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ABSTRACT

The growth of the world’s population leads to increased energy needs. The use of fossil energy
leads to challenges. The main reason for this is that the use of fossil fuels has a negative impact
on global climate change, and the world is heading towards running out of fossil fuels in a few
years. Renewable energy sources like photovoltaic and wind power plants are good solutions
for those challenges. For the generation of clean energy, batteries are not necessary. Most
renewable energy sources are intermittent in nature, which is why battery energy storage
systems could be useful.

There are mainly two types of converters for converting direct current to alternating current.
They are voltage-source inverters and current source inverters. A voltage source inverter is
well-known and widely used in many industrial applications. But a little research has been done
about current source inverters due to some problems such as open circuits and large inductances
on the DC side.

The project deals with the Current Source Inverter for Battery Energy Storage System. The
main objective of this project is to model, design, control, and simulation a current source
inverter and analyse the advantages and disadvantages of both converters, with focus on the
current source inverter.

In this thesis, a cascaded control structure is used for controlling three-phase grid-connected
CSI. Current and voltage control design and simulation of CSI will be the focus. The
proportional integral controller (Pl-controller) is used to control the inverter. To verify the
theoretical study, a simulation model in MATLAB/Simulink is built and verified.

Keywords

Current source inverter, voltage source inverter, battery energy storage system, pulse-width
modulation, proportional integral control and grid-connected.
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Chapter

1 INTRODUCTION

1.1 Background

The rapid increase in the world’s population will require more and more energy generation. A
carbon footprint is created when energy is produced using fossil fuels like coal, gas, and oil.
Furthermore, fossil energy sources are not sustainable energy sources, which means non-
renewable energy sources are limited, and increasing population leads to increased usage of
them. Therefore, new solutions must be in place; otherwise, soon, there will be a lack of fossil
fuel [1]. The nuclear plants are debatable to be safe anymore after a couple of incidents, and
the nuclear waste storage is an unsolved issue [2] [3]. Another huge risk is global warming.
The situation is getting worse and worse each year, which is why events such as United Nations
climate change conferences are organized. The Paris Agreement, or COP21 conference, was
held in 2015 in the French capital. 195 countries were participating, and most of those countries
signed an agreement to reduce greenhouse gases and keep the global warming temperature well
below 2 °C (pre-industrial levels).

This requires substantial CO2emissions reductions compared with the baseline, the New
Policies Scenario. As figure 1.1 illustrates, energy efficiency and the integration of renewable
energy sources are expected to account for 80% of the CO2 emission reductions by 2040. This
conference directed a new point of view in energy production, transformation, transmission,
and even usage. The production will be achieved by using renewable energy sources such as
wind parks, solar systems, hydro plants, biomass, geothermal energy, etc. [4]. As shown in the
figure below, DC-to-AC power converters play an important role in the New Policies scenario;
indeed, DC-to-AC power converters can contribute to the use of renewable energy and make
renewable energy more efficient.



New Policies Scenario
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Figure 1.1-Global CO2emissions reductions in the New Policies and the Sustainable
Development Scenarios [5].

One of the most challenging problems in using renewable energy sources is energy storage.
Because photovoltaics (PV) and wind output are not constant all the time, we need some storage
system that can provide backup at any time. Therefore, energy storage systems play a vital role
in the electrical power system, and the development and advancement of power electronics
technologies and various energy storage technologies will be beneficial for increasing the
efficiency of the power system. It is not easy to store the electricity in large quantities, but we
can convert the energy into different forms and store it, such as electrochemical,
electromagnetic, kinetic, and potential energy. Based on these forms, some energy storage
technologies have been developed, and some are under development. Figure 1.2 shows the
percentage of energy storage systems with installed capacity worldwide. Some energy storage
technologies are as follows:

Compressed air energy storage

Flywheel

Super capacitor

Battery

Pumped hydro (storage)

Super conducting magnetic energy storage

The oldest form of energy storage is battery storage, and the currently available battery
technologies are based on flow battery technologies or conventional battery technologies. The
world's largest lead acid battery energy storage system, rated at 40 MWh, was installed in
California, USA [6]. Battery storage systems are relevant for this project.



Worldwide installed storage capacity for electrical energy

. Compressed Air Energy Storage
440 MW

Pumped Hydro

@ Sodium-Sulfur Battery
316 MW

@ Lead-Acid Battery
~35 MW

127,000 MW,

o Nickel-Cadmium Battery
27 MW

s Flywheels
<25 MW
o Lithium-lon Battery
~20 MW

+ Redox-Flow Battery
Source: Fraunhofer Institute, EPRI <3 MW

Figure 1.2 Energy storage systems is installed capacity worldwide [7].

The DC to AC power converter is categorized into two types: voltage source inverters (VSI)
and current source inverters (CSI). They can be categorized into various topologies, like three-
phase, single-phase, and multilevel switching arrangements, depending on the voltage and
rated power requirements of the dedicated application. From the perspective of photovoltaic
systems and wind turbines in multimegawatt ranges, CSI topology seems to be a better choice
as compared to its competitor, VSI [8-9]. A lot of research has been done on VSI, which is
widely used in many industrial applications. But VSI has some drawbacks, such as the current
shoot-through problem [10] and the need for a step-up transformer.

Although CSI has attracted less research attention than VSI since it has some drawbacks like
an open-circuit problem and must have a large inductance on the DC side, CSI may become a
direct competitor of VSI. CSI has several advantages, such as inherent short-circuit protection
and the fact that inductors have a much longer lifetime as compared to electrolytic capacitors.
There are several types of modulation techniques that can be used to control the CSI, such as
space vector modulation (SVP) and carrier-based sinusoidal pulse-width modulation
(CSPWM). In this project, direct duty-ratio PWM (DDPWM) modulation techniques and Pl-
control in the direct-quadrature zero (dq0) frame are used to control and analyse of the three
phase CSI in grid-connected mode.

1.2 Objective of the work and motivation

The world is facing an energy crisis, and everywhere people are focusing on renewable energy
systems and working on the integration of battery storage systems with grid-connected
converters. Renewable energy systems are the future of electric power generation. This being
the case, both graduate and undergraduate studies of electric power should provide practical
knowledge about the architecture of solar PV power generation systems. CSI could potentially
address some of the above issues and is therefore worth researching more about. Traditionally,



CSlIs have found little usage in industry in general due to their simplicity in terms of current
control [11]. The main objective of the project is to study, control, test, and create a
MATLAB/Simulink model of CSI. The goal of this thesis is the following:

= Review of relevant literature.

= Review of different inverter types.

= Study about working of three phase CSI and BESS.

= Modelling and simulation of DC-AC inverter and its control.

=  Design and MATLAB/Simulink simulation model of CSI based on BESS with focus
on power electronics and control.

= Comparative analyses between CSI and VSI based on BESS including total harmonic
distortion, efficiency, dynamic response, bidirectional power flow.

1.3 Structure of the report

This thesis is structured with sections enumerated as X.Y.Z.A., where X is the number of the
chapter, Y is the number of the section, Z is the number of the subsection, and A is the number
of the subsubsection within the chapter X. Tables and figures are expressed as X: Y, where X
is the number of the chapter and Y is the number of the figure or table in chapter X. The
equations in this project are expressed in the form (X.Y), where X is the number of the chapter
and Y is the number of the equation in chapter X. References are cited in the text with square
brackets as [X], where X is the number of references, and are listed according to the Institute
of Electrical and Electronics Engineers (IEEE) citation style.

Chapter 1 [1 Introduction]

This chapter briefly represents the general goal of the project, the need for renewable energy
sources, the storage of energy, and the DC-AC power converter. The next subsection
represents the objective of the work and its motivation.

Chapter 2 [2 Current source inverters versus voltage source inverters, and battery
energy storage system]

This chapter briefly compares the two-power converters, namely CSI and VSI. In this chapter,
we will discuss and describe some of the advantages and disadvantages of both CSI and VSI.
This includes such things as: boosting capability, inherent short-circuit immunity, efficiency,
complexity of the control system, and BESS (which includes a description of different types of
batteries and a more detailed description of some types).

Chapter 3 [3 Description and modelling of current source inverter]

Chapter 3 describes CSlI theoretically, the working principle of three phase CSI, CSI
topologies, harmonics in CSI, and different AC filter types.

Chapter 4 [4 Control strategy of the current source inverter]

Chapter 4 represents a comprehensive discussion about the control strategy of the CSI. This
includes the choice of control type, controller optimization signal reference frames, cascade
control, Pl-control, tuning methods for Pl-control, PWM, and a mathematical model for the
control system of the CSI in grid-mode.



Chapter 5 [5 Simulation and discussions of result]

This chapter provides a discussion about the simulation and the results obtained from the
simulation process. A CSI with its control system and DC voltage source is implemented in a
MATLAB/Simulink model and tested to analyse the functionality of the control as well as the
voltage and current output.

