
330uF
Tantal condensator 0.1uF, 35V 4
Tantal condensator 10uF, 16V 2
Surface mounted 10Q
resistor

A circuit board with standard copper layer thickness of 35um is used, and the track width
of the high power tracks is 5mm. According to [21], a track width of 5mm gives a 10°
temperature rise at a current of 7A.

A boost inductor was built on the Kool mu toroid, and a high frequency transformer on the
3F3 ferrite core. The calculations is shown in appendix 4, and the leakage inductance of the
buildt transformer is shown in the table below.

Table 3.2 - HF Transformer leakage inductance and resistance at 50kHz

Resistance

1.4Q

Transformer Leakage Inductance

Litz wire - partitioned (S-P-S-P-S) 1.3uH
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Also some test points where added to the design, these are shown in the table below.

Table 3.3 - Test Points on DC-DC converter

Name Description Additional information
GND Ground

V. Input capacitor voltage and PV voltage

V, Voltage boost inductor

Vv, Primary voltage of transformer

V, Secondary voltage of transformer

Ve Voltage DC-link

Ve, Voltage gate 2

Ve, Voltage gate 4

Iy Current gate 2 Voltage across gate resistance

I Current gate 4 Voltage across gate resistance

3.3 DC-ACinverter

3.3.1 Switching

To decrease the lower harmonic content, a high switching frequency will be applied, even
though it reduces the effectivity of the inverter. It also reduces the size of the capacitive and
inductive components connected to the inverter, and enables faster response of the
controller. A switching frequency of 20kHz will be used.

3.3.2 Inverter specifications

An IGBT converter which is designed as a general building block for DC-DC converters, DC-
AC converters and motor drives will be used. The converter is designed for laboratory use
at NTNU SEfAS, and the converter rating is

Power 20kW
DC-Voltage: 0-650V
Switching frequency  0-25kHz, 0-100% pulse width modulation

The total peak power of all the solar panels at NTNU is 14.56kW, so the converter is
oversized. Therefore no further calculations will be made in the DC-AC inverter.
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3.4 LCL filter

The goal when designing an LCL filter is to reduce high-order harmonics on the grid side. But
when designing the filter care must be shown, or the attenuation can become lower than
expected, or it can even lead to a distortion increase because of oscillation effects. The
inverter current harmonics can in fact cause saturation of the filter inductors or give filter
resonance. So it is important to design the inductors correct considering current ripple, and
the filter should be damped to avoid resonance. The LCL filter with damping resistor is
shown in the figure below.

Figure 3.4: LCL filter with damping resistor

3.4.1 Design

The design is based on some of the design considerations given in [19,20], and the goal is
to lower the current harmonics below the limits given by the standards. In [23] it is shown

that the highest harmonic voltage occurs at mfir 2 at unity modulation ratio, where

3
|
P | o

At these frequencies, the amplitude of the harmonic voltages is shown to be 0.32pu of the
fundamental when using sinusoidal PWM. For space vector modulation, the harmonics will
become different, but in order to find the amplitude of these harmonic voltages the PWM
scheme should be simulated. In order to avoid simulating the SVM scheme, it is instead
assumed that the harmonics with this scheme is the same as with sinusoidal PWM. This can
be justified by the fact that the harmonics produced by SVM is lower than those produced
by sinusoidal PWM, as stated in chapter 3.3.2 of the master thesis.

Appendix 3 System rating



Fundamentals of Grid Connected Photo-Voltaic Power Electronic Converter Design 138

In table 2.3 of the master thesis the harmonic current limit is sat to 0.3% of the fundamental
for harmonics above the 33rd, therefore the filter should be designed to reduce the
harmonics around the switching frequency below this limit. Since the highest amplitude of
the harmonics occur close to the switching frequency, it should be adequate to calculate
the attenuation of the currents at the switching frequency, and design the filter according
to this.

Base values

Base voltage, power, current and frequency.

