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Abstract:

AC or DC has been in the centre of debate since the early days
of the electrical system. DC is already proven to be more
economical than AC in transmission at elevated power and
voltages. Thus, expanding the use of DC to the distribution
grids seems promising as most of the distributed generation
such as PV generates initial DC voltages and many of the
modern loads are using internal DC buses. Still, in order to
extend the use of DC to the distribution level a suitable DC
distribution grid architecture and a suitable DC/DC converter

to serve it should be explored, which is the focus of this Ph.D.

A study based on the Libyan grid and loads was carried out to
investigate the most suitable DC distribution grid layout. The
results showed that DC grid arrangement utilising two port
converters have lower total converter losses and smaller
converter installed power when compared with arrangements

using three ports converter.

A multi-cell multi-snubbered three phase dual active bridge
(DAB) converter was proposed to serve the chosen DC
distribution grid layout. The modular multi-cell multi-
snubbered 3 phase DAB converter offered low losses over a
wide range of loading profiles. Furthermore, the converter
performance can be easily modified to be able to serve a
specific DC/DC grid loading profile by altering the snubbers
attached to the cells and the power management’s algorithm
between the cells while keeping the core cells the same. Extra

cells can be added if higher power rating is required, reducing



the total cost of expanding the proposed DC distribution

system.

This thesis is an ambition step on deciding the structure of the
futuristic DC grid and the required DC/DC converters to link it

is different voltage levels.
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Chapter 1

Introduction

1.1 Introduction

AC or DC, this has been at the centre of debate since the birth
of the electrical system a war of currents raged between the
founders of the electric systems the DC by Thomas Edison and
Nicola Tesla’s AC system. AC gained major successes due to
the lack of an effective DC transmission system due to the
non-existence of DC /DC converters in the early days of the
power system. Despite this DC has been always present in
many applications and areas such as telecommunication. And

DC has already overcome AC in areas such as transmission
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where HVDC is proven to be more economical over a long
distance with elevated power and voltages. While DC has
some disadvantages such as the difficulty to be isolated due to
the non-existing of zero current crossing which make it more

difficult to isolate DC currents.

The situation is now changing, as DC has found its own
transformers, the DC-DC converters which are at the forefront
of technological advancement. Additionally, there is an
emergence of distributed generation, many of which generate
DC, as for example solar panels, which are the fastest growing
renewable energy by 50% a year [1] or have DC embedded
inside them such as wind turbines. Furthermore, the nature of
most appliances, such as TV, washing machines, LED lighting,
heaters and DC inverter driven air conditioning (which is
estimated to save about 25.3% to 38% on air conditioning
energy requirements [2]), allows for connecting homes to a
DC distribution grid. This will have a major impact on electrical
grids, especially within the Libyan context, where the grid is
currently under an excessive burden from air conditioning

loads as will be further elaborated on later within this thesis.

Current electrical grids are facing great challenges, especially
high-power demand with grids such as in the Germany’s
countryside [3] working near the edge of its capabilities
(hosting capacities). Furthermore, electrical grids are under
increasing demands due to the introduction of electric cars and
ground-source heat pumps, while some areas of the world are
yet to be electrified such as in the Sub-Saharan Africa, where

more than 620 million people do not receive electricity [4]
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despite the abundance of free solar energy in that region of

the world.

Using DC voltages seems a viable option to meet the earlier
mentioned challenges as DC brings many advantages to the
electrical system, such as voltage quality enhancement in the
DC grid as the voltage will suffer from fewer flickers due to the
presence of converter [5] [6]. Secondly, LVDC (low voltage
direct current) networks can have its own localised protection
areas thus the fault can be isolated in the LVDC resulting in
fewer disturbances in a grid made from one more than one
zone [5] and the services can be resumed faster due to the
non-existent of frequency draft in DC networks. Furthermore,
DC has higher transmission abilities, hence thinner cables can
be used and expenses can be cut [5]. Moreover, in DC
systems, there is no need for an individual rectifier for each
DC consuming appliance, reducing the required converters to
link the DC loads and resulting in reduced losses and costs.
Additionally, there are no reactive currents in DC systems and
as consequence, the current and losses are lower and the
utilisation of cables is increased. The use of LED lighting
combined with a centralized converter will result in less heat in
houses. Furthermore, the author of [7] stated that by
changing to DC supplied computers in an office, a reduction of
16% of the total carbon emissions is achieved. Thus, if a DC
grid is to be used to supply the houses and offices, the air
conditioning requirements could be reduced and the internal

building environment could be enhanced.

Despite the multiple benefits that DC voltages can bring to the

electrical system, the concept of a complete DC grid is still to
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be achieved due to challenges such as the grid layouts, the
converter selection, the control and protection present when
proposing the use of DC at the distribution level. Thus, the
work of this thesis was proposed to look for possible DC grid
arrangements layouts, to serve the last mile of the grid just
before homes in city centres and rural areas, and to serve the
other part of the world yet to be electrified and to investigate
possible DC voltage levels and DC/DC converters to serve the

proposed DC grid layouts.

To achieve the thesis’ goals several studies will be carried out.
At first, the Libyan grid will be studied. Next, the DC
distribution grid layout will be investigated based on the
converter losses in the DC distribution grid. A suitable DC/DC
converter to serve the proposed DC grid will be chosen,
modelled and studied. Finally, the chosen multi-cell-multi-
snubber three phase dual active converter will be practically

designed, tested and validated.

This thesis is a push forward on deciding the futuristic DC grid
layout to serve the current and yet-to-be-constructed grids
and to identify and test the required DC/DC converters to link

its different voltage levels.

1.2 Project aims and objectives

This thesis focuses on the evaluation of using DC voltages in
distribution grids which can be used to serve the areas not yet
electrified in the world such as in Sub-Saharan Africa and to

serve the last mile of the existing electrical distribution system
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such as in crowded city centres. The Libyan grid is the case
study of this thesis, thus an investigation on its current
situation will be performed first. Next, a suitable DC voltage
level and DC grid arrangement layout to serve the proposed
DC distribution grid are going to be identified. Finally, a DC/DC
power converter to drive the chosen DC grid arrangement is
going to be proposed, analysed, designed, built and tested.

Figure 0.1 shows the concept of complete DC distribution grid

Low voltage DC grid

DC/DC

Higher voltage DC grid

Figure 0.1 The concept of complete DC distribution grid

The objectives of this thesis are:

e To investigate the Libyan grid structure, loads, and
generation, in order to recommend a suitable method to

improve its performance.

e To explore existing electrical systems utilising DC
voltage in order to identify the possible advantages and
effects of replacing AC with DC in the distribution

systems.
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e To propose suitable DC voltage levels to serve the last

mile of the distribution system.

e To investigate  the possible DC  distribution
arrangements and to design, simulate and compare their
performance based on the converter losses. And identify

the DC grid and converter requirements.

e To choose, analyse, design, build and test a DC/DC
converter to serve the proposed DC distribution grid
layout and to further improve the chosen converter

performance by using a multi-cell variant of it.

1.3 Thesis outlines

This thesis is consists of 8 chapters:

Chapter two, the generation, distribution, and consumption of
electrical power in Libya: this chapter investigate the
generation, transmission, and distribution of power within the
Libyan grid- connected and standalone grids and the impact

that the potential change to DC voltages might have on them.

Chapter three, current DC usages in electrical system: this
chapter presents the applications using DC voltage and the DC
voltage levels used within them. This chapter also includes an
overview of the technical aspects impacting the distribution

grid hosting capacity.

Chapter four, DC Grid layout and converter configuration

assessment based on the losses and installed power of the
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grid converters: a study and comparison among four potential
DC distribution grid layouts are presented within this chapter.
The study includes load and PV energy estimations, the
converter rating, the power managements used to perform the

comparison.

Chapter five, three-Phase Dual-Active Bridge (3¢DAB)

converter, theory, and analysis: this chapter presents the
advantages of using 3@ DAB converter within the proposed DC
distribution grid, an analytical losses estimation for the 3¢
DAB converter, an analytical study of snubbers and their effect

on the soft switching areas of the 3¢ DAB converter.

Furthermore, the concept of a novel Multi-cell 3—¢DAB

converter is presented in this chapter.

Chapter six, hardware implementation: This chapter includes
the design and implementation steps of a 3¢DAB converter

cell in the laboratory.

Chapter seven, experimental results: This chapter includes the
practical investigation results of the 3¢ DAB converter cell. It
also includes an assessment of the novel multi-cell multi-

snubbered 3 ¢ DAB converter efficiency.

Chapter eight, conclusion: a summary of this thesis’s
achievements and proposed future work are presented in this

chapter.



Chapter 2

The generation, distribution, and
consumption of electrical power in

Libya

2.1 Introduction

The Libyan electrical grid is state run under the General
Electric Company of Libya (GECOL) [8]. The main generation
is based on steam turbine located in the north on the seacoast
using gas and diesel and heavy fuels as their energy source

[8]. The transmission network comprises mostly of a long
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radial transmission lines rated at 220kV AC with extra 400kV
AC lines added recently [8]. The Libyan transmission network
stretches over long distances with a high number of load
centres located deep in the desert far from the central
seacoast generation, such as Sabha with 700km transmission
lines, and Gat at a distance of 1400km [8]. This results in high
power losses and voltage deviations in the transmission grid
[9]. There are also some isolated grids in the desert, powered
by diesel generators and solar energy [10] [11]. This might
change in the future due to the availability of solar energy,

where each house in Libya could have its own generation.

This thesis chapter will highlight the present situation of the
Libyan grid and why a DC distribution grid might be a better

call of action to solve the Libyan grid challenges.

2.2 Libyan electrical generation

Libyan electricity is mainly generated using steam and gas
powered plants concentrated on the sea coast. The main fuels
used in these plants are diesel, gas or heavy fuels. The total
generation capacity of the Libyan power plants is 8,375 GW
[8] which is distributed among the generation technologies as
in Table 2.1 [8]:

In Libya, 40% of customers do not pay for their electricity and
the electricity price is 60% subsidised by the government
[12]. It was estimated that if the subsidies were removed, it

could lead to a reduction in the total consumption by 20 %,
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which might waiver the need to install new power generation
plants [12].

Table 2.1 The generation capacity in Libya per generation
technology [8].

Plant type Number of turbines | Installed power MW
Steam turbine 20 1,747
Gas turbine 36 4,245
Combined cycle 15 2,355
Total 71 8,375

Another effect of such subsidies is the impact on the
exploitation of renewable energy sources which are one of the

highest in the world, with a daily solar radiation average of 7.1

kWh/mZ/day in the northern sea coast areas and 8.1

kWh/m2/day [12] in the southern desert. This solar potential

now accounts for almost zero of the total generation in Libya
due to the electrical subsidies from the government [12]. As a
result, solar generation is used only in remote islanded
locations away from the central grid, which will be discussed

later in this chapter.

The situation for wind is not better than solar even though the
wind is the cheapest form of renewable energy, costing around
4-7 $-cent per kW [12] in the international market. Libya is far
behind the rest of the world in the use of wind generation. The

first Libyan wind farm rated at 60MW is under construction in
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Dernah and more feasibility studies for other wind farm sites

are under investigation [13].

At the present, renewable energy accounts for less than
0.06% of the total generation in Libya [14]. This provides an
extra motivation to identify potential DC distribution network
technology and converter topologies, suited for the Libyan grid
to smooth the transition to more renewable-based generation,
which might encourage the Libyan government to cut down
energy subsidies for the costumers and use the funds available

to increase the installation of renewable energies.

2.3 Libyan transmission and distribution lines

The Libyan transmission and distribution system relies
traditionally on voltage levels from 0.4 kV AC to 220 kV AC. In
the recent years, a new voltage level of 400 kv AC was
introduced [8]. The new voltage level was introduced due to
power quality problems in the grid, such as voltage sags and
blackouts. These power quality problems are present in the
distribution grid even after the introduction of the higher
400kV AC transmission lines thus different solutions should be
investigated [9]. Figure 2.1 illustrates the Libyan electrical

transmission grid [13].