Chapter 6 [6 Conclusion and future work]

The last chapter represents the concluding remarks from the thesis and the proposals for
further work.



Chapter

2 Current source inverters versus voltage source
inverters, and Battery energy storage system

An inverter is the heart of an electrical power generation system. The inverter plays a key role
in power electronics devices, and their safety and reliability are important indicators for
evaluating those devices. As mentioned earlier, the power converter is very important to
convert DC-current to AC-current at the desired output voltage and frequency, also
fundamental to reduce greenhouse gas emissions and contribute to more sustainable and
efficient mobility [12]. Inverters can be classified into two types, VSI and CSI, based on their
input sources. Most researchers mainly focus on VSI, which is widely used in the industry,
there are some advantages and disadvantages to both CSI and VSI.

2.1 Voltage source inverter

VCI consists of six semiconductor switches with gate-turn-off control and their associated
freewheel diode, usually incorporated within the device package in modern devices. The six
devices create three separate phase legs (a, b, and c) within the inverter, with the canter point
of each leg being a connection point for the load being driven. Figure 2.1 shows the topology
of a three phase VSI system: there are six fully controlled switches from S1 to S6, and two
IGBTS relate to each phase of the source. The IGBT connected in one lag does not turn on at
the same time; if we do so, a short circuit occurs between the positive and negative sources,
just as S1 and S2 or S3 and S4 cannot be turned on at the same time.
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Figure 2.1 Topology of three phase VSI system [13].



2.1.1 Six-Step Switching

A six-step operation involves switching at the frequency of the inverter output. For example,
each switch turns on and off once during output period 2 and has an "on" duration of radians.
Each phase leg is offset by radians, creating six equal intervals (I to VI) during one output
period. The switching order is the number order of the switches and results in there always
being one switch from each leg conducting, except for a small time to allow the conducting
switch to turn off before the switch from the same leg is turned on. The delay period is known
as the blanking time and is required to prevent both switches within a leg from conducting
simultaneously, shorting the DC link, and causing a shoot-through fault, where current rises
rapidly and is likely to cause the device(s) with the inverter to fail. Van, referenced to the load
star point. Voltage control in a six-step system is only achievable by varying the DC link voltage
unless multiple inverters are used. Control of the DC link voltage depends on the source of the
DC, this can be achieved with a DC chopper when used with a DC source (such as a battery),
an uncontrolled rectifier with an AC source, or by using a controlled rectifier from an AC source
[14].
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Figure 2.2 VSI six-step switching [14].



2.1.2 Advantages of voltage source inverter

A lot of investigation has been done about VSI for the past decade. And the VSI is the most
used converter today because it has some features. The output voltage of VSI is constant at any
load condition. VSI has higher efficiency; therefore, it does not require any series reactors. VSI
has an easier control mechanism and a relatively small harmonic. VSI can operate steadily with
open-loop V/HZ control [15]. Moreover, nowadays VSI design is fully integrated into a chip,
which has higher reliability, faster dynamic response, low cost, and minimizes the install time
[16].

2.1.3 Disadvantages of voltage source inverter

VSl is a boost-type converter; the output voltage assumes a wide range of values but is always
greater than the maximum instantaneous value of the phase-to-phase power grid voltage.
Therefore, it is necessary to use a dc-dc back-end buck-type converter to adjust the dc-link
voltage to a level appropriate to charge the batteries (typically, the nominal voltage in the
batteries is below 560 V, which is the maximum instantaneous value of the phase-to-phase
voltage). This is one of the drawbacks of this converter compared with the CSI. Also, VSI
always required a dc-dc boost converter for boosting and regulating its input voltage. By adding
a converter stage, it requires two individual control systems, which leads to a more complicated
control scheme and reduces the reliability and efficiency of the overall system [17].

2.1.3.1 Electrolytic Capacitors

The input side of a VSI is a voltage source; a large capacitor is used for this purpose. The
polarity of the input voltage does not change, and therefore the direction of power flow is
determined by the DC current input. And the large, usually electrolytic, capacitor at the heart
of a VSI can potentially cause problems if the inverter is used in certain environments. The
capacitors are generally packaged in a sealed aluminium can, which, when subjected to low
atmospheric air pressures (typical of flying at altitude), as is the case in aircraft, can become
distorted, usually causing catastrophic failure. Existing solutions involve sealing or
maintaining the atmosphere around the capacitor at ground level or removing it completely
from the system [14].

2.1.3.2 Start-up and Shutdown

When energizing a variable speed drive system (VSD), consideration of the possible inrush
current is required to ensure the correct start-up of the system. The large, electrolytic capacitor
present on the DC link will begin charging as soon as a DC voltage is applied. If the supply is
not controlled or current limited, the low impedance of the capacitor will result in a current
surge during the initial start-up. This surge will be severe, possibly damaging other
components. The susceptible components include the input rectifier in an AC: DC:AC system,
the capacitor itself, and protection devices on the supply side of the VSD. Operation of supply
fuses, or circuit breakers, to interrupt inrush current is a nuisance trip that should be avoided,
since the owner/operator of the drive system will tend to incorporate higher rated and hence
less effective protection devices [15]. Some other drawbacks of VSI are that it is basically a
bidirectional converter and cannot convert AC power to DC power. Moreover, VSI has a
current shoot-through problem [18].



2.2 Advantages of current source inverter

Even though most research works focused on and studied the VSI, CSl also has its own unique
characteristics that the VVSI does not. More and more benefits of CSI can be discovered if CSI
gets more attention from researchers. This led to the CSI being used in more different devices,
making it a real competitor to the VSI. Some research has been done on CSI, which can be
categorized into several groups: hybrid topology machine control applications, non-machine
applications, CSI machine control applications, and so on. Here are some advantages of the
CSlI:

2.2.1 Inherent Short-circuit Immunity

One of the main benefits of CSI is that a short-circuit of a phase-leg (an upper and a lower
switch at one phase-leg can be turned on) will not cause a short-circuit current both on the DC-
side and on the AC-side. Due to the presence of a relatively large inductor connected in series
with the input power source. On the AC-side, since the semiconductor components can conduct
current in one direction only (switches are reverse-blocking), a short-circuit is not possible
unless the semiconductors are damaged. On the DC-side, during a short-circuit of a phase-leg,
the DC-link inductor would impede the sudden rise until its saturation [19].

2.2.2 Boosting capability

Three-phase CSI has boosting capability on its fundamental output through its DC-link
inductor, which acts in the same way as a DC-DC boost converter. Advantage of its implicit
voltage-boost characteristic to provide continuous interconnection between the low and
variable dc voltage and the high fixed AC grid voltage. This is the reason why a DC-DC
converter is unnecessary [20]. Moreover, the voltage boost function can be used in their
application as a fuel cell-to AC interface. Fuel cells have poor voltage regulation at full load
[14]. In addition, boosting capability will reduce circuit and control complexity, reduce power
losses, and increase the reliability and efficiency of the overall system.

2.2.3 Flux-weakening Control and Control of High-Speed Low Inductance Machines

The other benefit of CSI we can mention is flux-weakening control and control of high-speed,
low inductance machines. Flux-weaking is a well-publicized method of controlling brushless
machines to realize reduced torque, an extended speed operating region, and near constant
power, as shown in Figure 2.3. The machine supply voltage and current constraints on traction
characteristics are desirable in many applications, including automotive and marine traction,
but also in aerospace, where activation of aircraft flight surfaces often requires such
performance envelopes. Flux-weakening operation should allow for drive system design
optimization, leading to improved utilization of the power supply, electronics, machine electro-
magnetic, a reduction of the motor mass or volume of the machine, and/or the VA rating of the
inverter components [14].



Tmax = = = = == =— — —
I\
' AN
' b
: N Power
S Pmax
| N
I ~N
| ~ S
L —
I
= | A
|
|
|
|
0 Base Speed Max. Speed
Speed

Figure 2.3 Typical traction torque-speed characteristic [14].

One consequence of designing a high performance, efficient high-speed (10’s of 1000’s of
revolutions per minute (rpm)) parament magnet machine is that, in general, they have a phase
inductance that is lower than a machine with a more typical (up to 3 Krpm) speed range. The
cause of this low inductance can be attributed to many factors, but it generally arises from the
design considerations for high speed. The low inductance machine will create control problems
as the low impedance path that the inverter and motor present to the DC link capacitor will
result in large current transitions but low average current levels if the PWM frequency is not
high. Moreover, high PWM and current sensor sampling times make accurate control of the
machine current difficult; the switching devices must also be rated sufficiently to operate
reliably with the high peaks. Increasing the switching frequency could improve the
performance of the machine, but the frequency will be limited by the device specifications and
control system capabilities. This phenomenon will be exaggerated at low or zero speed, when
the back-electromagnetic force is negligible. Poor control of phase current results in a greater
phase current ripple, which will create torque ripples on the machine shaft, and induce
additional machine losses. A CSI system can address the current control issues by utilizing the
DC link inductance to limit the rate of change of the machine phase current, but this will
influence the dynamic performance of the drive system [14].