E, :Vg =400V

Pn = PMAX_STC =910W
p

| =—L—=131A

g \/§Vg

—2nf = 2750 = 3147ad
@, = 2f, = 2750 = 314180/

Base impedance and base capacitance

EZ 4007
910
11

w,Z, 314-176

=176

=18uF

Inverter side inductor

The harmonic current at switching frequency should be limited to

lygo = 0.3%-1, =0.003-1.31=3.93mA

The selection of an appropriate limit for the current harmonics through the converter side
inductor, is a trade-off among inductor size, switching and conduction losses, and inductor
coil and core losses (from [20]). Higher limits gives lower switching and conduction losses,
but a larger inductor, resulting in larger coil and core losses. In this case a current limit of
20 times the limit at the output of the filter is used, giving an inductor size of

V,, 0.32- 400
L = = =4.3mH
" 7399, Ly /3-399-314-0.0039- 20

Capacitor

The maximum reactive power of the capacitor should be 5% of the rated power, this gives
a maximum capacitor size of
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Qi pf rated 360 C V2

Cf max _kpf medz =V 5 910 2 =09ﬂF
- 30,V 3-314-230

k ;- percentage reactive power of rated power
V- grid phase voltage

This demand is equal to C; <0.05Cy, , and the largest standard size capacitor below this

value is 0.68UF. Therefore this size will be used.

Grid side inductance

In a two level VSI the current harmonics is centred around the switching frequency and
above, with the highest harmonic in the vicinity of the switching frequency. The ripple
attenuation at switching frequency from the inverter current to the grid current, without
considering the damping resistor, can be expressed as (see appendix 2.2 for derivation of
this transfer function)

(3.6)
k,: current attenuation from i, to i,

In order to comply with the standards, the harmonic current at switching frequency has to
be reduced to 5% of the inverter side current.

1
k2 2

L= 0. 05 — 2mH
C &, 068 10° (27 19950

Total inductance value

The total inductance value should be less then 0.1pu to limit the AC-voltage drop during
operation.

L +L 1073
i:a)n( + g):2ﬁ50(4.3+2) 10 001t
Z, Z, 176

Resonant frequency
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10f, <f,, < 0.5, = 500Hz <f,, <9975Hz

The resonant frequency should be in the range of

1 (1 1) 1 [ 1 1
oo = oA @hy =5 || | =2 + =5224Hz
w0 = =5 Cf{L,. Lg] 27[\/0.68406(4.3403 2-103)

Damping resistor

A large resistor gives effective damping, but it also tends to reduce the attenuation above
the resonant frequency, and increase the losses. When using a resistor in series with the

capacitor, the resistor size is often sat to one third of the capacitor impedance at resonant
frequency.

1 1

X, = =
“ w,C, 2r-6762-0.68-10°

=34.60

R, =22 38 100
33

LCL filter specifications

In table 3.4 the filter specifications is summarized, and in table 3.5 the components used
are listed, and the inductance values are measured using an RLC meter.

Table 3.4 - LCL filter specifications

Parameter Value
Inverter side inductance L, 4.3mH
Filter capacitance C; 0.68uF
Grid side inductance L, 2.0mH
Damping resistor R, 10Q2
Resonance frequency f., 5224Hz

Table 3.5 - Component list LCL-filter

Type Brand Description #
Resistor 102, 50W 3
Capacitor Epcos 0.68uF 3
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Table 3.5 - Component list LCL-filter

Type Brand Description #

Inductor Magnetics KoolMu 2.06mH, 1.1€Q(at 50Hz) 3
2.07mH, 2.2Q(at 20kHz)

Inductor Magnetics KoolMu 4.45mH, 1.8Q(at 50Hz) 3
4.47mH, 3.9Q(at 20kHz
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4 MAGNETIC DESIGN
4.1 LCL Filter inductance

4.1.1 Specifications

The required specifications of the inductor is:

L =43mH

Lg =2.0mH

ch =IRMS = PPV =ﬂ=2-3A
Veus 400

ch,b/‘as =0A

A KoolMu core from Magnetics will be used, and in the design of the inductor a design
procedure described in “Magnetics Powder Core Catalogue” (found at www.mag-inc.com)

is used.