The transmission and distribution lines are constructed from
voltage levels of 0.4 kV to 400 kV [8]. Table 2.2 indicates the
total distance installed at each voltage level [8], while
Table 2.3 indicates the number of stations and the installed

power for each voltage level in 2010 [8].
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Figure 2.1 Libyan electrical transmission grid (reprinted from

[13]).

Table 2.2 The total installed distance at each voltage level [8]:

Voltage (kV) Length (km)

400 2,290
220 13,706
66 14,312
33 11,142

11 51,482
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Table 2.3 Number of stations and the installed power at each
voltage level [8].

Voltage Number of | Total installed power
(kV) Stations (MVA)
400 13 9,600
220 81 15,785
66 195 4,359
33 460 13,884
11 12,800 not reported

From Table 2.2 and Table 2.3 it can be noticed that the
installed length of the 11kV lines was around 51,482 km.
While the number of 11kV stations was 12,800 in all Libya.
Moreover, most of the 11kV stations are using transformers
without any voltage regulation capability such as tap-changing
thus they cannot be used to regulate the voltage at the
medium and low voltage level. Thus grid reinforcements are
currently performed at this voltage level in order to increase
the grid and distributed
generation are normally connected at the 11 kV voltage level
or the 230V 1-phase, 400V 3-phase levels. This highlights the

importance to focus the study on the lower voltage levels in

capacity. Furthermore, loads

order to reform the Libyan grid and solve the Libyan energy

challenges.



2- The generation and consumption of electrical power in Libya 14

2.4 Libyan loads

The nature of loads in the electrical grid is one of the key
factors which determine its optimal transmission, distribution,

generation, and storage strategies.

The peak load in the Libyan grid has increased from 2.6 GW in
2000, to around 6 GW in 2012. Figure 2.2, Figure 2.3 and
Figure 2.4 [15] illustrate the total Libyan grid load for the days
of the highest, medium and the Ilowest Libyan power
consumption in 2012. This un-published information was
provided by (GECOL) [15].
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Figure 2.2 The daily load curves in Libya for the week with highest
loading in 2012 [15].
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Figure 2.3 The daily load curves in Libya for the week with the
lowest loading [15].
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Figure 2.4 The daily load curves in Libya for the week with medium
loading [15].

From Figure 2.2, it can be noticed that the load does not
change much during the day, which is mainly because August
is the most humid month in Libya and thus the usage of air-
conditioning has dominated the load and almost a flat curve

can be noticed.
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While for Figure 2.3 and Figure 2.4 it can be noticed that the
Libyan grid follows the normal patterns expected to be seen in
any electrical grid, where the two peaks linked to the human
activity during the day are present and the lowest usage of

electricity happens during the night.

April is the most pleasant month in Libya, thus there is no
need for air-conditioning or space heating, which caused the
electricity consumption to be the lowest in that month as seen
in Figure 2.3.

To further understand the effect of loads on the Libyan grid, a
closer look should be given to the consumer types within the

Libyan grid which is indicated in Figure 2.5 [14].

5%

13%

39%

14%

19% 4% 4% -
O Residential W Small Agriculture O Large Agriculture O Small Industry
M Large Industry = commercial | State Offices O Street Lighting

Figure 2.5 The consumer types within the Libyan grid (reprinted
from [14]).

From Figure 2.5 it can be noticed that the domestic loads
account for around 39% of the total load in Libya, followed by
commercial (refers to shops and similar activities) load of

around 14% and state offices’ of around 13%; these three
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loads account for 66% of the total Libyan load thus a change
in these loads will lead to a reform of the Libyan electricity

usage.

In order to fully understand the trend of consumption within
the Libyan grid, the domestic loads, which are the highest
load, should be examined more closely. A study was
previously conducted in three major Libyan cities Tripoli,
Benghazi, and Sabha. The aim of the study was to identify the
nature of the Libyan residential loads and the devices present
in a Libyan household [16]. In that study, consumers were
classified based on the total installed power of electrical
appliances in the house into three categories, small
consumers: 0-5,000kWh/year, medium consumers: 5,001-
10,000 kWh/year and large consumers: over 10,001 kWh/year
[16]. Table 2.4 presents a sample of the distribution of

consumers for each city and

Table 2.5 provides the average consumption of each consumer

group.

Knowledge of the equipment present in the Libyan household
is required to assess the appropriate dc voltage levels as well
as possible grid arrangement and converter design. A detailed
description of the typical Libyan household electrical

equipment is presented in appendix (A) [16].

To conclude, the domestic load is the highest load in the
Libyan grid, where air-conditioning is the leading consumer of
electricity within the Libyan household. This situation is

encouraged by the energy subsidies provided by the Libyan
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government which leads to overconsumption of electricity,

mainly for air-conditioning. Thus a change to a high-efficiency

Table 2.4 A sample of consumer distribution in three major cities in
Libya [16].

Small Medium Large
Area Total
consumer | consumer | consumer
Number 112 69 39 220
Tripoli
Percentage 51% 31% 18% 55%
Number 43 42 15 100
Benghazi
Percentage 43% 42% 15% 25%
Number 13 27 42 82
Sabha
Percentage 16% 33% 51% 20%
Number 168 138 96 402
Libya
Percentage 42% 34% 24% 100%

Table 2.5 The average annual consumption of each consumer group
[16]:

Tripoli Sabha Benghazi A\I;Iebréig'e
(KWh) | (kwh) (kWh) R
Small 3,356 | 3,762 3,954 3,640
consumer
Medium 7006 | 6,729 7,378 6,994
consumer
Large 16,064 | 14,469 14,928 | 15,318
consumer
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DC drive air- conditioning seems a good option to improve the
Libyan grid voltage quality and might reduce the need for grid

reinforcements

2.5 Libyan standalone grids

The standalone solar energy systems in Libya include
communications systems, water pumping systems, and

isolated villages electrical systems [17].

Libyan standalone grid systems are mainly small villages away
from the central grid and due to the large size of Libya and the
scattered distribution of inhabitants; some areas in Libya are

not connected to the main Libyan grid for economic reasons.

The GECOL defines the areas which are not economically
viable to be connected to the main grid as those areas with
about 200 inhabitants per location and at a distance of 5km or
more from the 11kV lines or those with 500 inhabitants per

location and about 15km distance from the 11kV line [17].

It was estimated that the number of people in Libya fall into
the last two categories to be around 25,000 and the GECOL
decided to build renewable electrical systems in 370 locations

in order to serve them [17].

These local systems can be divided into two different formats,

either the houses are connected to the islanded grids or is
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consist of standalone houses systems. The following are

examples of these two systems:

2.5.1Standalone PV system for Almarhan Well Village
[10]

This is an example of a system where the houses are not
connected to a local grid. 30 families live in a village in the
middle of a large area of pastures which is about 80km from
the nearest city [10]. Furthermore, it has a school and all
other services and therefore it is considered as a centre of
services in the local area [10]. This village is far from the main
grid and needs electricity for houses and water pumping. The

electricity needs of the village are given in Table 2.6 [10].

Table 2.6 The electricity needs for Almarhan Well Village [10]

Power per Total energy
Unit Number unit (VI:\)/) consumption
(Wh/day)
Residential 47 170 1,220
School 1 1,020 9,660
Services 1(11) 5,180 35,430
Total 47 14,390 93,030

Table 2.6 does not include about 60 m> of water pumping and
street lighting. Figure 2.6 illustrates one of the systems in this
village [10].
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Figure 2.6 One of the solar systems in the Almarhan Well Village
(reprinted from [10]).

The overall electrical village system is made of 47 independent
systems which are not connected to a local grid with ratings as
presented in Table 2.7 [10].

Table 2.7 The details of the installed systems rating for the
Almarhan Well Village [10].

Battery
Uit | Number | panel | Charging | ZEEN | Inverter
P regulator pacity (W)
(W) ) (kwh)
Residential 21 375 30 5.040 -
School 1 3,600 180 60.48 3,500
Services 1(11) 14,400 540 230.88 8,000
Lighting 9 75 - - -
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2.5.2 Hybrid diesel/solar system for Misread Valley

village:

This village is far from the grid as the nearest city is about
95km away [11]. The village has 45 houses and some extra
service buildings such as a health centre and a school. All the
buildings are connected to a local grid [11]. Figure 2.7

presents the lay out of the system.

The local grid used to be supplied by a central diesel
generator, which provided power for a limited time due to the
high costs and the repeated breakdowns of the diesel
generator thereby limiting the electricity supply to the village.
In order to upgrade the grid, a hybrid diesel/solar generation
system was proposed, while keeping the old local grid. The

resulting system specification is as follows [11]:
e Electrical over-head line 11kV 5km.
e One 200kVA 400V/11kV step up transformers.
e Three 75 kVA 11kV/400V step-down transformers.
e 67.2 kW solar panels.
e 873.6 kWh Battery.
e 14 Battery charging regulators.
e Two inverters of 15 kW each.

e 75 kVA Diesel generator [50].
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Figure 2.7 The layout of the islanded electrical network in the

Misread Valley village [11]
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Figure 2.8 The solar panels in the Misread Valley Village reprinted
from [11]

This project was proposed mainly for the purpose of testing
the performance of solar panels, batteries, and converters in
the Libyan desert and to check the acceptance of the

technology by the local population.

2.6 Conclusion of the Libyan Grid

The Libyan electrical system is mainly connected into a main
grid with some isolated grids located in the desert. The
residential loads are the highest loads were energy is heavily
used to heat water and for air-conditioning. There is a great
potential of using PV as the main source of generation for the
Libyan grid due to the availability of high solar radiation, which

is one of the highest in the world, within all areas of Libya.
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The air-conditioning loads which use induction motors can
significantly affect the distribution system performance and
cost due to the presence of high reactive currents, which lead
to poor power quality, such as high losses, voltage sags and
drops, and blackouts. This caused the GECOL engineers to
perform expensive grid reinforcements on regular basis at the

distribution system level.

In order to improve the Libyan grid, there is a need for a
system, which can accommodate PV generation, support air-
conditioning loads, and distribute power over the short range
at suitable voltage levels. Thus a DC system seems a viable

option to resolve the Libyan grid challenges.

The next chapter will include a review of the current use of DC
voltage systems, and the impact a change to DC voltages
might have on the distribution grids generally and the Libyan
grid specifically.



Chapter 3

Current DC wusages in electrical

systems

3.1 Introduction.

This chapter presents a review about the current usages of
DC voltages, and the impact a change to DC voltages might
have on the distribution grids. Different DC applications will
be reviewed in order to explore what DC voltage levels are
used and what knowledge can be transferred to the DC

distribution grid.
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Next, the grid hosting capacity will be defined; the factors
impacting it will be investigated, in order to examine the
benefits a switch to DC voltages might bring to the grid
hosting capacity.

The main focus of this chapter is to assess the present use of
DC voltages in grids and to examine the possible impacts and
improvements DC voltages might bring to the distribution

grid.

3.2 DC applications in electrical systems.

DC is already present and gained grounds in many
applications; these vary in installed power from the high
voltage GW DC transmission systems to the micro application
of Led lighting. DC voltage is also used in well-established
systems such as train and tram grids which rely on DC
voltages for their operation [18]. Next, a range of DC

application and systems will be explored.

3.3.1The International Space Station (ISS).

The ISS has the largest DC system ever sent to space [19].
The ISS electrical distribution system is organised in a
hierarchical arrangement. The ISS electrical system is made
from hundreds of DC-DC converters arranged into several
system structures [19]. The DC distribution systems onboard
the ISS can be classified based on the DC voltage levels into
two main classes: an American 120 VDC, and a Russian 28
VDC [19]. A set of the DC/DC converters are used to link
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between the American and Russian voltage levels and
arranged as a Solid State Power Controller Module (SSPCM).
The SSPCM has two 120V DC inputs (main and secondary)
and contains three 1100W DC/DC converters delivering 28V
to loads [20]. The ISS energy comes from two solar cell
arrays rated at 25KW each [21]. The ISS utilises six
batteries; the batteries are made of two Orbital Replacement
Units, each unit capable of storing 81 Ah. The international
space station electrical systems were built over a long period
of time from components supplied by different companies.
This clearly indicates that DC systems can be easily expanded

over time, which is intersting for the DC distribution system.