2.3 Disadvantages of current source inverter

All devices have their own drawbacks, and CSI is no exception. One of the drawbacks of CSI
is open-circuit faults [21]. But the immediate damage caused by open-circuit faults is minor
and does not damage the devices like short-circuits in VSI. CSI also has lower efficiency than
VSI in medium-voltage drive systems due to the DC-link inductor [22]. But CSI has a higher
conduction loss and a lower switching loss than VSI, in total power loss, the efficiency
differences between CSI and VSI are very small, and they can be improved [14].

2.3.1 Bidirectional Current source inverter

Conventional CSI is a reverse-voltage-blocking switch; in other words, conventional CSI is not
a bidirectional converter like VSI. So, a conventional CSI cannot charge and discharge the
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batteries, which is a drawback of CSI. But this problem can be solved, and it is fully possible
to have a bidirectional CSI. DC/DC-boost converter is bidirectional since the system uses a
regenerative brake [23].

The topology chosen in Figure 2.4 for the development of this application is based on the
coupling of a CSI and DC/DC converter; these topologies are made up of silicon carbide
devices and operate at high frequency activation, which reduces the size of the passive
elements. Bidirectional CSI is described in more detail in this previous work [23].

< Bidirectional >
DC/DC (550) Current Source Inverter
SiC Iout, SiC Sic
D1 T1 g
SiC . 4
* i i
<’ Y Vout S -
SiC SiC iC
T2 D2 >

SiC SiC v SiC SiC -

Figure 2.4 Topology CSI bidirectional [23].

2.4 Summary of CSI versus VSI

Both inverters have their own advantages and disadvantages, and both topologies can achieve
the main target of an AC output to be injected into the grid (or in a standalone system) with
controlled magnitude, phase, and frequency from a DC source. A comparative analysis of CSI
and VSI is important to select the appropriate inverter based on the application, economic
considerations, and its performance in varying environments. Finally, we can summarize the
important differences between CSI and VSI in the table below.
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Table 2.1 Comparison between the CSI and the VSI

Comparison criteria Csl VSI

DC-link Constant current Constant voltage
DC-storage Inductor Capacitor
Output-filter CL L/LCL
AC-current Direct controllable Dependent on the load
AC-voltage Dependent on the load Direct controllable
Buck or boost type Boost Buck
Switching requirement An overlap time A dead time
Short-circuit protection Simple Necessary/Complex
Open-circuit protection Necessary/Complex Simple
Switch type Reverse-blocking Reverse-conducting
Switching loss Low High
Conduction loss High Low

2.5 Battery energy storage system

Renewable energy sources are the best solution to provide green energy to overcome global
energy issues. And energy storage systems play a vital role in balancing the fluctuations in
supply and meeting the ever-growing demand for electricity. For short-term requirements,
battery storage can bring about frequency control and stability, and for longer-term
requirements, it can bring about energy management or reserves. Storage is used to
complement primary generation as it can be used to produce energy during off peak periods,
and this energy can be stored as reserve power, as illustrated in Figure 2.5. The graph explains
that system demand can be handled efficiently if storage is incorporated into the electrical
network. As shown, the storage is charged from the baseload generating plant during the early
hours of the day when demand is low. And then, as the demand rises during the day, the
generating plants belonging to the mid-merit category account for the demand. And during
peak demand, the peaking plant, which runs only for a few hours of the day, decreases the total
cost of operating such a storage-incorporated system. Thus, we see that when the generation
profile with storage is taken, there is a much-controlled demand graph as storage takes care of
the load levelling, and then it is charged again at the end of the day from the baseload generating
plant [24].
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Figure 2.5 Charged storage and demand system [25].

Energy storage plays an important role in the electrical power system. The development and
advancement of power electronics technologies and various energy storage technologies will
be beneficial for increasing the efficiency of the power system. Here are some benefits of
energy storage systems for the utility grid and power system:

= Energy storage can bring about a reduction in operating costs or capital expenditures
when used as a generation resource in the utility sector.

= Energy storage can increase the usability of renewable energy resources such as PV
and wind generated electricity by making this generation coincide with peak load
demand. Energy storage may facilitate the inclusion of wind and solar energy into the
power grid.

= Energy storage may increase the existing transmission and distribution equipment and
eliminate the need for expensive transmission and distribution additions. Energy
storage reduces the load on peaking transmission lines.

= Deferral of the construction of new transmission lines, transformers, capacitor banks,
substations, or their subsequent upgrades. Transmission line stability, preventing a
possible power system collapse. Increasing the power quality of the service would
result in the protection of customer equipment.

= Energy storage is used in standalone applications, where it serves as an
uninterruptible power supply unit. Uninterruptible power supply units are basically
used for backup power, whereas energy storage can serve several online applications.

2.5.1 Battery operation principle
There are a wide variety of battery types serving various purposes. In a chemical battery,

charging causes reactions in electrochemical compounds to store energy from a generator in a
chemical form. Upon demand, reverse chemical reactions cause electricity to flow out of the
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battery and back to the grid. Electric energy is released during discharge through a redox
reaction. A basic battery cell consists of:

= The negative electrode, or anode, gives electrons and is oxidized during the redox
reaction.

= The positive electrode, or cathode, accepts electrons and is reduced during the redox
reaction.

= Electrolytes provide a medium for the transfer of electrons.

The two electrodes are interconnected with an external circuit, which allows charge and
discharge of the cell. Depending on the desired output voltage and current, multiple cells can
be connected in serial or parallel. There are several technologies to store electrical energy in
batteries. The oldest, most classical, and mature technology is lead-acid. New technologies
under development include sodium sulphur and lithium ion [26].

2.5.2 Types of batteries

We can basically classify the battery into two main models: primary and secondary. The
primary batteries are "single use" and cannot be recharged. Dry cells and most alkaline batteries
are primary batteries. The secondary batteries are rechargeable, which is relevant for this
project. There are mainly four major battery technologies for rechargeable batteries.

Sodium sulphurs
Lithium-ion
Lead-acid

Flow batteries

PonE

2.5.2.1 Sodium sulphurs batteries

The sodium sulphur battery consists of a positive liquid sulphur electrode and a negative
sodium electrode separated by an alumina ceramic electrolyte. When the battery is discharged,
positive sodium ions flow through the electrolyte and electrons flow in the external circuit,
producing around 2 volts. This process is reversed during charging; the positive sodium ions
pass back through the electrolyte and reform elemental sodium. The operational temperature
of a sodium sulphur battery is high, 300 C. The high temperature is required to maintain the
molten states of the electrodes. The efficiency is about 80%. A typical system has a rated power
of 30 MW and can provide power for 6 hours. There are about 316 MW installed worldwide
[27].

2.5.2.2 Lithium-ion batteries

Lithium-ion batteries consist of a litigated metal oxide cathode and a graphite carbon anode.
The electrolyte is made up of lithium salts. During charging, lithium-ion from the cathode flow
through the electrolyte, to the anode, where they combine with external electrons and are
deposited as lithium atoms between the carbon layers. When the battery is discharged, this
process is reversed. The efficiency of lithium-ion battery systems is high, about 90-95%. A
typical system has a rated power of 1-10 MW [27].
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2.5.2.3 Lead-acid batteries

Lead-acid batteries come in many variants, but all can be described by the same chemistry. The
anode is made of lead dioxide, and the cathode is made of metallic lead. The electrolyte consists
of sulphuric acid, which is consumed during the discharge. The efficiency of a lead-acid battery
system is about 70—-80%. A lead-acid battery system is the oldest and most recognized electrical
energy storage system today in small to medium-scale systems. It has been the default choice
for many small and medium scale energy storage applications despite many disadvantages such
as low life exaptation, low energy density, high maintenance, and environmental hazards
related to the handling of lead and sulphuric acid. Lead-acid battery systems can be used in
different applications, and the technology has been used in large-scale energy management
applications [28]. As mentioned before, the world's largest lead acid battery energy storage
system installation was a 10 MW, 40 MWh system in California, USA, and its operational
period was 1988-1997.

2.5.2.4 Flow batteries

The flow battery energy storage system consists of two sets of electrolytes that flow through
two independent loops. The loops are joined in the cell but separated by a membrane that
prevents the electrolytes from mixing but allows ion-exchange. Flow batteries are easier to
scale than conventional battery cells. In fact, when the electrolytes are stored outside the cell,
it is possible to increase the energy storage capacity simply by increasing the volume of the
electrolyte reservoirs. This makes the technology suitable for large-scale systems. The amount
of energy stored is determined by the size of the tanks. The flow battery has about 75%
efficiency [24].
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Chapter 3

3 Description and modelling of the current source
Inverter

Characteristics of CSI include a simple converter structure and inherent voltage boost
capability. CSI provides a low instantaneous rate of voltage change with respect to time in
comparison to VSI and multilevel inverters. The input side (DC side) of CSl is a current source.
An inductor is connected at the input side of CSlIs to maintain the current [29]. The polarity of
the input current does not change, and the direction of power is determined by the input voltage.
In the output, CSI generates an alternating current wave with a fixed magnitude (for a given
input) and adjustable time.