4.1.2 Design of converter side inductance

1 LI, =4.3-107.2.3* =22.7mHA®

2. From a Core Selector Chart a core with a permeability of 60 and core number 77110
is found.

3. a) Calculating the number of turns
Worst case:

—75. —69mH
A =75-0.92=69 % 000turns

108 108
N, = L, -10 :\/4'3 10 = 250turns
A 69

b) The dc-bias
No DC-bias
c) Determine the rolloff in per unit from dc-bias curves

No roll off
d) Increasing the number of turns
No increase in number of turns

4. Choosing wire size using a wire table

i :6%7m2

Ay, =0.41mm’

The skin depth at 20kHz is 0.53mm? (table 30-2 in [29]), and therefore an ordinary single
conductor wire is adequate.
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4.1.3 Design of grid side inductance

1 LI,.2 =2.0-107 -2.3% =10.6mHA

2. From a Core Selector Chart a core with a permeability of 60m and core number 77071
is found. Because 77110 is in stock this will be used instead.

3. a) Calculating the number of turns
Worst case:

—75. —g9mH
A =75-0.92 =690 01 ms

. 6 . 6
N, = L, 10 =\/2'0 10 =170turns
A 69

b) The dc-bias

No DC-bias

c) Determine the rolloff in per unit from dc-bias curves
No roll off

d) Increasing the number of turns

No increase in number of turns

4. Choosing wire size using a wire table

JL :6Amm2

Ay, = 0.41mm?

The skin depth at 20kHz is 0.53mm? (table 30-2 in [29]), and therefore an ordinary single
conductor wire is adequate.

4.2 High frequency transformer

4.2.4 Specification

The design criteria of the transformer is.

f, =50kHz
n=14
S=910W
D (D )T 2.~ 2 2 \7,,2(1—Dmm)7—s - ;
V= FSIO vV, dt = \/f[%—O = \/Vpn.z(1—Dm|n) = \/4002(1—0.12) =375V
= i = w =24A
Moy 375

pri

k,, =0.3 (ltz wire)

Appendix 4 Magnetic design



Fundamentals of Grid Connected Photo-Voltaic Power Electronic Converter Design 144

4.2.5 Design

In the design of the transformer, a simplified calculation will be used. Losses in the
transformer will be neglected, and instead the transformer will be made sufficiently large.

The core chosen is a Ferroxcube ETD 49/25/16 with these specifications:

A, =211cm’
A, =3.1cm*(2.73 in datasheet)
AP =5.76cm*

B =0.2T (at 50kHz)

The number of turns needed is

N Vo 400
* 2xf-A,B 27-50e3-2.11e—4.0.2
N; =N, -n=30-1.4 =42tums

= 30turns

In order to fill the window completely the optimal wire sizes becomes

k .
oy = CUAW :M:‘]_’Ir’nm2
N, 2.37
k 3
Ay = why 03-273 0.68mm*
2N, 260
2
. o = - . 2 .
Using a wire size of Aoy = 0.94mm for both windings utilizes 226mm"~ of the total window,

and leaves some place for isolation. Estimating the maximum rating of the transformer

2.4
o =@=2.55%m2
S, =222-k,-f-J -B-A, A =222.03-50e3-2.55-0.2-6.54e —2 =1.1kVA
The maximum rating of the transformer is larger than the rating of the PV panels, and
should therefore be sufficiently large. It should also be noted that the PV panels almost
never work at maximum rating, and therefore the transformer will normally have some
capacity left.
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Reduction of leakage inductance

In order to reduce the leakage inductance the windings has to be partitioned into multiple
sections, and thus the leakage inductance is reduced. This arrangement also reduces the
eddy current losses, but increases the interwinding capacitance and increases the amount
of safety insulation between the sections. The increased amount of insulation is not a
problem since the windings themselves does not fill the whole window. In the figure below
the partitioning is shown.

Figure 4.1: Partitioning of the transformer windings

4.3 High frequency boost inductor Design

4.3.6 Specification

The required specifications of the inductor is:

Ly =1.02mH
oo =4.3A

Inc_4ias = 0.43A (at required inductance)
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4.3.7 Design

A KoolMu core from Magnetics will be used, and in the design of the inductor a design
procedure described in “Magnetics Powder Core Catalogue” (found at www.mag-inc.com)
is used.