3.3.2 Shipboard power systems.

Modern ships are fully electrically driven, the main shafts
linking engines and propellers are replaced with electrical
cables. Furthermore, most of the traditional shaft propelled
ships have large electrical loads and depend on electrical
systems such as radars and other navigation equipment. The
modern electrical distribution system in ships relies on DC
zonal distribution; in this systems, AC voltage is first
converted to high voltage DC, which is then distributed
throughout the ship [22]. DC zonal distribution system
advantages in comparison to the conventional system

include:

e Enhanced reliability of the shipboard distribution
system [23].
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DC zonal systems require simpler algorithms to detect

faults and restore services [22].

The system enhances power density, thus leading to a

material and weight saving.

The power electronic in the DC system has a dual
functionality of power conversion and protection,
allowing the use of fewer circuit breaker and protection

equipment.

The use of DC voltages allow a higher power to be
distributed at the same voltage levels, thus wiring and

insulation materials can be reduced [23].

Figure 3.1 indicates a shipboard DC zonal distribution system

[23].

AC
AC

Distribution system

Gent / ----------------------------

Energy | | DC DC
Storage | ~bc load
i |DC
DC
: DC AC
Medium Voltage : —1 ~AC Load

DC Low Voltage
AC AC @ DC Bus
DC

Gen2

Figure 3.1 Shipboard DC zonal electrical distribution system [23]
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The shipboard DC zonal system is a good example where DC

voltage can bring multiple benefits to the distribution system.

3.3.3 Data centres.

Data centres play an important role in our modern society,
due to the immense amount of information processed and
stored in them. This effect services such as
telecommunication, the internet, and banking. Subsequently,
a reliable and uninterrupted power supply is a must for data

centres.

The data centres are significant energy consumers, their
energy needs were approximated in 2005 to be around 40
TWh in The United States and 120 TWh worldwide [24]. The
author of [25] valued their market at around $9.84 billion.

In a classic data centre which typically uses 400/480 VAC
distribution system [26]; cooling of electronics consumes
more than half of the energy delivered while computing loads
uses the other half. Due to the high losses in this sector,
some papers proposed a change to a new distribution
strategy. The author of [24] stated that using the 400 VDC
will give a better performance with an efficiency of around
73%, while the efficiency of the existing AC system is about
55%. Figure 3.2 indicates a possible DC grid arrangement for
data centres. [27]

Finally, using DC distribution system will allow the reduction
of one conversion stage the computers input rectifier stage,

resulting in fewer converters, thus making of more reliable
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power source which is the main requirement of data centres

and modern power supplies.

AC Grid

&

Zone 2

Normal Prioritized Zone 1 @ Gen
Ac load Ac load
AC Energy AC
DC Storage DC
DC DC DC
DC DC DC
Sensitive Sensitive Sensitive
load load load

Figure 3.2 Structure of DC grid for data centres [27].

The most important points to gain from the data centre trials
is the potential increase of high efficiency and energy saving
due to the decrease of converter stages in the system, the
high reliability, last but not least, the reduction of cooling
loads which is of a great important in a hot climate such as in

Libya.

3.3.4 Railway systems

The railway system is increasingly relying on electricity due

to the high price of diesel. For example, a contract was
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signed 2009 in Spain to upgrade 16 train lines to electrical,
worth of a total of 413,7 M€ [28].

Furthermore, when an electrical rail system is used,
regenerative braking can be applied, increasing the efficiency
of the overall system. This efficiency improvement gained the
UK electric rail the title of best carbon dioxide emissions
reduction among all sectors of the UK economy when the
emissions were reduced by 26% over the period from 1995-
2005 [18].

The electrical railway uses DC voltage systems such as 600-
1000 VDC systems for Metros and light Railways, the 1500
VDC systems are used for heavier Metros, and the 3000 VDC
systems are utilised for the main and out-of-town lines while

higher AC voltage are used for the longer distances [29].

3.3.5 LED lighting.

Lighting energy consumption is estimated to be 22% of total
energy consumed in buildings [30]. LED lighting is the most
advanced Lightning with a great potential to be the dominant
light source in the future, due to high efficiency, extended
lifespan, and low maintenance required [31]. LED lighting is
capable of achieving the same illumination with less than
45% energy consumption, in comparison with fluorescent
lamps systems [31] as the florescent lamps uses extra parts
such as the power factor correction stage [32]. Furthermore,
higher efficiency LED lighting systems can be designed by
deploying LVDC, resulting in smaller LED lighting units [33].
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Figure 3.3 indicates a proposed LVDC arrangement, which
can be used with LED lighting [31]. The LED lighting units are
rated at 1.5 V [34], and the LVDC works with 24 VDC [31].

AC Grid 230, 50 Hz

AC
DC
: DC DC DC DC §
i DC DC DC DC '
§ LED LED LED LED -

Light Sensor Dimming Control

Figure 3.3 Proposed arrangement for low LVDC for LED lighting
[31].

LED produces light without infrared [33], thus residents
comfort in hot countries (such as Libya) can be increased
which reduces air-conditioning requirements. Furthermore,
using a converter to drive LED lighting results in simpler light

dimming control [33].

Furthermore, the LVDC network can be expanded to
accommodate more dwellings loads as in [7] where the

author stated that changing the normal 50 computer office
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from 230 VAC into 28.5 VDC will lead to an increase in the

efficiency of the system by around 15%.

To sum up, DC is not an alien technology and is already in
use in the grid. Thus a complete low voltage DC distribution
grid seems feasible as most component and required
expertise are available due to the present of DC in many
applications. Next, the voltage levels used in the present DC

applications will be presented.

3.3 The current used DC voltage levels

In this part of the thesis, the academic work and the present
used DC voltage levels will be investigated and explored. This
will allow for a better understanding of the most suitable DC
voltage levels to be used in DC grids. The DC voltages levels
which have been reported by in publications, can be classified
into three main categories according to the International
Electrotechnical Commission (IEC) standard 60038 voltages
[35]:

3.3.1 Extra-low voltage:

The voltage level is this category are voltages lower than 120
VDC and are classified as low-risk voltages according to the
IEC standard [35]. The reported extra-low voltage levels

include:

e 20 VDC is the most suitable for small electrical devices,
which wusually supplied from an external DC supply
[36].
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48 VDC is heavily used in telecommunication, resulting
in the accessibility of components required to build a
grid with this level [35]. Furthermore, this voltage level
is also considered safe. Therefore, no protection against
direct contact is required [38], resulting in a simpler
system. On the other hand, the authors of [39] claimed
that 48 VDC is not a useful option in the distribution
grid to supply houses with energy as it has lower power
transfer capability which limit it is use in the
distribution grid. The authors of [39] state that this 48
VDC voltage level can be used in applications where
small distance and low power is required such as inside

houses.

120 VDC can be used as an intermediate voltage level
between the present AC voltage, and lower voltage
levels [35].

3.3.2 Low voltage:

This category includes voltages from 120 VDC up to 1500

VDC which have a potential hazard of electric shock according

to the IEC standard [35]. The reported low voltage levels

include:

230 VDC has the same value as the RMS of the AC
single phase value. Thus single phase AC resistive loads

can be linked to this voltage without modification [36].

325 VDC is identical to the magnitude of the peak of
the 230 VAC. If a large enough capacitor is present in

the DC link after a device rectifier stage connected to
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230 VAC a 325 VDC can be obtained [37], thus a
numerous electronic equipment use this voltage level in
their internal DC [38] [36].

e 400 VDC is commonly used in data centres [38]. The
NTT facilities in Japan has been developing power
distribution systems for data centres and

telecommunication based on this voltage level [39].

e 600-1000 VDC: Metros and small railways use 600-
1000 VDC systems [29].

e 1500 VDC: The 1500 VDC systems can be used for
heavier Metros [40].The author of [6] stated that the *
750 VDC bipolar will allow for a higher power

transmission than the 1500 unipolar solution.

3.3.3 High voltage:

This covers voltages higher than 1500 VDC and has the risk
of electrical arcing according to the IEC standard [35]. High

DC voltage levels are present in many applications such as:

e 3000 VDC: The 3000 VDC systems are in use for main

and out-of-town train and metro lines [40].

e 7500 VDC: this voltage level is in use in electrical ships
and is usually made up from +3.75 kVDC and -3.75
kVDC resulting in 7.5 kVDC [41].

It can be concluded that the most suitable voltage level to be
easily transferred to from the present 230 VAC will be the

325 VDC. Due to the electronic devices at houses which have
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it as interim voltage, such as DC driven air-conditioning, and
due to it is identical to the magnitude of the peak of the 230
VAC.

Another voltage level for use inside the house will be the 48
VDC, based on the availability of the components in the
market, the experience with this voltage in
telecommunication, and the fact that it's a good interim

voltage between 325 VDC and the low voltage devices.

The European Union specification DIRECTIVE 2014/35/EU
[40] allows for up to 1000 VAC in the low voltages grid, while
it allows the use of DC voltage up to 900 VDC between earth
and conductor and 1500 VDC between two conductors. Thus,
the possibility of using DC voltages to replace AC voltages in

the distribution system increases.

The European Union specification of 1500 VDC between two
conductors will be considered as the boundaries for the

highest voltage in this thesis work.

3.4 The technical aspects impacting the

distribution grid hosting capacity:

The hosting capacity is described as the maximum rating of
distributed generation (DG) at which the grid behavior
becomes intolerable [41] which varies based on the

performance index used.

Figure 3.4 illustrate the hosting capacity concept [41] This

performance indicator can be based on many factors such as
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losses, under frequency, under volatge, volatge sags, etc.

From

Figure 3.4 it can be noticed that the grid has a range where
the deterioration with the increase of the (DG) is acceptable
but as the DG increases, the deterioration in the hosting
capacity will become intolerable and the operation will move

in the unacceptable deterioration region.

Hosting

Improvement Capacity
Existing

Acceptable Deterioration

Performance Index

Unacceptable Deterioration

Amount of Generation

Figure 3.4 The hosting capacity concept [41].

Due to high pressure from governments and public to
increase the amount of distributed generation
(DG) and renewables in grids, as a future path towards
higher renewable generation discussed in [42], there is a
high demand for increasing the hosting capacity of electrical
distribution networks. However, areas inside cities centres
are not likely to be the key regions utilised for achieving
these goals of increasing renewables energy utilisation.
Hence, suburban and rural areas are likely to accommodate

the increase in renewables sources.
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The grids in suburban and rural areas are mainly built using
radial systems. This might give rise to problems such as
voltage unbalance, and voltage drop as they are fed only
from one end and due to the long distance usually involved in
this kind of systems, thereby, restricting the amount of DG
that can be fed into the grid, This is noticeable in Germany’s
countryside where the grids are near their hosting limit [3].
Furthermore, areas inside cities are currently under high
electrical loads which are likely to worsen with the
introduction of more electrical cars thus a change to a more
suitable distribution system such as DC distribution systems
seems a good alternative. The main performance indicators

impacting the hosting capacity are discussed next.

3.4.1 Voltage deviations.

Voltage deviations might lead to a complete collapse of the
system. It was observed to increase in radial distribution
systems if an electrical car charger is in operation due to the
high current required by the car charger which mainly

impacts areas inside city centres [43]. Equation (2.1)

indicates the origin of this problem. Here, P and Qg are the

active and reactive power from the generation, P, and Q_
are the active and reactive power demands from the loads
[44] Figure 3.5 indicates the a diagram of the generation

and load and the connecting line.
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Ps,Qe AA—PL QL

Figure 3.5 Diagram of the generation and load

(P —PL)R+(Qg — QL)X (2.1)
V

AV =

Voltages levels are regarded as acceptable being between
96%-110% of the nominal value [45]. The author of [46]
stated that the use of DC interconnection links, in a rural grid
with high PV penetration, will improve the voltage deviation
due to lower current and reduced voltage drop in the absence

of reactive currents in DC systems.