3.1 Current source inverter topologies

The distributed generation system of CSI can be classified into two categories: grid-connected
and standalone (feeding local loads). In grid-connected systems, the energy stored can be
directly converted to AC-power and transferred to the grid. To achieve this, the inverter must
be controlled in a pre-defined way using control loops so that maximum power can be
transferred to the grid. The output terminals of inverters cannot be directly connected to the
grid due to harmonics. A filter is used to negate this effect. In a standalone system, storage
batteries are used to store the energy obtained from these intermittent sources. These batteries
serve as input to the inverter, which converts DC power into AC power. There are different
levels of CSI, such as multilevel CSI and n-level CSI. [30]. Figure 3.1 shows the generic n-
level CSI structure. There are two main types of CSI in general: three-phase and single-phase
CsSl.
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Figure 3.1 The generic n-level CSI structure [30].

3.1.1 Single phase Current source inverter

The CSI can be divided into two main types: three-phase and single-phase. A single-phase CSI
has a simple operation process, and it is easier to control a single-phase CSI than a three-phase
CSI. A single-phase current source inverter has four IGBT switches and four diodes, assigned
as (S1, S2, S3 & S4). Each diode is connected in series with an IGBT switch for reverse voltage
blocking capability. A single-phase system has even harmonics on the DC-side, which affect
maximum power point tracking (MPPT), reduce PV cell lifetime, and are associated with odd-
order harmonics on the side. Therefore, eliminating the even harmonics on the DC-side is
essential when a single-phase CSI is used [31]. A schematic diagram of single-phase CSI is
shown in Figure 3.2.
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Figure 3.2 Circuit diagram of single-phase CSI circuit [32].
3.2 Working principle of three phase current source inverter.

The three-phase CSI has nine possible switch combinations, of which six are self-commutated
unidirectional switches with active space vectors and three are zero space vectors. CSI has six
insulated-gate bipolar transistors (IGBT) and six diodes placed in series with the IGBTs, as
Figure 3.4 illustrates. The diodes placed in series with the IGBTs are necessary since, during
the normal operation of the inverter, the power switches must withstand the direct and reverse
voltages (uigcand - uidc) produced by the DC inductor. The angles between space vectors are
60°. Figure 3.3 illustrated Space-vector state for both active and zero switches. The space
vectors of the current in CSI are: ioa, iob and ioc. It can be defined as follows:

i0= 02+ i06e2T/3 + joredi™/3 (3.1)
Where:

ioa, lob and ioc are the line currents on output side of CSI.

The switches experience bipolar voltage stresses, with the maximum peak voltage equal to that
of the AC voltage.
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Figure 3.3 Space-vector state for three-phase CSI.

An inductor on the DC-side of CSI is an energy storage device for CSI. The filter capacitor on
the inverter's AC side is used to attenuate high frequency harmonics depending on the
modulation switching frequency (fsw). CSI in Figure 3.4 generates three-level current output
levels: isc and 0. One switch from the upper group and one from the lower group (S1, S3, S5 &
S4, S6, S2) must be on for each instant. For the six active states of the current source bridge;
in each one the DC-link current is output from one leg and drawn from another one. The output
current is zero when both switching devices are turned on in the phase leg. The three-phase
CSI does not contain even harmonics at the DC side or 3rd harmonics at the AC side of the
system. In an islanding mode of operation, CSI behaves as a static synchronous generator that
sets the AC frequency and gradually builds up its output voltage from 0 to the rated voltage. It
then establishes a stiff AC bus, where the load is connected [33].

19



Figure 3.4 Circuit diagram of a three-phase CSI circuit [34].

3.2.1 Transistor

On a broader scale, the transistor can be classified into three major types: IGBTSs, field-effect
transistors (FETs), and bipolar junction transistors (BJTs). Alle type transistors basically
consist of two PN (p = polarity of the emitter terminal & polarity of the base terminal) diodes
connected back-to-back. It has three tree terminals, namely the emitter, base (gate), and
collector. The basic idea behind a transistor is that it lets you control the flow of current that’s
flowing through a second channel.

An IGBT is a three-terminal device (a power semiconductor) that is used as an electronic switch
and has high efficiency and fast switching. IGBT is a semiconductor device with four
alternating layers (P-N-P-N) controlled by a metal-oxide semiconductor gate structure. In
Figure 3.5 is shown the operation of IGBT. IGBT is designed to turn on and off rapidly and is
used in high switching applications. IGBTs are mostly used in variable frequency drives where
quick switching is required. It allows power to flow in the on state and stops it when it is in the
off state. IGBT is a unidirectional device; it can only switch current in one direction, which is
from collector to emitter (forward), unlike metal-oxide-semiconductor field-effect transistor
(MOSFET), which can switch current in both directions (forward and backward) [35].

MOSFETs are commonly used in impulse power supplies with operating frequencies above
200 kHz and in charging devices for accumulative batteries. The main criteria for selecting
transistors are operating current and voltage. The choice of the transistor should be made with
a margin of voltage to prevent its failure; therefore, an IGBT has been chosen for this project.
The IGBT has the following characteristics:

« Small losses in the open state at high currents and stresses.
« Switching characteristics and conductivity are identical to those of a bipolar transistor.
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e |IGBTs are controlled by voltage.

o IGBTSs are used for voltages greater than 1000 v, high temperatures (above 100 °C),
and high output power (more than 5 KW).

e IGBTs are used in motor control circuits (with an operating frequency of less than 20
kHz), uninterruptible power supplies, and welding machines.
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Figure 3.5 Diagram for IGBT Operation [35].
3.2.2 Diodes

Diodes consist of two electrode elements whose conductivity depends on the direction of the
current flow. The most common function of a diode is to allow an electric current to pass in
one direction (called the diode’s forward direction), while blocking it in the opposite direction
(the reverse direction). The diode is opened when a forward voltage is applied to it. The diode
has a small resistance, and through it flows direct current. In this case, when the reverse voltage
is applied to the diode, it is closed. This means that the reverse current is small, and in many
cases, it is even zero. It is necessary to have both diodes and IGBT in the inverter because
diodes make it possible for current to pass if it is needed. Diodes protect transistors against
overvoltage’s, which might destroy inverters.

3.3 Current source inverter in grid-connected

Integrating a distributed power system into an electric grid network has a list of requirements
that need to be met to ensure a safe connection to the grid. Research based on the rules and
regulations is necessary for the design of an approved grid connected active converter. The
standards applied for interconnections between distributed power systems and the electrical
grid varies around the world. Some nations and regions develop their own standards for the
local grid utilities and for different voltage levels. Many countries have similar standards,
which are mainly based on two major international standards from IEEE and the International
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Electrotechnical Commission (IEC). The main and most vital requirements and limitations
can be found in the standards provided by IEEE and IEC. The most relevant standard that
compiles all technical requirements and tests for grid-connected distributed generation and
operation can be founded in [36]. Some important requirements for the grid-connected
inverter include:

Low total harmonic distortion of the current injected into the grid
Controlled power injected into the grid

Maximum power point tracking

High efficiency

The performance of the inverters connected to the grid depends mainly on the control scheme
applied.

3.3 Harmonics in current source inverter

Inverters are switching devices that cannot be directly connected to the grid. Because the
inverter produces harmonics, which degrade power quality. There are different standards in
place [37-38], which put limitations on the harmonics that can be injected into the grid. The
transformer’s windings serve as inductance, which reduces the harmonics present in the current
wave. may be used to connect the system to the grid [39]. Transformers are expensive and
bulky, which makes the system costly. Therefore, it becomes more common to use a filter
circuit as the interface in a transformer to connect an inverter to the grid. The sources of current
harmonics are nonlinear loads connected to the distribution network. The flow of current
harmonics through a network, which has a certain impedance, leads to the appearance of
harmonic voltages and, accordingly, to distortion of the form of the supply voltage. Different
types of loads and their curves are shown in figure below.

Linear Load Non-Linear Load

Applied Applied

\ Voltage ™\ /ﬁ % \ Voltage "\, //‘\\ /_
N— et N\— NN\

Pulses

Figure 3.6 Voltage and current curves from the source by linear and non-linear loads [40].

Harmonics in the electrical signals (voltage and current) cause the decline of electric power
quality. Harmonic can cause the following negative influences:

= Overload in distribution networks due to an increase of the current value.

= Overload in zero conductors due to the summation of higher harmonics currents,
which are multiple of 3 and are generated by single-phase loads overload.

» Overloads, vibration and aging of generators, transformers, and electrical motors.

= Overloading in the distribution network can lead to higher levels of energy
consumption and lossless increase.