1 Ll,2 =1.02.107°.4.3° =18.9mHA’

2. From a Core Selector Chart a core with a permeability of 60 and core number 77716
is found, one size larger is used (77110) to increase the number of turns per layer and
thus reduce the capacitive coupling between input and output.

3. a) Calculating the number of turns
Worst case:

—75. —g9MmH
A =75-0.92=69"H/10001 ms

. 6 . 8
N, = L, 10 =\/1'1 10 =126turns
A 69

b) The dc-bias:

AzNIl,. . -120-
H= 047Nlo; e _ 0.47-126-0.43 = 4.80ersteds

l 14.3

e

c) Determine the rolloff in per unit from dc-bias curves
Rolloff=0.97
d) Increasing the number of turns

M = ﬁ =130turns

Nadj = =
Rolloff  0.97

4. Finding the wire size

JL:ZAmmZ

Ay, = 2.0mm’
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5 BRIEF DESCRIPTION OF CONVERTER SIMULATION

5.1 DC-AC Converter

The converter is simulated in simulink, and this appendix contains a brief description of how
the simulation is made. The simulink model consists of three major blocks as shown in
figure 5.1.1. These three blocks are described in the following chapters. All variables are
defined in a m-file called constants.m, and from this file all process and controller variables
can be changed. This file must be executed before the simulation is started.

heasurements and aquisitions Control Flant

Figure 5.1: The three main blocks in the simulink model

This description of the model is very brief, but there is also added more detailed
information in the model itself.

5.1.1 Measurements and Acquisitions

This block handles the measurements of the process variables. First the block filters the
signals, and then it samples the filtered signals at the specified sampling interval T,. The
content of this block is shown in figure 5.2.
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Figure 5.2: Content of measurement and acquisitions block

5.1.2 Control

In this block all transformations, phase synchronization and control of current and voltage
is handled. Instead of using SVM, CB-PWM with third harmonic injection is used. They give
equal output, but the carrier based is easier to implement in simulink.The content of this

block is shown in figure 5.3
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Figure 5.3: Content of control block

5.1.3 Plant

The last block is the plant block, and in this block all the physical processes are simulated.
The content of this block is shown in figure 5.4. The grid voltage is in this model simulated
as a pure sinusoidal three phase voltage, without any harmonics. It is possible to set the
initial voltage angle, and to give the voltage a phase jump at a specified instant.

The DC-link is modelled as a capacitor with currents as input and the DC-link voltage as
output. The current drawn from the DC-link is the d-axis current multiplied with a constant
K., which relates the d-axis current and the current from the DC-link. The source feeding
the DC-link, is a source having similar current voltage characteristics as a solar panel.

The model of the inverter includes full PWM, and the switch signals are generated at a
similar way as they are generated in a DSP. As an interface to the grid a model of the LCL
filter is used.
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Figure 5.4: Content of plant block

5.2 DCDC Converter

The converter is simulated in simulink, and this appendix contains a brief description of how
the simulation is made. The simulink model consists of four major blocks as shown in figure
5.5, which are described in the following chapters. All variables are defined in a m-file called
DCDC_constants.m, and from this file all process and controller variables can be changed.
This file must be executed before the simulation is started.
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hdeasurements_and_aquisitions

Contrel_DCDC_Converter Contral_DCAC_Converter Flant

Figure 5.5: The four main blocks in the simulink model

This description of the model is very brief, but there is also added more detailed
information in the model itself.

5.2.4 Measurements and Acquisitions

This block handles the measurements of the process variables. First the signals are filtered,
then it samples the filtered signals at the specified sampling interval. The content of this
block is shown in figure 5.6. The measurements made here corresponds to the
measurements made in a real system.
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Figure 5.6: Content of measurement and acquisitions block
5.2.5 Control DC-AC Converter
This block is the same as the control block of the DCAC simulation, see chapter 5.1.2.