By reducing the voltage deviation of the system, as
presented in equation (2.1) were the voltage deviation will be
resulted for the drop over R. Such as through the change to a
more suitable DC distribution system, more DG and electrical
loads such as electrical cars can be connected to the

distribution grid, increasing its hosting capacity
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3.4.2 Distribution grid current, power losses, and

thermal limits.

For the same voltage level of DC and AC, root mean square
voltages the use DC will lead to lower currents in the
distribution grid, thus to lower power losses due to the non-
existing of reactive current and reactive power. Equation
(2.2) can be used to calculate the losses in the AC system
where V is the line voltage at the point of common coupling
[44].

(Pe —P)* +(Qc —Q1)* o
V2

Plosses = IR = (2.2)

When using equation (2.2) to describe DC system the
reactive power term will be equal to zero, thus the current
and losses will be lower at the same voltage level. The author
of [46] stated that the use of DC interconnection links will
lead to lower losses in the grid as the current will be lower
and thus the power losses will be lower. If a cable voltage is
changed from AC to DC for the same peak voltage level the
cable will be able to carry more current and power, hence the

hosting capacity of the system will increase.

Power losses will give rise to thermal stress on the grid
component as all grid elements have a thermal rating
representing the highest current a component can tolerate for
an indefinite amount of time. The introduction of high
installed power of DG and loads, such as electrical cars and
PV, will lead to higher currents in the existing AC distribution
system and thus higher thermal stress that in some cases,

may exceed the hosting capacity limits of the grid, which is
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limited to the thermal ratings of the grid’s component.
Reducing the reactive power in the distribution lines will
enhance voltage and thermal limits [47]. If the system
voltages are changed from AC to DC the losses will be lower,
thus the same cables can be used to carry more power for

the same voltage levels [44].

To sum up, future grids will rely more on DG and electrical
cars resulting in higher current and losses in the feeders. The
total current, power losses, and thermal stress will be lower if
the same DC voltage levels are used to replace AC voltages
in the distribution grid. Therefore, more electrical loads and
DG can be connected increasing the hosting capacity of the

system.

3.4.3 Voltage unbalance and frequency deviation

The introduction of high single phase distributed generation
and loads, such as solar arrays and electrical cars, may cause
voltage unbalance. The voltage unbalance factor (%VUF ) in a
three phase system is defined as “as the ratio of the negative
(V_) to the positive (V. ) sequence voltage component * [44].

Equation defines the voltage unbalance factor.

%VUF:Lxloo (2.3)

+

The voltage unbalance boundary in the UK is 1.3% [48]. This
will limit the amount of generation or load per phase while in
the DC system this problem is not present, Hence, giving a

great preference for DC over AC, especially in grids with
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electrical cars and high DG such as inner cities system or
rural areas. This would allow for a higher percentage of DG or
electrical loads to be integrated into the system and would

increase its hosting capacity.

The grid’s frequency is a factor of the load and generation
levels in the grid. The UK frequency limit is 1% [44]. A DC
system does not suffer from under frequency thus this limit
does not apply to the DC system. Furthermore, if a local
system was working in isolation from the grid after fault,
reconnecting the systems zones is easier in DC than AC due
to the not existence of frequency drift between the system
zones. The last points give preference for DC over AC in the

distribution network.

3.4.4 Harmonics and distortion level.

Harmonics impact on grids are likely to become more
apparent with the introduction of electrical cars and DG as
they are using power electronics to connect to the grid which
might increase the harmonics present in general in the grid.

The effects on the grid include:

e An initial small connection may stop the connection of a
further customer, due to the fact that the grid has

reached, it's tolerable harmonic limits.

e More filters may be required, resulting in extra cost
[49]
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Grid voltage harmonics can be assessed using the following

factors:

e Individual limits on Harmonics Distortion (IHD)

vb'jm < IHDM* (2.5)

e Total Harmonic Distortion Factor (THD):

yh=2 "' _THD* (2.6)

Where:

Vh

bm IS the voltage distortion at location (b) for harmonic

number (h )[49]

The author of [50] states that by using DC-DC converters,
lower distortion level will be present thus increasing the DC
hosting capacity in comparison to the AC system. On the
other hand it should be noticed that even with the use of DC
systems, problems such as distortion and power oscillations
still exist [51] thus a study should be carried out in order to
compare the AC and the DC systems from this point of view

which should be the scope of further studies.
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3.5 AC systems hosting capacity improvement

techniques.

The hosting capacity of AC systems can be increased

through:

e Grid resizing which involve replacing cables and
transformers. This is affecting city centres as more
electrical loads such as cars and ground heat pumps
are introduced. This will lead to a higher cost of
refitting new cables in city centres which are not an
option in historical cities. Also, it is expensive to
implement and will have to be redone if the cable size

was not correctly designed.

e Capping DG at times of high generation, the PV is
capped at high solar radiation to prevent high current

from penetrating to the grid [41]

The change to DC voltage may delay the need to any of the
last expensive complex measures as the same cables can be
used [52] and will allow for an ease in the introduction of
more energy storage as they will have a higher capacity if DC
voltages are used as explained earlier in this chapter.
However, the only extra cost will be the cost of the power
electronics, which, will be present in all future DC or AC grids
to connect most DG and loads such as electrical cars and PV.
Moreover, DC is more difficult to be isolated due to the non-
existent of the zero current crossing in the DC this might lead
to sparks in the DC switch gear which is usually bigger in size

than the AC switchgear.
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3.6 Conclusions:

This chapter presented a literature review on the DC voltage
usages in the electrical systems. DC is present in many
applications such as train and tram networks, DC shipboard

system and data centres.

DC has the potential to overcome the challenges present in
the low voltage AC distribution grid such as the Libyan grid as
discussed in chapter two. In DC no reactive power is present,
thus the grid losses and efficiency can be improved if DC is
used to replace AC in the low voltage distribution network.
This will lead to a better utilisation of cables and other
components of the low voltage grid, increasing its hosting
capacity, which might delay the need for grid reinforcements
as the existing cables can be used to supply city centre’s

rapid increasing electrical loads.

The proposed solution to resolve the low voltages grid
challenges would be a DC system with more than one voltage
level, where the low voltage level of 325 VDC is used to
connect local houses and the higher voltage level of 1500

VDC is used to distribute power over longer distances.

The next chapter of this thesis includes a detailed study of
the performance of different proposed DC grids

arrangements.



Chapter 4

DC Grid Ilayout and DC/DC

converter configuration assessment

4.1 Introduction

This chapter includes a simulation study to evaluate four DC
distribution grid system layouts based on the total converter’s
losses and rating. Chapters two and three of this thesis
included an assessment of the current situation of the Libyan
grid and the benefits DC voltages might specifically bring to it
and to distribution grids in general. These benefits included a

possible reduction of converter losses due to the lower humber
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of conversion stages required in DC grids between the PV and
the DC loads. Thus this chapter’'s study was proposed to
investigate the effect of the possible different DC network

structures on converter losses and installed power.

This chapter contains a study about DC grids and aims to

achieve the following:

e Evaluate the DC distribution grid layout based on the

converter losses.

e Investigate the converter configuration (two /three port)

to serve the proposed DC distribution grid layout.

In order to achieve this study objectives, a group of four
different DC grid arrangements will be simulated for varying
house numbers. The case study will be the Libyan electrical
grid while the methods and results are applicable to any
general situation. Five different minute-by-minute daily load
profiles for each home will be used to calculate the power
transfers and the total losses for each grid arrangement, the
average losses will then be calculated. Finally, a comparison
will be made to evaluate the best grid arrangement and

converter number of ports based on the total converter losses.

The method used will be explained in details in this chapter

but it can be summarized as follows:
1- System design:

e Estimate the total load of the houses, based on the
house appliances, and generate loading profiles for each

house.
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e Design the grid’s PV, battery, and estimate converter

rating.

2- Estimate the power transfer profiles between the

converters.

3- Use the power transfer profiles and the converter losses

contestant to calculate the converter losses.

4- Compare the grid and converter arrangements under

consideration.

First, the grid layouts under consideration will be presented:

4.2 Grid arrangements under test.

For future DC grids, many possible grid arrangements are
proposed. The proposed grid arrangements consist of two
sections of different DC voltage levels linked using a DC/DC
converter. The high voltage level will be used to link clusters
of loads which are far from each other, while the low voltage
level will be used to connect the nearby houses into a cluster.
A high-voltage level of 1500 VDC was selected due to that this
is the highest voltage the European Union specification allows
to be used in a low voltage grid as a possible application is in

European city centres.

325V DC was chosen for the low voltage side due to that the
325V DC is identical to the magnitude of the peak of the 230V
AC voltage, and a great number of electrical appliances within

the houses such as TVs, washing machines, and computers
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have it as an internal bus. By using DC voltage in distribution
grids the rectification stage in these appliances could be
eliminated leading to fewer conversion stages and to higher

efficiencies.

A group of possible DC grid arrangements was chosen to
perform the study on. Figure 4.1, Figure 4.2, Figure 4.3 and

Figure 4.4 present the chosen grid arrangements.

Load PV Load PV
| |
DG
D ji]
1500 V DC
CSs1 Cs2

Bus 325V DC

Cs3 _I

Battery

CS: Converter stage

Figure 4.1 Arrangement ONE, three port converter with the battery
connected to three port converter.

Load Load

1500 VDC Bus 325V DC
- ]]|cCst CS2

CS: Converter stage Battery

Figure 4.2 Arrangement TWO, two port converters with the battery
connected through separate converter and centralized PV.
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Load PV Load PV

DC, DC,

1500 vV DC Bus 325V DC
- CS1 CS2

CS: Converter stage
Battery

Figure 4.3 Arrangement THREE, two port converter with the battery
connected through separate converter and distributed PV.

Load PV Load PV
. | |
DG DC
1500 V DC Eﬂ D
— | CS1 CS2
Bus 325V DC
CS3
DC,

CS: Converter stage Battery

Figure 4.4 Arrangement FOUR, three port converter with two
buses: a generation bus and a load bus.

CS1, CS2, and CS3 stand for converter stage which is a bridge
used to transfer between the internal high-frequency
transformer and the external DC bus as it will be discussed

later in chapter 5.
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Furthermore, the grids under consideration are a good
combination of different grid scenarios: in Figure 4.1
arrangement ONE is presented which has a three port
converter with the battery connected to three port converter
and PV located inside the houses. Arrangement TWO is
presented in Figure 4.2 with a two port converter, a central
battery and a central PV connected directly to the low voltage
DC bus. Figure 4.3 presents arrangement THREE, where the
two port converter with separate batteries connected to the
low voltage bus and distributed PV. Finally, Figure 4.4 presents
arrangement FOUR, which has a three port converter and two

buses, a generation bus and a load bus.

The study will consider the following scenarios based on the

four grid arrangements:
e Isolated group of dwellings with variable house number

e Grid connected group of dwellings with variable house

number.

4.3 The system design.

In this thesis, four different grid arrangements are under
consideration. For each grid arrangement an estimation of the
system component rating is going to be carried out. The
system components sizes should be adequate for handling the
grid’'s extreme power transfers. Due to the fact that the
systems under consideration are systems using solar energy
as the main source of generation, the maximum solar

radiation available, in June in Libya, will lead to the most
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extreme power transfers within the system. Thus the
maximum solar radiation of June will be used as the guideline
when sizing the converters which will allow them to handle
these extreme power transfers. In order to size the system,
the available PV resources and the expected system loads

have to be estimated first.