» Distortion of the current curve shape can cause false triggering of circuit breakers
which may lead to the shutdown of the production process.
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Total harmonic distortion (THD) is a measurement of declination caused by harmonics. The
THD is shown in percentage according to the size of the curve’s change: the lower the
percentage, the more a curve looks like an ideal sinus curve. The first harmonic is also called
the "basic or fundamental harmonic; for a normal network in Europe, it is a 50 Hz harmonic.
THD is mainly used to measure the distortion of the shape of the input or output current and
voltage.

JU§ +UZ+ UZ+1+UZ
THDy, =

(3.2)

Ui

Where: Uz, Us ...Ux are the R.M.S voltages of the n-th harmonic, and U; is the RMS voltage
by fundamental frequency.

[1Z + 12+ 1241413
THD, = (3.3)

Iy

Where: 12, I3 ...In are the RMS current of the n-th harmonic, and I1 is the RMS Current by
fundamental frequency.

Some typical values of THD are the following:

= (0% the waveform is an ideal sinusoid.

= 3% waveform is different from the sinusoidal, but distortion is invisible to the eye.
= 5% deviation of the waveform from sinusoidal is visible on an oscillogram.

= 10% standard level of distortion.

= 12% perfectly symmetrical triangular signal.

= 22% A “typical” signal of a trapezoidal or stepped form.

= 48% perfectly symmetrical square wave.

= 80% ideal sawtooth signal.

3.3.1 AC Filter

Pulse width modulation (PWM) switching causes high-frequency harmonics in the line current.
The harmonic content is attenuated by the output low-pass filter. Inductive (L) filters are very
common in VSI [41]. Other common filter configurations for VSI are inductive-capacitive (LC)
and inductive-capacitive-inductive (LCL) filters. But in CSI, the most common topology filter
is the second-order low-pass capacitive-inductive (CL) filter, as shown in Figure 3.8c. CL-
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filters are used in CSI, because they attenuate high frequencies at 40 dB/decade [42]. The point
of a grid-connected inverter is to supply good quality (low THD) power to the grid and meet
the requirements in the standards as mentioned before [37-38]. The low-pass filter dirtiness
causes harmonic suppression and influences the inverter power factor as well. The filter has
iron and copper losses, which decrease the overall converter efficiency. The primary aim of the
low-pass filter design is for the grid-connected converter to comply with the specified grid

requirements [43].

Grid Filter

Power Conversion L Filter

Unit Grid System
CL Filter
LCL Filter

Figure 3.7 Grid filter interconnection with a grid-connected converter.

The filter cut-off frequency fcis commonly referred to as the resonant frequency fr. as the filter
has an infinite gain at that frequency if there is no damping resistance. The output filter must
be accurately damped to avoid any large amplification at the resonant frequency. The resonant
frequency equation is as following:

1

A quality factor Q is the inverse of damping, and it is related to the filter gain at the resonant
frequency. The quality factor can be given by:

Rp )| 4+1 (3.5)

Where are:

fr  Resonant frequency

L  Inductance of inductor
C Capacitance of capacitor
Q Quality factor

Ro Damping resistor
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Figure 3.8 Low-pass filter types: L and LCL filters are for VSI, while the CL filter is for CSI.

In a case where the Q of the filter is too high, a rise in the THD can take place at the resonant
frequency of the filter. In the opposite case, if the Q is too low, it will exhibit substantial filter
loss. The suggested values of Q for a low-pass grid filter varies between 2-4 [44]. The CL-
filter, as depicted in Figure 3.8c, is a second order filter that consists of one capacitor and one
inductor. The CL filter can substantially attenuate the high-frequency PWM harmonics if the
resonant frequency is selected to be small compared to the PWM fsw (say, an order of magnitude
lower). And it generally has better damping behaviour than an L-filter. If the resonant
frequency is low, the low-pass filter requires a large filter inductance, which results in higher
loss. On the other hand, if the fsw is too high, switching losses are increased. In general, a
properly designed filter should have the following characteristics:

=  Minimum voltage drops across the filter.

* Minimum stored energy in the filter.

= Minimum reactive power injection and high-power factor operation.

= Improved damping performances.

= Low electromagnetic interference.

= Robust to parameter variations due to aging.

= Robust to external parameter variations such as the grid impedance.
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Chapter 4

4 Control strategy of the three-phase current source
Inverter

The chapter will take a comprehensive look and discuss the various components functions and
control strategies in detail, such as the choice of control type, controller optimization, control
signal reference frames, PWM, and control systems of CSI in grid-connected mode.
The control system of a grid-connected inverter is responsible for managing the power injection
into the grid, obtained from a distributed generator. The main target for grid-connected mode
is to achieve good tracking of controlled variables with minimal phase error. The tracking
precision is constrained by the maximum allowable inverter switching frequency, the DC link
voltage, and the converter output inductance. The main control for CSI can be divided into two
main sections, which are the input-side controller and the grid-side controller. Input side
controller:

o The main feature is to derive the maximum power from the input power source.
e Provide protection for the input-side converter.

Grid side controller:

o Grid synchronization is achieved by matching the voltage magnitude, phase angle,
and frequency on the converter output and grid. (Known as grid-connected mode)

e Operate in island mode upon loss of grid power supply as a microgrid.

o Control of reactive power transfer between the power converter and grid.

« Control the quality of power injection into the grid.

o Load sharing of two parallel converters operating on the same microgrid.

The focus point in this thesis is the grid-side controller, thereby controlling the power injected
into the grid. Some other PWM methods are used to control a CSI, such as carrier-based
sinusoidal pulse-width modulation (CSPWM) [45] and space vector modulation (SVM) [46],
[47]. DDPWM has been chosen for this thesis because it is a modulation strategy that is easy
to understand, more intuitive than other PWM methods. The control system of a grid-connected
CSl is built up from the integration of several components or subsystems, such as cascade
control, PI-control, phase locked loop (PLL), park-transform, and PWM, as shown in the figure
below.
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Figure 4.1 Block diagram of CSI based BESS.

The PWM technique produces a sinusoidal waveform by filtering an output pulse waveform
with varying width. A high switching frequency leads to a better filtered sinusoidal output
waveform. There are three major PWM methods:

I.  Carrier based PWM (CBPWM)
Il.  Programmed PWM (PPWM)
I1l.  Space vector PWM (SVPWM)

The CBPWM is the most straightforward and simple of the three modulation techniques. The
PWM technique for CSl is generally more challenging than the PWM technique for VSI. Many
researchers have focused mainly on the two PWM methods, PPWM and SVPWM. The reason
for CBPWM attracting less attention is that it requires what we called "sector” information to
generate the actual gate signal, which makes it less intuitive. However, the real CBPWM for
CSC hasn't been reported.
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Figure 4.2 Sinusoidal Pulse Width Modulation [48].

The equations of amplitude modulation index and ratio of switching frequency are as

follows:
Im
Ma=— (41)
Idc
me = Lw (4.2)
fo
Where are:

Ma The amplitude modulation index (where 0 <ma < 1)
Im The peak phase current

lac DC-current

m¢ The ratio of switching frequency

fsw The switching frequency

f0  The fundamental frequency

The choice of methods depends on the application's requirements, such as good waveform
quality, high dynamic performance, low switching loss, and ease of implementation. Each of
these three PWM techniques has its own advantages and disadvantages. The following are
typical PWM inverter requirements:

« Wide range of linear operations.

28



e Minimum number of switches to maintain low switching losses in power components.

« Minimal content of harmonics in voltage and current because they produce additional
losses and noise in the load.

o Elimination of low-frequency harmonics

e Operation in the overmodulation region, including square waves.

4.1.1 Direct duty-ratio pulse width modulation.

The three-phase CSI is proposed with a new DDPWM strategy. Three reference signals and
two triangular carrier signals make up the proposed DDPWM for three-phase CSI. The
fundamental procedure for producing the gate signals is the same as for the VSI.

The proposed DDPWM's block diagram is shown in Figure 4.3. In Figure 4.3, the three phase
current commands ia*, ib*, and ic* are given, and the sorting comparator is used to select the
maximum and minimum values of each command at each switching period. The suggested
DDPWM method is an example of an open-loop control, so no feedback quantities are needed.
It should be noted that when the suggested DDPWM is implemented, Ipc is a setting value
rather than a measured value. The proposed PWM method for the three-phase CSC is illustrated
in Figure 4.4 using an example where the amplitude modulation index (mi) is 0.8 and the
frequency modulation index (ms) is 36. So, if the output frequency is 50 Hz, the carrier
frequency will be 1.8 kHz. Notice that in Fig. 8, the a-phase current iz has unipolar modulation

during each half period [49].

i S
trl Upper —p 2 Aa
SPTT ¥ Sy4p
. Selector
i,—» —» S4c
o Sorting
i» = Comparator |
i — S 02 > 5p
sy, | LOWer a
. SPTT | SBb
Ltr2 + | I: Smpn | Selector |, SB
c

Figure 4.3 The block diagram of the proposed DDPWM [49].
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Figure 4.4 Generation of gating signals for the three-phase CSI [49].
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The fundamental period T can be divided into 3 intervals, i.e., Min-, Mid- and Max-interval,
according to the relative magnitude of a-phase command output current ia". The effective
switching frequency (fsw) of the active switch can be estimated as follows:

fow = 2 (4.3)

Where are:

fsw Switching frequency
fc Carrier frequency_

In this project, the DDPWM technique is used for the three-phase CSI because it is easy to
understand and implement and more intuitive than other PWM methods such as PPWM and
SVPWM. The operating principle and characteristics of DDPWM are discussed in previous
work [49] .