5.2.6 Control DC-DC Converter

The control of the DCDC converter is in this case only the MPP tracker. The MPPT is based
on the P&O algorithm, and this algorithm is executed at a specified sampling interval.
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Figure 5.7: Content of Control_DCDC_Converter block
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5.2.7 Plant

In this block all the physical processes are simulated. The content of this block is shown in
figure 5.8

In the DCAC simulation a very simple model of the PV array was used, but in this model the
full -V characteristic, with a model of the DCDC converter is added. The |-V characteristic
comes from the GUI “PV_Panel.fig”, and is transferred to and stored in the simulink model
as a look up table.

The DCDC converter model is based on the small signal model derived in the preliminary
project. This model is averaged across one switching interval, and this is considered an
adequate approximation since the converter is much faster than the MPPT.

The DC-link is modelled as a capacitor with currents as input and the DC-link voltage as
output. The current drawn from the DC-link is the d-axis current multiplied with a constant
K., which relates the d-axis current and the current from the DC-link.

The grid voltage is in this model simulated as a pure sinusoidal three phase voltage, without
any harmonics. It is possible to set the initial voltage angle, and to give the voltage a phase
jump at a specified instant.
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In this model a simplified converter model is used in the grid interface compared to the one
used in the DCAC simulation. Instead of using full PWM, it is assumed that the output from
the inverter is a pure sine wave. This reduces the need for running the model at a sampling
rate higher than specified sampling rate T,. The LCL filter is the same as the one used in the

DCAC simulation.

[Wpu_meas]

L4
S
z

lpw e lpu_meas

DCDC Converter

whw

| [CutyCrycle]

| [Wde_meas]

- | Dty Coypcle

-t

Izeh

¥

-{EN P

14_samp] %

Kdet

i

M |EN P

[lsek_meas] (==

et P Wde_meas

Grid Phaze Woltages

Grid

| [Vabe ref]

wabc_meas | Wabe_grid
Theta_grid { theta_grid

Inwerter Grid Interface

Py
L

Py
L

.
L

|

DC-Vaoltage
Variation

¥

“Aabo

Saturation1

Product

Wabe_grid1

Uliabe:

Ulgabc:

Ueabe

lliabc

Igabc:

Py
L

Py
L

FW-panel and
CC-link

b

¥

¥

b

LCL Filter

Figure 5.8: Content of plant block
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6 DC-DC CONVERTER PROBLEMS

The DC-DC converter topology wanted was not available, and a new converter was
therefore built and tested. It can be mentioned before reading this appendix that the
design was not a success, as it ended with two broken mosfet full bridges. This chapter will
deal with some of the problems and solutions found during the testing, and will finish off
with some unsolved problems.

6.1 Voltage spikes

During turn off of two of the diagonal switches a voltage spike was encountered across the
full bridge during the commutation of the current from the bridge and into the transformer.
This voltage spike is not wanted, but unfortunately in current fed designs with transformers
this is a normal problem. This spike is known from the isolated flyback topology, and is there
called a leakage spike. The name is due to the fact that this spike is caused by the leakage
inductance of the transformer, when the current is forced into the transformer windings.

The circuit can be analysed by looking at the transformer equivalent circuit in figure 6.1. In
this figure the parasitic elements and the magnetizing inductance is taken into
consideration. When S, is turned on (equivalent to turning off two diagonal switches), the
current will be forced into C, and then gradually into L. On the secondary side the same will
happen. The transformer capacitance combined with other parasitic capacitances in
parallel, together with the leakage inductance will mainly decide the switching speed and
the peak value of the voltage spike.

Transformer equivalent

r 1

S ‘ Rp L NriN's Rs s ‘

J-} aan ATV }

| |

HLR] L 3 § Lo
= L‘ — Cr L —PY | R

| |

| |

.- - _

Figure 6.1: Transformer equivalent circuit with a resistive load, and a switched current source at
the input

This spike can cause problems if it is not reduced, because it can outgo the SOA of the
switch and cause breakdown. It can also cause some oscillations across the bridge, which
can be a source to noise. The di/dt of the leakage inductance will also influence the
switching speed, and thus increase the switching losses. In figure 6.2 the voltage across the
bridge is shown in a setup where the leakage inductance is considerable. In the positive
pulse two diagonal switches without snubber is turned off, and in the negative pulse two
switches with a RC snubber is turned off.
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Figure 6.2: Transformer primary voltage with leakage spike. In the positive pulse two diagonal
switches without snubber is turned off, and in the negative pulse two switches with a RC snub-
ber is turned off.