4.3.1 Load estimation.

Estimating the connected loads is one of the key factors in
designing a grid. The consumers’ loading profiles should be
estimated in order to evaluate power transfers and losses
within the grid. The load estimation will be based on the
design procedures and specifications issued by the Libyan
general electricity company as Libya is the case study
considered in this thesis [53]. The appliances for each house
are allocated based on a previous study which was performed
to estimate the probability of the Libyan household appliances
[16]. The results of this study were presented in Table 2.4,

Table 2.5 in the chapter (2) and appendix (A). Table 2.4 and

Table 2.5 included the distribution and the load of houses
within the Libyan grid. This information can be used when
allocating the houses’ sizes in this study. The distribution of
electrical appliances within Libyan houses is presented in
appendix (A). This information can be used when allocating

appliances to the houses in this study.

After the house electrical load size and appliances are
identified, the daily loading profiles for houses can be

generated using the Domestic Electricity Demand Model
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version one, developed at CREST (the Centre for Renewable

Energy Systems Technology) at Loughborough University [54].

The CREST Demand Model version one produces minute by
minute electricity house demand which results in 1440 points
daily for the electrical load profile. The model uses data
related to the activity of people in a house obtained from the
surveyed time-use data [55], combined with information about
the possible appliances in a Libyan house [16]. It results in a
minute-by-minute loading profile from the CREST model,
which can be used to estimate the power transfers and losses
in the grid. Figure 4.5 shows the daily load profile for a Libyan

house as generated using CREST model.
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Figure 4.5 The daily load profile for a Libyan house as generated
using CREST model.

In order to estimate a load of a grid some terms have to be
defined first:
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e The total connected load Py |gaq : “is the summation of

the power rating of the total appliances connected to the
grid” [53].

e Demand factor DEF: “is the ratio of the maximum
demand of a system to the total connected load of the

system” [56].

e Load factor LF: “Load factor is the ratio of the average
load over a designated period of time to the maximum

load occurring in that period” [56].

e Diversity factor DF: “is the ratio of the sum of the
maximum power demands of the consumers or the sub-
division of any system to the maximum demand of the
whole of the system under consideration” [56] the

inverse of this factor gives the simultaneity factor:

PT Joag = SUm{ (Papp n) (4.1)
PLmax =Pricada *DEFA+Prigaq xDEFL (4.2)
PLav = PL max XLF (4.3)
Where:

DEFA Demand factor for air-conditioning and motors.
DEFL Demand factor for the house load excluding

motors and air conditioning.

n Appliance number in a dwelling.



4- DC Grid layout and DC/DC converter configuration assessment 56

Papp n The power rating of appliance number n.
Pr1oad The connected load of one dwelling.

PL max The maximum load of one dwelling.

PL av The average power of the load.

Prioad A The connected air conditioner and motors load of

dwellings.

Pr1oadL The house load excluding motors and air

conditioners.

The maximum load and the average loads for a cluster of M

dwellings can be calculated using (4.4) and (4.5) [53]:

M
P
o % Lav m (4.4)
av cluster =~ where m1to M
PLmex M =Prioad m x DEF (4.5)
Equation (4.5) can be rewritten for a house with both
motors and normal loads as in equation (4.6)
PLmax M = Pricad Am X DEFA+Prigaq. m x DEFL (4.6)
>
F)L max m
PMax cluster = —————— where m from1 to M (4.7)

DFmg
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Where:

Pav custer  The average load for a group of dwellings.

PrioadAM The connected air conditioner and motors load of

dwelling numberm.

Prioadl M The house load excluding motors and air

conditioners of dwelling humberm.

M Number of houses in the dwellings group.

PlLav M The average load for a group of M dwellings

Pl max The maximum load for a group of M dwellings.
DF m The diversity factor for a cluster of M dwellings.

The Libyan specification has two demand factors, 0.5 for the
general appliances in a dwelling and 0.63 for air-conditioning
and motors. While the load factor for the standard house in
Libya is around 0.41 [53] the Libyan specification gives the
simultaneity factor which is the inverse of the diversity factor
as in Table 4.1 [53]:

The presented methodology is used to calculate the maximum
load value and the average load value of a cluster of houses,
which can be used to design the rating of the rest of the grid
component. The same methodology can be applied to any
general design, still, the specifications might change based on

the location the system. Next, the methodology used to
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calculate the rating of the different parts of the grid is going to

be presented.

Table 4.1 The diversity factor for the Libyan grid [53].

No. of consumers Simultaneity No. of consumers Simultaneity

factor factor

2-5 0.753 31-35 0.493

6-10 0.630 36-40 0.471

11-15 0.630 41-45 0.450

16-20 0.547 46-50 0.429

21-25 0.541 51 and more 0.410
26-30 0.516 - -

4.3.2 PV estimation.

The size of a PV string depends mainly on the available solar
radiation. The location for the Misread Valley Village which is
situated in the Libyan desert was chosen as the location for

the solar radiation estimation.

The Misread Valley Village is located at, (Lat. 30.0°N, long.
13.0°E, alt. 400 m) [11]. The location of the village was fed to
the PVSYST4 program in order to obtain the solar radiation
[57]. It was found from the PVSYST4 analyses that a panel
with a tilt of 45° and azimuth 180 (facing south) will receive in
June a solar radiation profile as presented in Error!

Reference source not found..
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Figure 4.6 The solar radiation design data for a day in June.

The data from Error! Reference source not found. can be

used to estimate the average PV power using (4.8) [58]:

t
Ipsolarln (4.8)

Psolar av — OT dt

Then the required PV size to supply a load can be calculated
using (4.9) [58]:

Pav cluster X pv

Poy = 4.
i Psolar av % Kioss ( 9)

Where:

Apy The required PV area.

Polar av ~ The average solar power.

T The time over which the averaging was done over.
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Psolarin The instantaneous power output from the PV.

Kioss A factor to compensate for the system losses Kjqs
=1.05.

Mov The assumed efficiency of the solar cell 7, =0.14.

The data from Figure 4.6 combined with the load profiles
obtained from the CREST demand model will be used to

calculate the power transfer within the system.

4.3.3 The battery rating.

In an electrical system, voltage blackouts and quality are the
main considerations. A system with a battery connected will
suffer from less blackouts and energy disturbance.
Additionally, the battery can be used in the grid connected
systems to store energy if a variable tariff is available, which

enhances the grid economy.

In isolated systems, the battery will be used to store the PV
energy during the day and provide it at night to the loads. The
battery should be rated to supply the load at times when the
sun is not available (T,, ) within the day. The PVSYST4 used to

calculate the sunshine for June.

_ sule Tday
av K (4.10)

Epatt = PL av X (24—-Tay) x1.2
(4.11)
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Where:

Epatt The energy rating of the battery in (Wh).

T, The monthly average of the time when the sun is
not available.

Tday The duration of the day the sun energy is
available.

1.2 A security factor to ensure power availability.

K Number of days the averaging was conducted
over.

Furthermore, the battery is going to be assumed to be an ideal

voltage source for the scope of this study.

4.3.4 Converter rating

The grid arrangements under study have many converters;
the converter rating has to be large enough to handle the
extreme power transfers. For instance, if a converter is used
to supply the power to a load it should be able to support the
maximum possible load and if it in the solar power path the
converter should have enough rating to handle the extreme
power transfer which might flow at the peak of solar
generation. The same applies for the grid side converters as
they should be able to transfer the power to the grid when the
solar is at maximum generation and the load is low, or when

there is no PV generation combined with maximum load.
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In the previous part of the thesis, the load profiles, battery
and PV sizes were estimated. In order to link a system of
loads, battery, PV, and grid, a suitably sized converter should
be used based on the maximum power transfers within the

system.

Thus, the rating of the system converters should be as follows:

Rating of PV converter = MAX§Pout solarin (4.12)
Rating of load converter = MAXE)(Pout solarinOR Pioadin) (4-13)
Rating of battery converter =MAX{(Pout solarinOR Pioadin)  (4.14)

Grid side converter = MAX$(Pout solarinOR  Roadin) (4.15)

Where:

Pout solarin  The instantaneous output power from the PV.

Poadmn The Instantaneous power transfer to the Load.
T The time the PV was measured over.
PV converter is the converter linking PV panels’ grid.

Battery converter is the converter linking the battery to the

grid.

Grid side converter is the grid side converter linking the cluster

of houses to the higher voltage grid.
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Load converter is the converter linking the load side of the

cluster.

The rating of the converter estimated by (4.12)-(4.15)
represents the maximum rating of the converter required to
run the grid and the losses within the converter will be
estimated based on the power transfer through them and the
losses of the converter. Next, the method used to estimate the

converter’s losses will be described.

4.4 Modelling of converter losses.

In this thesis, the comparison is done between different DC
grid arrangements based on the total grid converters losses.
The converter losses vary with the converter loading and as a
consequence, the overall losses performance of a grid is linked
to the variation of the converters efficiency curves. Therefore,
the converter losses variation with load should be presented as
accurately, which are representative of the real converter

loading.

This will be done by using equations which represent the
converter loss change with the converter loading. The

converter efficiency can be represented by (4.16) [59]:

1
n:l—X—(A+Bxxn+cxx§) (4.16)

n

P.
Xy=—in (4.17)

Peonv _rated
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Where:
Xq is the normalized power of the converter
A, B and C constants representing the converter efficiency.

Pin — P
p =in Plosses _ Pin _ Plosses 1 Plosses (4.18)
Pin P; Pi Pin

From (4.15) and (4.17):

1- Plosses zl—i(A+BxXn+C><Xr%) (4.19)
Pin X

Thus the converter losses can be represented by (4.19):
2
Rosses = Peonv_rated X (A+Bx X +Cx Xg) (4.20)

Equation 4.20 represents the losses of the converter as the
converter loss change with the loading of the converter. Also,
the efficiency curves follow different trends of change for small
and big converters. Thus the same loss equation constants
cannot be used to represent big and small converters. As in
this thesis, the number of houses within the grid will be swept
from 1-50 and hence the converter loss equation constants

should be different for small and big converters.

To represent the converter losses for grids size varying from
1-50 homes, three SUNNY BOY converters were chosen to

represent the losses [60].

Based on the converter installed power calculated to serve a

grid with a certain number of homes, the converter loss
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equation constants will be allocated. These constants
combined with the converter installed power and the
converters daily loading profiles will be used to calculate the
daily total converter loss. Finally, the converters losses will be

accumulated to calculate the total grid converters losses.

4.4.1 Low power converters (less 10kW).

For converters with a rating of less than 10kW, the SUNNY
BOY 3000HF efficiency curve was chosen as the model to
calculate the constants in the losses equation. The constants
were obtained by using curve fitting of the provided data in a

spreadsheet [60].

Table 4.2 The losses equation constant values for SUNNY BOY
3000HF

0.006 | 0.015 | 0.0488

In order to validate the model, a comparison between the
original efficiency curve and the points obtained from equation
4.19 using the constants of Table 4.2 is presented in

Figure 4.7
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Figure 4.7 Comparison between the original efficiency curve and
the efficiency curve obtained from the losses equation for the
SUNNY BOY 3000HF.

The Root Mean Squared Error (RMSE) can be predicted using
the following equation [61]:

1] 5

RMSE :\/HZ(Yi - 9i)? (4.21)
1

And was found to be RMSE=0.00103 with the the SUNNY BOY

3000HF fitting constants.

4.4.2 Medium power converters (between 10 kW to
100kW).

For converters with a rating between 10 kW and 100 kW, the
TRIPOWER 17000TL efficiency curve was chosen as the model

to calculate the losses equation constants [60].
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Table 4.3 The losses equation constant values for the SUNNY
TRIPOWER 17000TL.