4.2 Stationary ABC reference frame

The three-phase electrical system is a proven technology to generate, transmit, and distribute
energy. But the drawback for the analysis of the three-phase system is that its oscillating nature
may complicate the calculation, and three controllers are necessary in this case, one for each
phase. The ABC phase quantities are transformed to the rotating dq0 reference frame by means
of the park transformation. The dq0 frame rotates synchronously with the grid voltage, so that
control variables become DC values. This makes filtering and controlling easier, and that is
allowing us to use PI-controllers, as they have satisfactory behaviour when regulating DC
variables [50]. Synchronous reference frame control is the most common method for grid-
connected inverters. In this scheme, the inverter is controlled using a synchronous dq0O
reference frame to inject a controlled current into the grid. The Park transformer transfers the
ABC phase quantities to the dq0 reference frame.

4.3 Clarke and Park Transformation

The dqO transformer is made of Park and Clarke transformation matrices. Park transformation,
more often referred to as dq0-transformation, transforms three phase signals into a two-phase
orthogonal system in a synchronous frame where the axis system is rotating on a reference
frequency. This transformation requires a reference phase angle. But a three-phase voltage or
current is first transformed into a two-phase signal (alpha-beta zero) by the Clarke
transformation. And further, the aff0 system is transformed into dq0 system by the park
transformation as shown in figure below gives an overview of the transformations. PWM needs
a three phase AC-signal to operate, so the inverse Clarke and Park transformation converts the
two DC-signals. The matrix components of the Clarke, Park, and inverse of these
transformations for current, voltage and flux space vectors are summarized in table 4.1 and
power calculations of these transformations are shown in table 4.2 below.
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Figure 4.5 Left: ABC to a0 (Clarke transform), right: af30 to dqO (Park transform) [51].

Table 4.1: Matrix transformation [48].

Standard Amplitude-Invariant Power-Invariant
Clarke 11 ; 1 1
abc to aff0 2 2 2 2
2 V3 V8 2, V343
3 2 2 3 2 2
L 111
2 2 2 V2 V2 V2
Park 2 2
— — (2] 6—— 9 +
abe to dq0 ; cos(d) cos (8 ,;) cos (8 + 3:) . cos(8) Cﬂs( :2 005 ;r)
=|-sin(@ -sin (9 — _‘.'l') —sin (9 + _n) 31~ sin(8) —sin (3 = T) —sin (0 +3 )
3 3 3 1 1 1
1 1 1 — — —
2 3 2 vz 2 V2
Inverse 1 0 1 1 o L
Clark IS I 2
af0 to abc| 2 2 20 1 V3 1
RS I 372 2 12
2 T2 2
Inverse cos(6) —sin(8) cos(8) —sin0) -
Park cos (6 - —ﬂ) - sm B - —’T) 12
dq0 to abe —|cos (9 - —) — sin (9 - —) —
cos(6+ _:) —sm B+ :) 3 ‘gi
cos (6+?) —sm(6+?) 7
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Table 4.2: Power transformation [48].

Standard (Amplitude-Invariant) Power-Invariant
p(t) = vyiy + vgig + iy

3
p(t) =E(v"i“ + vgig + 204iy)
afo

q(®) =§(vﬂia + ,ip) q(t) = (vgiy = v4ig)

3 —
p(t) :E(vdid + vyiq + 20pio) p(t) = (valy + vala +volo)

dq0

3 —
Q(t)=i(vqid_vdiq) q(t) = (vglq = vaiq)

4.3.1 Phase-locked loop

Park transformations need to be synchronized with grids, and the PLL synchronizes the park
transformations with grids in various algorithms. The phase angle for grid voltage is a critical
piece of information for the systems that are coupled with the grid. This phase angle is used
to control the flow of real and reactive power, switch on and off the power devices, and
convert the control variables into suitable values by using a PLL [52]. The PLL block is made
up of several components, as presented in Figure 4.6.

Pl-controller VCO
0 7 Agy, | o 1T S | K 0 -
xs P T 1 s !
Agﬁh
/7 ’/
s q.filt 1 - q
tan_l 1+7, s dq ’/uhc
( atan2 ) 4 il . V,
< T abc

Figure 4.6 Block diagram of a PLL [52].

The PLL block may be divided into three main parts: a phase detector unit, a loop filter, and a
voltage-controlled oscillator. The phase detector determines the phase difference between the
input and the output signal. Then it feeds that signal to the loop filter unit to extract the DC
component of the phase error. This DC component needs to be amplified before it goes into
the Pl-controller to generate the output signal frequency [50]. To form the phase angle, the
output signal is integrated. When the output signals of the PLL are locked with the input
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frequency, the phase difference from the phase detector unit will be 0. The purpose of the PLL
control system is to accurately estimate the angle of the net victor of voltage by continuing to
measure the three-phase instant voltage waveform. Moreover, the PLL provides good rejection
of harmonics. Estimation of PLL angle is described in this work [52]. The transformation graph
from ABC to afj0, then from a0 to dq0 and the angle of PLL look as presented in Figure 4.7.
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1" X ,’/ \\ / X 4 B
A _/' \ 4 \ \ / \
o [ j./ ",\ f’/‘ -\.“. ) / y \ . .;'f \ il
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o
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1 = -
-
0
- =
1 1 | 1 1 1 | 1 | 1 1
1.67 1.68 1.69 1.7 1.7 1.72 1.73 1.74 1.75 1.76 1.77
Time (s)
Figure 4.7 Transformations ABC to af0 and a0 to dq0, b a0 components, ¢ PLL and d dq0
components.

4.4 Cascade control

The cascade controller is the main control for CSI, as illustrated in Figure 4.8. This model is
the basis for the control strategy implemented in this project. Cascade control algorithms are
constructed by two control loops: an inner loop with fast dynamics to eliminate input
disturbances and an outer loop to regulate output performance. It is particularly useful when
there are significant dynamic differences between the control and process variables, tight
control actions can be achieved by using an intermediate signal that responds faster than the
original control signal. It is difficult to obtain well-tuned PI parameters for both the outer loop
and the inner loop simultaneously [53]. Cascade control has four PI controllers, and tuning four
PI controllers is challenging. It is common to use the outer loop to regulate the current and the
inner loop to regulate the voltage on the grid side of CSI. The inner control loop has a vital role
in the overall dynamic responsiveness of a cascaded control structure. The important
requirement for a cascaded control is that the bandwidth (speed of response) increase towards
the inner loop, so the inner loop should be faster than the outer loop [54].

34



/ The main controller \

Current
Control

ref+ <, error / VOltage
- I Control
Vmeasured

Imeasured

. /

Figure 4.8 Generic block diagram of the cascade control system of grid-connected CSI

4.4.1 The inner loop

The voltage loop control is based on a reference/setpoint voltage input (vrer). This vrer 1S the
output from the current loop, and the output of the inner loop control feeds to PWM. The
controller performs reference tracking of the voltage, which ensures that the actual voltage is
approximately equal to the reference voltage. The inner loop controller consists of two PI-
controllers and two capacitor filters (the capacitor value must be the same value as the capacitor
filter on the grid side of CSI), as shown in the figure below.

lod

V' + +
O
Vabce-meas Ved meas - wCs ] -

P abc g | dq0 iabc

dq | Vea meas T =@_¢i‘-‘q abe
- +

Ve +

———()——[r1] ©

iabc-rneas
dq0 4—9”4'

Iz

Figure 4.9 The inner control loop (voltage control loop).
4.4.2 The outer loop

The current loop control is based on a reference/setpoint current input (iref). This iref can be
regulated manually or using a MPPT, and the output of the inductor loop control is the vrer for
the inner loop. The controller performs a reference tracking of the current, which ensures that
the actual current (AC side current of CSI) is approximately equal to the reference current. The
outer loop controller consists of two PI-controller like inner loops and two inductor filters (the
inductor value must be the same value as the inductor filter on the grid side of CSI), as the
figure below illustrates.
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Figure 4.10 The outer control loop (current control loop).