In order to reduce this problem there are several methods, but the first thing to address is
reduction of the leakage inductance. In an ideal case this would be zero and there would
not be a voltage spike, therefore an optimization of the transformer is the first one should
do.

Transformer optimization

This section will only give some general design tips on how to reduce the leakage
inductance, for further information the reader is referred to the literature. First one should
make sure a core with no air gap is used (E-cores come with gap in the centre leg, which had
been used by a mistake in the transformer design here), this will lead to an increased
leakage, but also reduced magnetizing inductance which causes other problems (these are
described later in this chapter).

Another solution is to partition the windings, where the primary and secondary winding is
interleaved. This is often done to reduce the eddy current losses, but there will also be a
reduction in the leakage inductance because of the reduction in stored magnetostatic
energy resulting from the smaller peak magnetic fields. It should be noted that this method
is not without its disadvantages. It increases the complexity of the transformer, and the
interwinding capacitances is increased in proportion to the number of sections. There is
also an increased need for isolation between the layers, which in turn leads to a decrease
in reliability of the insulation and the copper fill factor. In [29] a general expression for the
leakage inductance of a partitioned winding arrangement is found.

/10 (NPri )2 lwbw

L =
Leak 3p2hw (6 1)
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N,,; :Number of primary turns

I, :Mean turn length of the windings

b, :Bobbin window depth

h, : Bobbin window height

p : Number of interfaces between winding sections

From this expression it can be seen that by reducing the mean turn length of the windings
the leakage inductance is reduced. For an E-core this can be done by using e.g a core with
a round centre leg instead of a square leg. It is also important to increase the magnetic
coupling between the windings and the core, this is done by reducing the amount of air and
insulation between the windings and the core to a minimum.

Clamping circuit

Sometimes it is not enough to reduce the leakage inductance of the transformer, and then
other alternatives must be found. Some sort of snubber circuit can be utilized. Since the
voltage across the to switches at turn off is the same as the voltage across the bridge, it is
adequate to have a snubber circuit across the bride and not one in parallel with each switch
as would be normal in an h-bridge. Several different solutions has been tested for this
purpose, both active and passive circuits.

A passive clamping circuit (described in [26]) is implemented in the circuit in figure 6.3,
which consists of a diode and a capacitor in series connected across the bridge. The idea of
this circuit is to let the capacitor clamp the voltage across the bridge, so during turn off of
the two diagonal switches the current is fed into the capacitor first and then gradually into
the transformer. The excess energy in the clamping capacitor is discharged across a resistor.
This will however lead to extra losses due to the resistor and diode losses, and the reactive
energy absorbed in the capacitor due to the leakage inductance will also lead to increased
current rating loss and current rating due to energy circulation in the current-fed side of the
converter. The resistor has to be designed to burn off the maximum excess energy the
capacitor has take up, and therefore the losses will be close to the maximum losses during
any load condition. These losses will be proportional to the leakage inductance, and again
a low leakage inductance is desirable.

‘riiiEb;o;c 7777777777777777777777777777777 7‘
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Figure 6.3: Full bridge boost converter with a passive clamp circuit
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Other methods to avoid the inductor energy to be force commutated over to the leakage
inductance involves active clamping circuits or more sophisticated soft switching control
schemes. A method is proposed in [27] which utilizes a switch instead of the diode in the
passive voltage clamp, and thus the energy can be transferred back to the circuit instead of
being dissipated in the resistor.