A B C

0.00165| 0.018 | 0.017

In order to validate the model, a comparison was run between
the original efficiency points and the curve obtained from the

constant in Table 4.3 is presented in Figure 4.8

0.98

oS s vy — o

A 2
L 4

L 4
L 4

0.96 —

0.94 -

0.92 -

=0.9 -
0.88

0.86

0.84 @ Real power points

= Estimated form equation
0-82 T T T T 1

0 0.2 0.4 0.6 0.8 1
Pin/ Pcon rated

Figure 4.8 Comparison between the original efficiency curve and
the efficiency curve obtained from the loss equation for the SUNNY
TRIPOWER 17000TL

The RMSE for the TRIPOWER 17000TL fitting was calculated
using equation (4.21) and was found to be equal to RMSE=
0.00581

4.4.3 High power converter (more than 100kW).

For converters with a rating of more than 100 kW, the SUNNY
CENTRAL 800CP efficiency curve was chosen as the model to
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calculate the loss equation constants which were obtained as
explained in 4.3.1[60].

Table 4.4 The losses equation constant values for the SUNNY
CENTRAL 800CP.

0.0021 | 0.007 | 0.0105

In order to validate the model a comparison was run between
the original efficiency points and the curve obtained from the

equation (4.19) is presented in Figure 4.9.
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Figure 4.9 Comparison between the original efficiency curve and
the efficiency curve obtained from the loss equation for the SUNNY
CENTRAL 800CP.

The RMSE for the SUNNY CENTRAL 800CP fitting was
calculated using equation (4.21) and was found to be equal to
RMSE= 0.02.
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4.5 Power managements.

In order to calculate the losses, the power management’s
strategy between the entire grid parts has to be established
first. A simplified power management plan will be used for all
the grid arrangements. The battery will act as the main energy
source/sink in the cluster, storing energy when the generation
is higher than the load and releasing it when the load is higher
than the generation. When the battery is empty, the extra
energy will be sent to the grid and if the battery is flat the grid
will supply the load with energy. If the grid is working in an
isolated mode and the battery is full the PV converter will be

disconnected.

The power management between the grid parts can be

described as follows:

In a standalone cluster of houses:

Power of the PV converter= P,y 5r1n (22)
Power of the PV converter= P,y ar1n (23)
Power of the battery converter = Py ar1n = Roadin (24)

In a Grid connected cluster:

Power of the PV converter= Py 5/1n (25)
Power of the PV converter= P,y ar1n (26)

Power of the battery converter = Py arin = Foadin * Pyrid (27)
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Power of the grid converter = Pyarin = Poadin * Poattin (28)
Where:

Psolarin The Instantaneous power transfer from the PV.
Ploadin The Instantaneous power transfer to the Load.
Phattin The Instantaneous power transfer to the battery.
Pyrid In The Instantaneous power transfer to the grid.

The transfer of power from and into the grid will be limited to
times when the battery cannot supply the load or to times
when the PV generation is higher than the loads and the
battery is full.

Based on the power management strategy three modes of
operation can be defined:

4.5.1 Modes of operation

4.5.1.1 Mode (1) The PV is equal to zero:

In this mode, the PV output will be equal to zero and the PV
converter will be disconnected and its losses will be assumed
to be equal to zero. Figure 4.10 indicates this mode of

operation.
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Figure 4.10 Power transfers in mode (1) where the PV output is
equal to zero.

4.5.1.2 Mode (2) the PV output is higher than the

load:

If the PV generation is higher than the one consumed by loads
the extra power will be sent to the battery first and when the
battery is fully charged the extra power will be sent to the
grid. It should be noted that the grid converter will be always
connected and producing losses as it is required to stay online
to support the grid voltages at no load conditions. Figure 4.11

illustrates mode (2).
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Figure 4.11 Power transfers in mode (2) the PV output is higher
than the load.

4.5.1.3 Mode (3) the PV output is less than the load:

If the PV generation is lower than the connected loads, the
required extra power will come from the battery first and once
the battery is discharged, the load will be supplied from the
grid. Figure 4.12 illustrates this mode (3).
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 —— =
[Batt/Grid Con Load Con
Pinl Poutl Pin2 Pout2
Ploss1 Ploss2
.'lll..ll'\
P=Pout3 U
PV con
Pout3 Pin3
Ploss3

Figure 4.12 Power transfers in mode (3) the PV output is less than
the load

In order to explain the power management for the grid
arrangement under consideration, detailed power transfer

maps will be presented for grid arrangements TWO and FOUR.
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To avoid repetition, grid one and three power transfer maps
will not be presented as they are easily followed from the

power transfers maps for grid TWO and FOUR.

4.5.2 Arrangement TWO and FOUR power management:

4.5.2.1 Without grid:

When arrangements TWO and FOUR are working in isolation
from the grid, three distinctive power transfers modes are

possible.

In mode one, the PV is not generating any power while all the
losses and loads are supported by the battery. Figure 4.13 and
Figure 4.14 illustrate arrangement TWO and FOUR working in

mode one.
CS: Converter stage
= 4 |L rl| |L d|
P=Converter Losses Bus 325V DC 0a oa
Pgrid=0 ] |:'|>
Pload
1500 V DC
Ccs1 CS2

Figure 4.13 Arrangement TWO working isolated from the grid in
mode 1.
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CS: Converter stage
Load Load PV

Pload e, Pload DC
Pgd=0 1 8 2

1500 V DC

Cs1 Bus 325V DC

Figure 4.14 Arrangement FOUR working isolated from the grid in
mode 1.

In mode two, the PV generation is higher than the load and
any extra energy is stored in the battery. Figure 4.15 and

Figure 4.16 illustrate arrangement ONE and FOUR working in

mode two.
CS: Converter stage
Pgrid converter losses |Lnarl | Load
Bus 325V DC =
Pgrid =0 —
Pload
1500 VDC
Cs1 cs2

Pbattconin

Pbattconout
Pbatt

Ppvconout
Ppvconin ﬁ
Ppv

Figure 4.15 Arrangement TWO working isolated from the grid in
mode 2.
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Figure 4.16 Arrangement FOUR working isolated from the grid in
mode 2.

In mode three, the PV generation is lower than the load, the
extra energy required from the load will come from the
battery. Figure 4.17 and Figure 4.18 illustrate arrangement

TWO and FOUR working in mode three.

CS: Converter stage

Pconlosses Load Load
Bus 325 VDC |:>

Perid=0 <3

1500 VDC

Pload

Cs1 Cs2

Pbattconout Ppvconout
DC.

Pbattconin Ppvconin

Pbatt Ppv

Figure 4.17 Arrangement TWO working isolated from the grid in
mode 3.
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Figure 4.18 Arrangement FOUR working isolated from the grid in
mode 3.

4.5.2.2 With grid:
Connecting arrangements TWO and FOUR to the grid results in

three distinctive power transfer modes:

In mode one, the PV is not generating any power, all the
losses and loads will be fed from the battery or the grid if the
battery is fully discharged. Figure 4.19 and Figure 4.20

illustrate arrangement TWO and FOUR working in mode one.

CS: Converter stage

| Load

| Load |

———

Perid

1500 VDC Bus 325V DC

Figure 4.19 Arrangement TWO connected with the grid in mode 1.
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Figure 4.20 Arrangement FOUR connected with the grid in mode 1.

In mode two the PV generation is higher than the load needs
and any extra power is stored in the battery or sent to the grid
if the battery is full. This mode for arrangement TWO and
FOUR is presented in Figure 4.21 and Figure 4.22.

CS: Converter stage

Load Load
<:| Bus 325 VDC [——
Pgrid

Pload

1500 VDC

Cs1 Cs2

Pbattconin Ppvconout
e
D o i
Pbattconout pveonin

Figure 4.21 Arrangement TWO connected with the grid in mode 2.
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Figure 4.22 Arrangement FOUR connected to the grid in mode 2.

In mode three, the PV is not generating enough power to
supply the load. The load energy will hence come from the
battery or the grid if the battery is fully discharged. This mode
for arrangement TWO and FOUR is presented in Figure 4.23
and Figure 4.24.

CS: Converter stage

|Loarl | |Lnarl |
Bus 325 VDC o
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Pload

1500 VDC

CS1 Cs2

Pbattconout Ppvconout

: .
Pbattconin nd Ppvconin
Pbatt Ppv

Figure 4.23 Arrangement TWO connected to the grid in mode 3.
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Figure 4.24 Arrangement FOUR connected to the grid in mode 3.

In this part of the thesis, the four different DC grid
arrangements under test, the methodology used to estimate
the load and PV resources as well as the design procedures for
the different parts of the system such as the PV, batteries, and
converters were presented. Furthermore, the method used to
present the converter losses was also discussed and the power

transfer method was explained.

In order to compare the different grid arrangements, a
MATLAB C-code will be developed to simulate all grids. The
next parts of the thesis explain the developed MATLAB C-code.

4.6 MATLAB coding and equations executions

MATLAB codes were used to automate the processes of system
design, power management calculation, converter losses
calculation and all other required calculations. Figure 4.25
indicates the flow chart of the codes designed to achieve the

arrangements comparison:
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At first, the available PV power on the site was estimated
using the PVSYST 4 and the daily load curves were estimated
using the CREST demand model, which generated minute-by-

minute daily loading profiles for each house.

Five daily loading profiles will be used for each house in order
to get the average losses from five different sets of loading
profiles. The community size will be limited to 51 houses, as
the diversity factor will be have a minimal effect on the load
variation during the day for house number bigger than this

and hence a minimal effect on power transfer and losses.

Then MATLAB codes were written to run the different design
and losses equations. Therefore the final code is large and has
been distributed among several files in order to ease the
interpretation, debugging, and acceleration the code

execution:

e An introduction file: this file was used to interface the
input data gained from the PVSYST program and CREST

Demand Model which was saved as excel data sheet.

e A system design file: this file was used to design the
system converters and PV panel sizes based on the
house number and the appliances connected to each

house.

e Solar panel output file: this file was used to estimate
the output of the PV panel and the losses of each PV

converter.
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Figure 4.25 Flow-chart of the MATLAB code used in the grid

arrangements comparison study.

Converter efficiency allocation file: this file was used to

allocate each converter with a unique losses equation

>
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parameters based on its size which can be used to

calculate the losses of each converter.

e The main file: this file is used to calculate the power
transfers between the system converters and to
calculate the converters power losses. This file used the
minute by minute daily loading profiles to calculate the
power transfers between all the grid converters and the

losses of each converter.

e An execution file: this file was used to call all the five
earlier files. the file will run five times with different
loading profiles and the average losses will be calculated
from the five times and will be repeated 51 times for
cluster sizes from 1 to 51 dwellings. The last two steps
will be also repeated for each grid arrangement (ONE-
FOUR) and power managements (isolated- grid

connected).

e A merger file: this file was used to merge all the results
from the previous files before in order to produce output
figures, which then is used to compare the grid

arrangements.

Finally, it needs to be noticed that each grid comes with a
unique set of converters with its own power transfer function
and thus for each grid arrangement, all the earlier six files had
to be modified in order to represent the arrangements unique
converters and layouts. Figure 4.26, Figure 4.27 and
Figure 4.28 indicate the results obtained from a simulation
with a grid size of 20 homes and for the grid connected and

the isolated power managements strategies:
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Figure 4.26 The battery energy for arrangement TWO with 20
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Figure 4.27 Power of the PV converter, the grid converter, the

battery converter over a day. The load consists of 20 houses and

the cluster is grid connected.
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Figure 4.28 Power of the PV converter, the grid converter, the
battery converter over a day. The load consists of 20 houses and
the cluster is not grid connected.

Figure 4.26, Figure 4.27 and Figure 4.28 indicate the power
transfers between the different grid arrangements as the load
power has to be supplied either from the grid or from the
battery and the PV power has to be consumed by the loads
and any extra power has to be sent either to the battery or to
the grid if the battery is full.

Figure 4.27 it can be noticed that the grid converter will start
working the moment the battery reaches its capacity limit and
power will be sent to the grid. While in Figure 4.28, it can be
noticed that when the battery’s state of charge hits its upper
limit, the battery converter will simply stop charging the
battery and due to the fact that the grid is in an islanded mode

the grid converter will not send any power to the grid.

The previous power management curves are used with the

converter rating and losses equations to estimate the losses of
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the system for each loading point, the results from the losses

comparison are presented in the next part of this chapter.