4.4.3 Proportional integral controller

The Pl-controller has several competitors [55], such as proportional-resonant control [56],
hysteresis (on/off) voltage control, adaptive voltage control, and predictive control [57]. PI-
controllers and proportional-resonant controls are commonly used to control the magnitude of
the output voltage; they are flexible, have good harmonic rejection, have a fast response, and
work well in grid-connected systems. In this project, a Pl-controller is used to control and
analyse the output active and reactive power of the CSI in grid-connected mode. The control
variable is forced to track a time domain reference. The PI controller can achieve fast response
and good harmonic rejection, when combined with a high inverter switching frequency. A
compromise between reference tracking and stability is required in applications with a low
switching frequency. However, the disadvantages of this controller are its inability to track a
sinusoidal reference with zero steady-state error and poor disturbance rejection capability [58].

A PI regulator is widely used in industrial control systems. This is mainly due to the reduced
number of parameters that need to be tuned. The PI controller is a linear controller; it works on
the principle of control loop feedback, as depicted in Figure 4.11. The error of the reference
and measured output signals is the function of the control response, which will regulate the
output until it matches the reference value. There are two terms, namely proportional and
integral action, in the PI controller.

PI-controller [P (S)]

a

Reference +',~"/_r\. Error 7 JPI‘O o l'tion al + /—\__" Prosses ) Outnut_’
{ Prop () — L(s ’—
Integral (I)

Figure 4.11 Generic system structure of PI-controller
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4.4.3.1 Proportional action

The proportional action is simply proportional to the control error. The proportional term output
is given by multiplying the error by a constant kp which is the proportional gain constant. As
the error becomes larger, the proportional term output of the controller is magnified to give
more correction. A high kp will produce a large change in output and may lead to system
instability, while a low kp will result in a less responsive controller to the system disturbance
[59]. The equation of proportional action is given by 4.1.

U () = k, * error(t) 4.3)
4.4.3.2 Integral action

The main objective of the integral term in a PI controller is to eliminate control error in steady
state. The integral control is proportional to the magnitude and duration of the error. It
calculates and accumulates a continuous sum of the error signal. Thus, a small steady-state
error will result in a large error value over time. The accumulated error is then multiplied by
the constant ki, which is the integral gain constant and gives the integral control output. A small
positive error will always lead to an increasing control output, and vice versa [59]. The equation
of proportional action is given by 4.2.

U=k * [ error(t) (4.4)

The PI-controller output can be expressed as equations 4.3 and 4.4 below, where Ti is the
integral time constant and its transfer function representation is 4.5.

U(t) = ky (error(t) + =+ [jerror(t)) (4.5

Where are:

Ki=— (4.6)

(4.7)

4.4.3.3 Tuning of proportional integral controller

The tuning of the Pl-controller is one of the most vital and challenging aspects of this project.
In this thesis, eight gains need to be tuned: four proportional and four integral gains. Tuning is
the process of setting optimal values for proportional and integral gains to get the best
performance close to the ideal of the Pl-controller. According to [60] and [61], There are
various classical and modern methodologies for tuning an analog or digital Pl-controller to
achieve suitable parameters kp and ki control gain. Some of the common tuning methods of PI-
controllers include:
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 trial-and-error approach

e Use of the Bode Plot

« Pole location

e Use of modulus optimum and symmetric optimum
e Ziegler-Nichols methods

In this thesis, the second Ziegler-Nichols method is used to tune the PI controller. Because the
second Ziegler-Nichols method is a simple, easy method, we can obtain well-tuned parameters
as with other methods [62]. The tuning process for the second Ziegler-Nichols method gain to
obtain the optimized control gain is following; Set the value of ki to zero and set the value of
kp to the lowest possible value. Then increase the value of kp gradually until it reaches kmax,
where the maximum value of kp results in a sustained oscillation. Next, set kmax as kp and
increase the value of ki until an optimized time response is obtained for the control system.
The output might still have noise oscillation even though it achieved optimized time response.
If that is the case, maintain the ki and reduce the kp to minimize the noise and oscillation. When
an output waveform with optimized time response and lower noise is obtained. Then the values
of kp and ki are considered an optimized Pl-control gain for the control system.

(s D

Set ki = 0, and set ki low
Increase kp to Kmax
keep kp a8 Kmax, raise ki e

Time response
Optimized?

Maintain ki, reduce k;

| N es
Obtained optimized gain for
Pl-controller

| End of process |

Figure 4.12 Block diagram tunning process of the second Ziegler-Nichols methods.
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4.4.3.4 Tuning of cascade controller

As mentioned earlier, the tuning of cascade controllers is challenging work. The tuning
process of the cascade controller in this project is as follows:

o Start tuning first with the inner control-loop.

o Set the value of ki equal to zero in both the inner and outer control-loop.

o Set the value kp very low in the outer control-loop.

e Once the inner control-loop is tuned, start the tuning of the outer control-loop.

e The tuning procedure for the PI-controller is described in the previous paragraph and
can be followed.

4.5 Mathematical modelling of grid-connected CSI

In this section, the basic mathematical equations for controlling of three phase CSI in grid-
connected systems are presented. Also describe more details of variable control and the
manipulation of control variables to regulate AC-side of three-phase in grid-connected mode.
This mathematical model is based on previous work [58]. The dynamic equations below
describe the d-q axes of the CSI circuit based on Figure 3.4,

The dynamic equation in the dg-reference frame is the following:

diog _ RF . (vod —Voq + WLFioq)
@ T plea ; (4.8)
F F
di Rp . (vog —Vog + WLEioq)
0q — __ _Floq + q q o (49)
dt Lr Lr
dvog _  (ligd —lod + WCFVsq) (4 10)
dt Cr '
Aveq _  (ljg —log — WCFVoq) (4 11)
dt Cr '

By assuming a fixed magnitude grid voltage, inverter active and reactive power exchange with
the grid can be regulated directly by controlling the d-q components of the grid current. The
reference current the CSI needs to inject into the grid at voltage vo = Vod + JVoq t0 exchange
specific active and reactive power can be expressed as:

[lOd] 2 1 Uod Vogq [P*] (4.12)
qu 3 vhq +V0q qu vOd )

To assist the current regulator design, let
Wd = Vg - Vd + wlriog and Wq = v/, - Vg - wLFiog

Where the new variables wq and wq are obtained from the Pl-controller as equation below:

Wd = kp( i;d'iOd) + k|f( LSd - I’Od)dt (413)
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Wa = kp( igq-ioa) + Kif (igq — iog)dt (4.14)

the integral parts of (4.13) and (4.14) are replaced with zqand zq and substituting the resultant
expressions in (4.8) and (4.9), gives:

diog _ _ (RF +kp) . zd | Kp .«
a Ly lod + Lr + Ly l0d (4.15)
% - (RF +kp) . Z_d k_p . %

- o lgti Tl (4.16)
L= ki(ijy — ioa) (4.17)
az . .

d—:: ki(igg — log) (4.17)

We are rearranging the differential equations 4.15 to 4.17 to obtain in a form of state space

formul

log
d | Zq
dt |log

Zq

Where

iod
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V*cq
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I od
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I oq
p*
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®
Rr

ation, X (t) = Ax(t) + Bu(t) as:

(RF+Kp) 1

=
=

0 of .. - 0
Ly Ly loa Ly
_ - ki 0 0 0 Zd + ki 0 [l;d]
B 0 (Re+Kp) 1| |loq 0 M loq
L¢ Lf Zq Lf
0 0 -k O 0 k
are:

The d-component of measured current (v)

The g-component of measured current (v)

Output current of control d-component (v)

Output current of control g-component (V)

The d-component of measured voltage (v)

The g-component of measured voltage (v)

The reference for inner loop control of d-component voltage (V)
The reference for inner loop control of g-component voltage (V)
Reference in d-component current (A)

Reference in g-component current (A)

Active power (W)

Reactive power (VAr)

Proportional gain (unit less quantity)

Integral gain (unit less quantity)

Filter capacitance (F)

Filter inductance (H)

Angular frequency (rad/s)

Filter resistor (Q2)
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Wd, Wq, Zd, & Zq are variables to simplify the voltage regulator design
The equation 4.18 shows the states related to the d-channel can be solved or controlled

independent of the g-channel, hence decoupled control of active and reactive power is
achieved.
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Chapter 5

5 Simulation and discussions of results

This chapter starts with an introduction to the simulation program, converter ratings, and
parameters, together with the synchronizing criteria implemented in the simulation work.
Simulation results will be discussed and illustrated in this chapter. To validate the performance
of the proposed control system for a three-phase power inverter, a simulation model of a three-
phase grid-connected CSI with a control system has been developed. MATLAB/Simulink is
used to simulate, analyse, and test the functionality of the control system for CSI. Some
familiarity with MATLAB/Simulink is essential to understanding the simulation. Figure 4.1
shows a generic block diagram of the control system for three-phase grid-connected CSI.