6.2 Magnetizing inductance

In one of the tests made the load voltage is highly depending on the load resistance, which
it according to the ideal case should not be. With lower loads (higher resistance) the voltage
across the load becomes higher, and with higher loads it becomes lower. In figure 6.4 a plot
of the boost inductor voltage, and the primary voltage and current of the transformer is
shown. In the left figure it can be seen how the voltage across the primary winding of the
transformer is on during the time the switch is off, but in the right the voltage across the
primary goes to zero before the switch is turned on again. In figure 6.5 the primary values
have been changed with the secondary values, and here it can be seen how the secondary
voltage is on for the same duration as the primary voltage. The secondary current is also on
for the same duration as the voltage, where the current is going from its peak value at the
beginning, and falling gradually reaching zero the same instant the primary and secondary
voltage collapses.
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Figure 6.4: Left: High load (low resistance)
Right: Low load (high resistance)
Yellow: Switch signal, Blue: Inductor voltage, Purple: Primary voltage, Green: Primary current

Appendix 6 DC-DC Converter Problems



159 NTNU Department of Electric Engineering

Tek g Trig*d I Pos: 2,000 05 TRIGGER  Tek i Trig'd M Pos: 2,000 05 TRIGGER
+ -

Type Type
Surce Surce

o CH1 ol CH1
Hlape Slape
Rising Rising
Mode Mode

& 2 P e

e Coupling e ' }\ }‘\ Coupling
ol

CH2 &0y M 50005 CH2 S0,y 1 50005
CH3 200 CH4 200y 13-Apr-07 17:22 CH3 5000 CH4 2.00% 19-kpr-07 17:26

Figure 6.5: Left: High load (low resistance)
Right: Low load (high resistance)
Yellow: Switch signal, Blue: Inductor voltage, Purple: Secondary voltage, Green: Secondary cur-
rent

In order to analyse this phenomena, the equivalent circuit of figure 6.1 can be simplified to
the circuit in figure 6.6, assuming all transients from the parasitics are neglected.

Simplified
Transformer equivalent

St \ NpiNs \

NS

Figure 6.6: Simplified transformer equivalent circuit with a resistive load, and a switched cur-
rent source at the input

By analysing how the currents in this circuit will behave if the switch is turned on end left

on for an infinite amount of time. The currents will in principle be as shown in the figure
below.
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Figure 6.7: Currents in transformer after the switch is turned on for a finite time

As shown in figure 6.7 the current in the magnetizing inductance reaches |, after a finite
time, and during the same time the secondary current reaches zero. The time it takes for
the magnetizing current reaches to reach the input current, is depending on the size of the
magnetizing inductance. If figure 6.7 is compared to figure 6.4 and 6.5, it can be seen that
they behave in the same way. This means that in the converter circuit which switches at
50kHz, the magnetizing inductance must be very small in order for this to happen. Normally
the magnetizing inductance should be so large that it can be ignored during the switching
interval, but in this case it could not.

The solution to the magnetizing inductance problem in this case was simple, but hard to
figure out. When buying a the core it was assumed that the core was gap-less, but upon
further investigations it showed out that the core could also be delivered with a gap in the
centre leg. This was not discovered upon receiving the core and after it was mounted it is
impossible to see. But by replacing this the magnetizing current became much smaller, and
the problem with load dependency was removed.

6.3 Gate drive ripple

During turn on of two diagonal switches it was noticed that as voltage increased across the
bridge, ripple across the gate terminals becomes noticable. At high voltage levels this led to
unstable behaviour of the mosfets, as they began an uncontrolled turn on/off cycle.
Breakdown of the mosfets was another consequence of the high voltage, but it was not
necessarly connected to the unstable behaviour, as breakdown occurred without the
unstable behaviour. The breakdown was always two diagonal mosfets.
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Figure 6.8: Gate drive ripple, right scope is a close up of the left during the gate ripple.
Yellow: Gate signal lower left switch, Blue: Transformer primary current 2mA/mV, Purple: Gate
signal upper left gate, Green: Voltage across bridge

No solution was found to this problem, but some ideas of the origin of this problem was
found. It should be mentioned however that there was some problems with noise in the
measurements, and that possibly the probes led to an increase in the amount of noise. This
seemed to be reduced when using differential probes, but some noise might still be a
problem.

e  High di/dt of the mosfets can lead to malfunction of the level shifting inside the
bootstrap drive circuits, and this might in turn lead to the unstable behaviour. Drivers
with optocouplers where also tried, and these did not seem to have the same problem.

e Large di/dt of the reverse recovery currents of the rectifier diodes are reflected into the
primary when the switches are turned on. This can be seen as the blue signal of figure
6.8. Where this current ends up in the bridge is unknown since the bridge is an
integrated circuit, and the currents can’t be measured through each of the switches.
With the high di/dt this current can probably find its way through some of the parasitic
capacitances of the mosfets, and possibly disrupt the gate signal.