4.7 Results and findings.

The MATLAB programs were run for the different grid
arrangements and for cluster sizes from 1-51 houses. The
programs were successfully able to calculate the rating for the
different parts of the grid based on the equations of this
chapter and to estimate the power transfers and converter
losses for all the grid arrangement under study for the target

cluster sizes.

The main aims of this study were to evaluate the DC
distribution grid layout based on the converter losses and to
investigate the best converter configuration (two /three port)

for serving the proposed DC distribution grids.

In order to achieve the aims of this study, two main factors
will be the focus of the analysis: the first one is how the total
converter installed powers and losses for the different grid

arrangements for a variable cluster houses number.

4.7.1 Converter and battery installed power.

The converters installed power and number has a direct
impact on the initial and running cost of grids. The grid
arrangements with lower overall installed power and lower
count of power electronics units will be preferred over others.
From Figure 4.1, Figure 4.2, Figure 4.3 and Figure 4.4 it can

be noticed that arrangement TWO; three and one have fewer
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converters in comparison to arrangement FOUR. Figure 4.29
shows a comparison between the total converter ratings for

different grid arrangements sizes:

Total converters size
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Figure 4.29: Relation between the total connected converter
installed power and the number of houses for different grid
arrangements (red curve superposed arrangements, ONE, TWO,
and THREE)

It can be noticed from Figure 4.29 that arrangement FOUR
has a higher total converter installed power as it needs more
converters to transfer the power. Besides, Figure 4.29
indicates that the difference in converter installed power is not
so high between the various grid arrangements. This is due to
the fact that the converters were designed to handle the
extreme cases where the total PV will be either sent to the
grid or to the battery, if the load is small. The converter
installed power might be lowered if an optimization is carried
out which is outside the scope of this work.
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Figure 4.30 Relation between grid side converter CS1 installed
power and the number of houses.

It can be noticed from Figure 4.30 that the grid side converter
has the same installed power for all the grid arrangements
under consideration. Also, this converter has a rating of 300

kW for 51 homes. The required battery size is indicted in
Figure 4.31.
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Figure 4.31 The required battery size for all grid arrangements.
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It should be noticed that when rating of the battery the
battery was rated for the average load which is common
between all grids. Still, if the losses in the converter and grid
are be taken in consideration the required battery will be

smaller for the grid with the lowest losses.

While the total energy transferred for arrangement TWO for a

day is presented in Figure 4.32.
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Figure 4.32 Total energy transferred through arrangement Two for
a day

To conclude, arrangement FOUR has a higher converter count
and installed power when compared to the other
arrangements, which gives preference to the other

arrangements over arrangements FOUR.

4.7.2 Converter losses:

The converter losses are mainly influenced by the installed
power, location and the power transfer strategy used. The

losses presented here are the results from a simulation, which
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included the previously mentioned factors for the different

grids arrangements.

4.7.2.1 Investigating converter CS1 energy losses:

The losses are calculated using the losses constant in
conjunction with the converter power transfer and an average
of the losses obtained using different 5 daily loading profile of
each house are used to calculate the losses of the converter.
From Figure 4.33 b it can be noticed that without a grid
connection, the grid converter stage CS1 has the same
converter losses for all grids as there is no power transfer with
the grid and the losses are the standalone losses of this
converter stage in this case. The losses in the cause with no
connection with the grid will be the no-load losses as no power
is been exported or imported to the grid. In Figure 4.33 a it
can be noticed that converter CS1 in arrangement TWO has
the highest losses this is due to it having the lowest overall
losses and thus more power is available to be transferred to

the grid through CS1 and hence more losses are resulted.
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Figure 4.33 Comparison between the converter CS1 energy losses
over one day with the number of houses. a with grid .b. without
grid.
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4.7.2.2 Investigating Converter CS2 energy losses.

From Figure 4.34 it can be noticed that there is a difference in
the losses behavior in arrangement ONE, primarily because in
this grid arrangement the battery is not linked to a bus with
generation as in grid two, three and four thus the solar energy

would have to go through CS2 to reach the battery to be
stored .

While for arrangement FOUR, the power will go from the
battery or the PV through CS2 to supply the load depending on

the PV power generation and the load and CS2 is not required
to handle PV power.
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Figure 4.34, Comparison between the converter CS2 losses, the
number of houses for different grid arrangements. a. with grid b.
without grid (arrangements THREE, TWO in red).

In Figure 4.34 b it can be noticed that the converter losses are
identical for arrangements TWO and THREE and this is due to
the fact that there is no power going through converter CS2 in
the isolated mode of operation and the losses are the standby
losses as this converter is required to maintain the high
voltage through converter CS1. Also from Figure 4.34, it can
be observed that at around 18 homes there is a change in the
total losses for arrangement ONE. This is due to the fact that
the converter losses equation constants change from their
values in Table 4.3 to their values in Table 4.4, resulting in
lower losses. The same change in converter losses can be

observed for the other converter as will be shown next.
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Figure 4.35 Comparison between the converter CS3 losses, with the
number of houses for different grid arrangements. a. with grid b.
without grid.
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4.7.2.2 Investigating converter CS3 energy losses.

The converter CS3 does not exist in arrangement TWO and
THREE and hence they are presented as zero in Figure 4.35. It
can be noticed that CS3 in arrangement FOUR has lower
losses in the case without grid as less power will flow through,

due to not having any export of energy to the grid.

4.7.2.3 Battery converter energy losses.

The battery converter does not exist in arrangement ONE and
the battery is connected through the CS3.

Battery converter losses
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Figure 4.36 Comparison between the battery converter energy
losses, the number of houses for different grid arrangements. a.
with grid, b. without grid.

It can be noticed from Figure 4.36 b that arrangement TWO
has the lowest losses among all arrangement, thus the battery
reach its full state faster than the other arrangements as more

energy is available to charge the battery.

4.7.2.4 Total converter losses.

From Figure 4.37 it can be observed that arrangement TWO
has the smallest losses of all the arrangements. Additionally,
arrangements TWO and THREE have Ilower Ilosses than
arrangement ONE and FOUR, and this is mainly because the
power flows through fewer converters between the PV, battery
and the loads, as in the cause of arrangement TWO where the
energy flows through less converters when compared with
arrangement FOUR.
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Figure 4.37 Comparison between the converters energy losses, the

number of houses for different grid arrangements. a. with grid, b.

without grid.

To conclude, the arrangements using two ports converters,
arrangements TWO and THREE, have lower losses when

compared to arrangements using three ports converters, while
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arrangement TWO offers lower total losses than arrangement
three due to the centralization of PV arrays in one location

which is served by one converter.

Thus, the preferred converter configuration is the two ports
converter and the grid layout should be based on arrangement

two with centralized PV arrays.

4.8 Summary.

This chapter presented a study on evaluating four different
possible DC distribution grid arrangements to serve the last
mile of the grid and the isolated grid. This chapter also

included:

e An assessment of the daily electrical load profiles of the

Libyan household.

e The steps followed to estimate the DC distribution grid

components such as converters, battery and PV arrays.

e A description of the power management methods used

within these DC distribution systems.

e A description of the codes used to design, simulate, and

compare the different DC grids arrangements.

e Finally, the converter losses and installed power analysis
were carried out for the different grid arrangements

under study.
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In conclusion, arrangements which use two port converters
have lower converter losses when compared with
arrangements which use three ports converter. And the
converter installed power to link the grid cluster of 51 houses
to DC grid should be rated at around 300 kW. As explained
earlier in section 4.7.1.

The following chapter will include a detailed analysis of a two
port DC/DC converter which can be used to serve the
proposed two ports DC grid arrangement. Besides, it will also
include a method to improve the performance of the chosen
DC/DC converter.



Chapter 5
Three-Phase Dual-Active Bridge

DAB’s, theory and analysis.

5.1 Introduction.

In chapter 4 of this thesis, different configurations of DC grids
were investigated. The outcome of the study preferred grid
layouts which use two port converters to link high and low DC
voltage levels. Moreover, the two port DC/DC grid-connected

converter is required to provide the following functionalities:

e High efficiency over a wide range of loading operation.
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Galvanic isolation between the high and the low voltage

sides due to the grid application requirements [62].
e Bidirectional power flow.
e Large voltage ratio between the converter terminals.

e Small range of the voltages on the high and the low

voltage sides.

Dual active bridge (DAB) converters are an obvious choice as
they can offer the desired performance and requirements of the
proposed DC grid. DAB converters offer galvanic isolation
between the high and the low voltage levels [62]. Also, DAB
converters provide bidirectional power flow which will enable
the integration of distributed generation to the grid.
Furthermore, DAB converters can offer high voltage transfer
ratios between the high and the low voltage sides through the

use of high frequency transformers.

A number of different DAB converter structures have been
proposed including resonant ones [62-67]. This work only
considers the non-resonant DAB versions due to the fact that
they offer the application requirements of high efficiency over a

wider range of loading profiles.

Non-resonant DAB converters can be either single phase (1¢
DAB) or three phase (3¢DAB) and both offer soft turn on
capabilities [68]. The main advantages that 3 ¢ DAB converters

can offer when compared to 1¢DAB are that the 3¢DAB

converter offers high efficiencies in the soft-switched area [66]



5- Three-Phase Dual-Active Bridge DAB’s, theory and analysis 101

and the 3¢ DAB converter offers lower DC side current ripple

when compared to 1¢DAB [65], thus a smaller capacitor is

required to filter the current ripple leading to a reduction in the

installed power and cost of the converter [62]. Additionally, the

3 ¢ DAB adds a factor of redundancy when compared to the 1¢
DAB, due to the fact that if one of the converter legs fails, the
remaining two legs can be used to supply the loads or the grid
with power, thereby reducing the possibility of a complete grid
blackout [62]. Thus, in this thesis, a 3(15 DAB converter is

proposed to be used in conjunction with the proposed DC grid.

This chapter includes a description of the proposed 3¢ DAB
converter and its operation principles. Also, analysis of the

losses will be presented. Finally, a multi-cell 3¢ DAB will be

proposed to further enhance the efficiency of the 3¢DAB

converter under a wide range of loading profiles.

5.2 Three-Phase Dual-Active Bridge.

The three phase Dual-Active Bridge converter (3¢ DAB) has

four main parts, two three-phase bridge inverter stages, a Y-Y
high-frequency transformer used to isolate the high-frequency
AC ports of the three phase bridges [66] and a linking inductor
placed between the two bridges to allow the control of power
flow. The linking inductance may be fully incorporated in the
leakage inductance of the isolation transformer or can be

provided as a separate inductor in addition to the transformer
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leakage inductance. Figure 5.1 shows a diagram of 3¢ DAB

[69].

High voltage bridge Low voltage bridge
1 3 5'
@) v
2 4 6'

Figure 5.1 3 ¢ DAB converter.

Power transfer between the ports of the converter is controlled

using the phase shift angle (¢) across the linking inductor

[68].

Each leg of the 3 ¢ DAB converter produces a high-frequency

square wave with a fixed duty cycle of 50 %, each leg is phase
shifted with respect to the other phases in the same bridge by
120°, This results in six-step voltage waveforms being

produced across the linking inductor. [68]

The next section of the thesis provides an analysis of the 3¢

DAB converter.
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5.2.1 Analysis of the 3 ¢ DAB converter.

In order to analyse the 3(15 DAB converter, an idealised circuit is

considered. The power flow direction will be assumed to be
from the high voltage (sending bridge) to the low voltage
bridge (receiving bridge). The total linking inductance is equal
to the sum of the external inductor value and the transformer
leakage inductance. The low DC voltage (receiving bridge) is
referred to the high voltage bridge (sending side). And hence
the transformer turn ratio (N) assumed to be 1:1 for the later
analyses. The transformer resistance is neglected. Furthermore,
the effect of snubber capacitors will be neglected for this

analysis and will be considered later in section 5.4. Figure 5.2

presents the simplified 3 @ DAB converter circuit.