5.2 Simulation of pulse-width modulation

As mentioned in the previous chapter, the PWM technique for CSI is more complex than the
PWM for VSI. The PWM technique for CSI is more sophisticated and complex than the PWM
technique for VSI. The PWM technique for CSI, as shown in the figure below, is based on
previous work [49]. The PWM technique is tested for three different scenarios in CSlI,
including CSI without any kind of control system, standalone, and grid-connected. In these
scenarios, it is very effective, and the result is what was expected. Figure 5.2 displays the
outcomes of these PWM techniques.
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[

Figure 5.1 Block diagram technique of PWM.
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Figure 5.2 Output of PWM.

The output of PWM, which has a very nice amplitude and shape, is shown in Figure 5.2.
Zoomed in three complete cycles, the PWM signal is neither under- nor over-modulated.

5.3 Voltage boosting capability of CSI

One of the advantages of CSI over VSI is that CSI has voltage-boosting capability. In this
section discuss and show the results of testing the voltage boosting capability of CSI. Simulink
has ideal current source, but to test for the voltage boosting capability of CSI, we must use a
real voltage source. The parameters used for this test are shown in table 5.1.

Table 5.1 Parameters used in Voltage boosting capability of CSI.

Parameters Values | Sl units
DC-link (nominal) Voltage (Vac) 200 v
Switching frequency (fs) 30 kHz
Line-to-line voltage (Vca) 270 4
Filter capacitor (Cp) 33 uF
Filter inductor (Lr) 5 mH
Load (R) 100 Q
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Figure 5.3 Voltage boosting capability.
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Figure 5.4 PWM and source current with a real source.
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Figure 5.5 PWM and source current with an ideal source.

Figure 5.3 verifies that CSI has voltage-boosting capability. As we see from figure 5.3, the DC-
link voltage is 200 v and the output voltage is 270 v. In figure 5.5, with an ideal current source,
the PWM current looks good and doesn’t have any ripples, but with an ideal current source,
CSI has no voltage boosting capability. In figure 5.4, a real current source is used, and PWM
current has ripples in this figure. The reason is the current source; as we see from the top of
figure 5.4, the DC-link current has the same ripples, but we can remove these ripples with a
filter.

Fundamental (50Hz) = 0.7356 , THD= 20.31%
T T | T !
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Figure 5.6 THD of current in a real current source.
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Figure 5.7 THD in the output AC current of CSI fed with ideal current source.

The THD is 4.67% in the output AC current of CSI fed with ideal current source, while the
THD of current in a real current source is 20.31%. That is normal because the real current
source has more noise than the ideal current source. These THD are illustrated in figures 4.6
and 4.7.

5.4 Simulation of current source inverter in grid-connoted

In this section, the results of simulation, used parameters, and discussion of three-phase grid-
connected CSI are presented. Simulation of current source inverter in grid-connoted are in four
main blocks have been used to simulate a three-phase CSI in grid-Connected. Each subsystem
has several blocks and interconnecting lines. When we double-click on the subsystem block,
we observe that Simulink displays all blocks, interconnecting lines, out-port, and in-port as
shown in the figures below.

5.4.1 Parameters and per unit quantities

The express of a power-electronic converter system in a per-unit (pu) term, system rating, and
filter parameters used for simulation and experimental results are listed in the tables below.
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Table 5.2 Parameters used in simulation for grid-connected CSI.

Parameters Values | Sl units
DC-link (nominal) current (lac) or (In) 20 A
Switching frequency (fs) 30 kHz
Line-to-line voltage (Vca) 796 v
Nominal voltage (Vn) 230 v
Filter capacitor (Cr) 330 uF
Filter inductor (Le) 5 mH
Outer-loop controller proportional gain (kpo) | (0.005) | unit less
Outer-loop controller integral gain (kio) | (0.004) | unit less
Inner-loop controller proportional gain (kp1) (0.12) | unit less
Inner-loop controller integral gain (ki) (0.009) | unit less
Table 5.3 Converter unit to per-unit system.
Parameters Equations Values S| units
2
Base voltage (Peak phase voltage)  ( Vb) Vb = \/;Vn,rms 187.79 \%
Base current (In) Ib =V21L s 4
28.28
Base angular frequency (wp) wp, =2mth 11416 rad/s
e P
Base impedance (Zv) b= 6.64 Q
ind L Zy
Base inductance (Lb) b= 2114 mH
) 1
Base capacitance (Cp) Cp = Zoo, 47938 uF
) Vp - 2mfCe
Current per-unit (Tpu) Ly = i 1 unit less
b
. _ Vv ,
Voltage per-unit (Vpu) Vou = v 193 unit less
. _ L .
Inductance per-unit (Lpu) Lpy = L, 0.24 unit less
. . _C .
Capacitance per-unit (Cpu) Cou = C) 0.69 unit less
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Figure 5.8 Simulation blocks of CSI.

For simulation of three-phase CSI in grid-connected systems, we used both real and ideal
current sources, but in figure 5.9 is just a screenshot of an ideal current source.
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Figure 5.9 Simulation blocks of ABC to dg0 transformation.
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Figure 5.10 Simulation blocks of cascade-control.

We can see from the figures below that the output of CSI is as anticipated. The peak of PWM
current is 20 A, like battery current at the source. The filter current, or sinewave current line-
to-line, is close to 40 A. The output voltage line-to-line is almost 650 V, which means that the
peak-to-peak voltage is 325 V and the R.M.S voltage will be 230 V. The voltage that CSI
output should be 230 V. That show at the control system works as expected.
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Figure 5.11 Output current and voltage of CSI.
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Figure 5.12 Output of cascade-control.

modulated; it is what is expected to be. This output is shown in the above figure.
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Figure 5.13 Static error of inner loop.
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Figure 5.14 Static error of the outer loop.

The tuning of cascade control is a challenging process; in this simulation, several tuning
methods have been used, such as Ziegler-Nichol’s methods and auto-tuning. In both methods,
the inner loop has been tuned first and the outer loop next. Either Ziegler-Nichol’s methods or
auto-tuning cannot get the static error to zero in both loops. When one loop gets closer to the
reference value and the static error of another loop begins to increase, as shown in the graph
above. But the most important thing is to track the measured value against the reference value,

and it does.
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Figure 5.15 Active & reactive power.

The active and reactive powers behave a little strangely and need some improvement. Active
power is expected to be negative, which it is, but reactive power is expected to be zero or close
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to zero, which it isn’t. The active power enters a negative area when both integral gains are set
to zero and both proportional gains increase, which means CSI is starting to inject power into
the grid. But in this situation, the cascade-control system's outputs do not appear to be stable
and are not in good shape. The supervisor suggested presenting it in its current form. Due to
time constraints and the requirement for additional investigations.
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Chapter

6 Conclusion and future work

The last chapter is divided into two sections, with the first section concluding the most
important aspect of this thesis. While the second section proposes ideas for further work that
can be done in future research, either within this thesis scope or out of it, for potential different
control strategies and different topologies of CSI to be investigated.

6.1 Conclusion

The main goal of this work was to review the literature about CSI, design, simulate, analyse,
and control the three-phase CSI in grid-connected systems. DDPWM is used as a PWM
technique, and it works very well. The Pl-control was chosen for this project because it is a
simple to understand, it can improve the performance, stability, and accuracy of the system and
has some degree of flexibility. Several subsystems make up the control system, including
cascade-control (Voltage-control and current control), PLL, PWM, AC to DC transformer. The
control system of three-phase CSI in grid-connected systems is theoretically modelled in
Chapter 4. In Chapter 5, discuss the results of the simulation and show graphs of the simulation.
The simulation worked, but it needs more investigation.

The focus of this thesis was three-phase CSlI, but the rapport also gives a brief explanation of
other related topics to CSI as well, such as renewable energy sources, challenges of global
climate change, battery systems, and other necessary components for CSI to operate. All the
descriptions of this are about how essential CSI is to convert DC to AC power, and CSI is
playing an important role in reaching the climate target.

The task takes a comparative analysis between CSI and VSI to point out some important
advantages and disadvantages of those converters, such as the fact that CSI has short-circuit
protection and low switching loss, while VSI has open-circuit protection and low conduction
loss. So, the conclusion is that both CSI and VSI have their own advantages and disadvantages,
and the selection of inverter type depends on the requirements of the application, economic
considerations, and its performance in varying environments. All in all, CSI is a serious
competitor to VSI because CSI has some advantages over VSI.

In both current control and voltage control, an important observation is that by implementing
feed-forward compensation of coupling components in the stationary off frame as applied in
the dq synchronous frame, the steady-state error seems to be minimizing despite the more
distorted three-phase filter current and voltage observed. In power-electronic converter
systems, expressing voltage, current, impedance, and capacitance values on a per-unit basis
makes the system simpler and produces a more accurate result. But the effect of this
implementation requires more investigation for a solid conclusion.
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Overall, the CSl is a strong rival for the VSI; all it requires is more research attention.
6.2 Recommendations for future work
As an extension of this study, the following topics are suggested:

o Test other control topologies to control the CSI, both grid-connected and standalone.
o Test different PWM techniques for CSI.
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