The origin of this problem is not known, so care should be taken in a possible new design.
First of all the circuit should be made especially for testing with lots of test points, and the
mosfets should be discrete components so one can be able to measure the currents
through them. It is also a good idea to have the gate drive circuit on a separate card, as this
makes it easier to change drivers. It can also be smart to have the full bridge, the
transformer and the rectifier bridge as separate units, with the transformer as a plug in
module. This will make it easier to see the effects of the transformer in the circuit. Noise
should also be considered in the new design, and probes which are resistant to noise should
be used.
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6.4 Duty-cycle steps

During this testing it was discovered that when a large positive step in duty cycle was
applied the protective circuit in the software triggered on overcurrent. An analysis of the
current and voltage during a positive duty cycle step is shown below. When a large negative
step is applied, the current will be reduced and the voltage across the bridge is clamped to
the DC-link voltage. Therefore no problems will arise due to a negative step.

Positive step in duty cycle

If a positive step is applied to the duty cycle, it can be seen from equation (6.2) that the DC-
link voltage will rise.

n
VDC = VPV TN

1-D (6.2)

Since the DC-link voltage is clamped with a capacitor, the output voltage can not rise
instantaneously. During this charging period the input current to the converter will only be
limited by the boost inductor, and the series resistance of the circuit. If one assumes the
input is an ideal voltage source, and the transformer is ideal, then an equivalent circuit
during the positive duty cycle change is

Lboogt RSE’NE’S

\

9

—Cnc H R Load

Figure 6.9: Equivalent circuit of converter during a positive duty cycle step

As long as one assumes that only positive steps in deducible occurs (due to the diode), and
assuming that the input voltage is constant, a small signal AC model of the circuit can be
made (see [30] for description of method). The response of the boost inductor current and
the DC-link voltage due to a small step in the duty cycle can than be described as.

H,(s) = i(s) _ (NVoe +RisaliD") +(NCocRiadVic ) $
' 5% + 1 (CooRioaReses + Lgon )5+ (R

C;'(S) ) N*CpoRigasl +Ri0eD |2)

Boost Series Series

(6.3)
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H (S) _ VADC (S) _ RLoad (nRSeriele - VDCD ') + (nLBoostRloadlL ) S
VDC - - '
d (S) nZCDCRLoadLBoostS2 + n2 (CDCRLoadRSen’es + LBoost )S + (anSeries + RLoadD 2) (6 4)
where @'8)=1-d(s)

Since this model is only valid for small variations of the duty cycle, only a step response of
0.01 will be applied. The step response of these functions then become as shown in figure
6.10. It can be seen that the current has a peak value which is much larger then the steady
state value. The value of this peak is depending on the system values and the step size.

Step response of Hills) and Hwdel=)

Amplitude

n 0.005 n.m 0015
Time (zec)

Figure 6.10: Step response after perturbing the duty cycle
Red: Current in boost inductor
Blue: Voltage DC-link

With a larger value of the DC-link capacitance the peak value will increase some, and the
duration of the pulse will increase. This pulse will have influence on the speed of the MPPT
tracker, and this has already been considered in the optimization of the MPPT tracker.
Another problem is how the protective circuits reacts, and if the circuit can handle this
overcurrent for the duration of the pulse. This will usually not be a problem when the MPPT
tracker is used since the duty cycle step will be small, but during turn on and during manual
control care must be taken not to overload the circuit. Therefore this type of converter
should always have a charging circuit, and there should be some ramp function or a current
controller should be used during manual control.
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Another solution to this problem is to use current control of the converter instead of duty
cycle control. This was described in the preliminary project, and will control the current
through the switches instead of the duty cycle. This however will require that the current
through the switches is measured.
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