GG . 0w
0, — 9
R CONECETIEE

Figure 5.2 Simplified 3 ¢ DAB converter circuit referred to the
sending bridge [68].

Based on the phase shift angle ((15) of the 3@ DAB between

output voltage of the two bridges, two operation regions can be

identified. Region (1) 0<¢ <% and region (2) %S¢ <2%. In
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Figure 5.3, 3 ¢ DAB voltage and current waveforms.
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The DC voltage gain referred to the sending bridge d is defined
as in equation (5.1) [68].

Vo

d=== (5.1)
[

Vi The sending bridge DC voltage of the converter.

V(') The receiving bridge DC voltage referred to the

sending bridge of the converter [68].

Typical waveforms for the condition d=1 and ¢<% are shown

in Figure 5.3. The linking inductor current has six distinct zones
in the region from0<¢ <z and V| =V,45-Vy,, while the other
half-cycle of the waveform 7 <@ <2 can be constructed easily

from the first half-cycle due to symmetry. Thus, the current in
the inductor is defined by different equation in each of the six
zones [68]. For example, the current in zone 1 is given by

equation (5.2):

i(9)zi(0)+\%9 for 0<0<¢ (5.2)

Appendix (B) gives the expression for the other zones. [64]

Considering that i (0)=-i () and using the equations for the 6

current zones it is possible to determine the current at zero as

given in equation (5.3): [67]

V. | 2xd 2
la =—I =_1 —  _dp-== 5.3
0 com 3a)L{ 3 ¢ 3 } ( )
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The current at an angle ¢ (end of zone one) is given by:

V.
i(¢)=ﬁ[?+¢—%ﬂ (5.4)

The power output of the converter can be determined by
considering the contribution of each leg current to the DC side

current and is given by (5.5) [68].

Pout Jg’{.d.q{g—%} For os¢s% (5.5)
Where:

Pout The converter output power.

L The Linking inductance (sum of the transformer

leakage inductance and the external inductance).

The next section discusses the soft switching range of the

converter.

5.2.2 Three phase DAB converter soft-switching region
boundaries.

The 3¢ DAB converter has a soft turn on characteristics; each

IGBT will be gated on when the anti-parallel diode is conducting
the inductor current. Subsequently, as the inductor current
reverses polarity the paired IGBT will start conducting and, as a
result, the IGBT will be turned on at zero voltage and zero

current and soft switching at turn on can be achieved.
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However, the 3 ¢ DAB soft switching capability operation range

is limited. The soft-switching boundaries change with two
factors, the voltage ratio (d), and the converter loading. In
theory, soft switching can be always maintained as long as the
converter is running at (d =1). The soft switching boundaries for

the range 0<¢<x/2 were presented in [68]. Generally, soft
switching is achieved if the conditions i (0)<0 and i (¢)>0are

met [67].

The receiving bridge soft switching locus can be derived by

finding the value of d which corresponds to i (¢)=0 and as a

result the receiving bridge soft switching boundaries can be
obtained from (5.4) [68].
3¢
d idge=1—— 5.6
output bridge o ( )
The soft switching boundaries of the sending bridge can be
obtained by solving the equation i (0)=0 from (5.3) [68].

1
d input bridge = = o 1~ (5'7)
1_3¢

27
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Figure 5.4 Soft switching region of the 3 ¢ DAB converter [68].

Equations 5.6 and 5.7 represent the soft switching boundaries

of the 3¢ DAB and are graphically presented in Figure 5.4 [68]

A 3¢ DAB converter used in the proposed DC/DC grid is likely
to be operating in the soft switching region most of the time

due to the fact that the converter will be working very close to

d =1 at light loading.

A highly loaded converter might be required to regulate the grid
voltage and thus will be working in a slightly wider range of d
than the low loading situation. Still, the converter will be in the
soft switching region due to the wider soft operation range at
high loading as indicated in Figure 5.4.

Further detailed converter operation and losses will be

investigated for the case when d=1 for simplicity. This is
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justified by the fact that the converter will always be working

close to d =1 in the application under consideration.

5.3 3¢ DAB power loss estimation

The previous part of the thesis included the motivation behind
choosing the 30 DAB and a general characterisation of the

3vDAB. In order to design the 3¢ DAB converter, the converter

operation and losses should be studied and evaluated.

Sending bridge leg 1 Receiving bridge leg 1
ler1 | I
D1 IGBT '1
Vicert Y Niger lp1
D1 A
IGBT , D, IGBT, D,

:

IGBT ,
IGBT',

Figure 5.5 3 ¢ DAB converter one leg circuit
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In order to study the semiconductor conduction and switching
losses, the current and voltage waveforms of each device in the
3vDAB converter should be determined and steady state

analyses should be performed. Figure 5.5 shows leg one in the

sending and receiving bridges of the 3 @ DAB in more detail.

The IGBT and diode current and voltage waveforms in leg one

corresponding to Figure 5.5 are presented in Figure 5.6 which

presents the current and voltages of one leg of the 3¢ DAB.

The devices can be either soft or hard switched based on the
current and the voltage at the point of commutation. It can be
noticed from Figure 5.6 that all the IGBTs are soft switched turn
on and hard switched turn off. The soft switching operation and
the proposed solution for mitigating the hard switched turn off

will be discussed later in this chapter.

The other outcome of studying the waveforms of the 3¢ DAB

IGBTs and diodes, besides understating the converter operation

is the ability to determine the conduction losses analytically
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ILl

upper devices of leg one of the 3 ¢ DAB.

Figure 5.6 IGBT and diode voltage and current waveforms for the
From Figure 5.6 it can be noticed that the inductor current is
built-up from a combination of diode and IGBT currents, this
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allows for the individual device current to be determined based
on the expressions presented in appendix (B). The analytical
expressions for the diode and IGBT currents can be used to
calculate the conduction losses of the converter as presented in

the next section.

5.3.1 IGBT and Diode conduction losses estimation.

The IGBT conduction loss estimation is based on an
approximation, where the on state IGBT collector-emitter

voltage (Vcg)is represented by a series DC voltage source (
Vecgg), Which is the zero current forward voltage drop,
combined with the voltage drop from the collector-emitter

forward resistance (¢ )[70].
Vce(ic)=Vceo +rciic(t) (5.8)

The same applies for the anti-parallel diode resulting in [70]:

Vp(ip)=Vpo +rpip(t)

(5.9)

The instantaneous IGBT conduction losses pg(t) can be

calculated using equation (5.10)[70]:
per (8) =Vee (V)ic () =Vegoiic (1) +rc ié (1) (5.10)

The averaged value of the IGBT conduction losses pq(t) can be

found by integrating the instantaneous losses [70]:
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Tsw Tsw
Por =—— IF’CT(t)Ol'f=L | Vegoiic (1) + e i& ()t
Tsw o Tsw ¢ (5.11)

2
=Veeo-lcav + el cims

The same can be applied to determine the conduction losses of
the Diode [70]:

Tsw Tsw
Pep = —— jPCD(t)dt=i [ (Vpoip (1) + rp.d3 (©)dt
Tsw o Tsw o (5.12)

2
:VDO'I Dav T rD.I Drms

The values, I'c, Vcgr Voo @nd Ip can be calculated from the data

sheet for Infineon-FS100R17KE3-B17 using the approach

illustrated in Figure 5.7 and

Figure 5.8 [70]. It should be noticed that this approximation
might lead to some errors such as the approximation errors and

the temperature difference errors.

Thus in order to calculate the device losses, the average and
RMS values of the diode and IGBT currents have to be
calculated first.
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Figure 5.7 Extracting Vcggand I from an Infineon-FS100R17KE3-
B17 IGBT data sheet.
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Figure 5.8 Extracting Vpg and rp from an Infineon-FS100R17KE3-
B17 diode data sheet
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5.3.2 IGBT and diode RMS and average current derivation

The inductor current is built-up from a combination of diode and
IGBT currents. Each half cycle of the inductor current is made-
up from the current of one switch of the converter leg. Thus, in
order to calculate the IGBT and diode current for one switch the
time when the current changes between the IGBT and diode,

which is named the cross over time should be evaluated.

5.3.2.1 The crossover time

As shown in Figure (5.6) the crossover time is the time when

the current commutates from an IGBT to a diode or vice-versa.

The crossover time for the sending bridge occurs in the angle

range (o0 <g<g¢) at the instant when the current is equal to zero

(i(@)=0), thus from equations (5.2) and (5.3):

i(9)=i(0)+\%6
W For 0<o<g¢ (5.13)
:V;[Zﬂd _d¢_2_72'} LVi@+d)
3wL| 3 3 3wL
The angle (644 owr ) @t Which the current will be equal to zero

can be calculated by placing (i(©)=0) in equation (5.13) and

solving the equation for the angle ( ).

Vi [2xd 2z | Vi@+d)
0= g 50 |+ s o (5:14)

Assuming (d=1)
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OZV;[Z_”_¢_2—7Z} +Vi—X26’ (5.15)

Cross over
3wL

From which

¢

gcross—over = E

(5.16)

5.3.2.2 Calculating (lyms) and (lg) for the sending
bridge IGBTs and the diodes.

The average and the RMS current values can be calculated
using the current waveforms Figure 5.6 it can be noticed that

the diode ( D;) will be conducting the current over the angle

range from (Osesg) while IGBT; conducts over the range (

<0<r). Expressions for the diode and IGBT currents are

CRRSW

given in appendix (B) [65] along with the determination of the

expressions for the mean and RMS current this yields what

follows:

lrRms D = 6X\2LXX¢\/\/i—ﬂ (5.17)
I'av D :% (5.18)
IrRMs 1GBT =\gc:|fb 1- 71;; (5.19)
| Ay 1GBT = Gw\fxﬁ(—o.75x¢2+§x¢xn’j (5.20)
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5.3.2.3  Calculating (lyms) and (lay) for the receiving
bridge IGBTs and diodes

From Figure 5.6 symmetry between the sending and the
receiving bridges currents can be noticed. The IGBT currents in
the receiving bridge correspond to the diode current in the
sending bridge. The RMS and average values should be
multiplied by the transformer turns ratio (N) if it is not equal to
one and in that case, the bridge will be referred to as the low

voltage bridge:

V; ><¢2
I av 1GBT =N X8XI360—LX72' (5.21)
V.
Rl (5.22)

| =N x
RMS 1GBT 6x wLx~3x7

The diode currents in the receiving bridge correspond to the
IGBT current in the sending bridge while taking the number of

turns (N) into account:

Vi x ¢ Tx¢

I =N x— 1- 5.23

RMS D vy % ( )
V.

lay p=Nx—o! (—0.75x¢2+ﬂx¢x7r) (5.24)
6wl x 3

In order to validate the analysis, a comparison between the

current values obtained from the analytical approach and a

switch based simulation of the 3¢DAB was conducted.

Figure 5.9 shows a comparison between the analytical and the

simulation results.
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The comparison was executed for a converter with the
parameters presented in Table 5.1. The converter power rating
was chosen to be 80kW to allow the assessment of building the
required grid converter of 320 kW, which is a representation of
the converter value calculated in section 4.7.1, from four 80 kW
cells as discussed later in section 5.5. The design of the
converter inductor was performed using the approach outlined
later in section 6.4. The power flow direction is considered from
the high voltage (sending bridge) to the low voltage (receiving
bridge).

Table 5.1 The converter comparison parameters:

f (kH2) | P(KW) | Vi, (VDC) | Vgt WDC) | Ly (mH) #°

20 80 1500 325 1.03 50

Figure 5.9 shows a good match between the simulation and the
analytical values, which validates the analysis. This match
represent an ideal cause were the dead time is not present if a
dead time is used in the simulation it might lead to more

deviation between the simulation and analyses.
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Figure 5.9 A comparison between switched based simulation and
the analytical device currents for the sending (high voltage) bridge

a. The D1 average current, b. The D1 RMS current, c. The IGBT1

average current, d. The IGBT1 RMS current.
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5.3.3 The conduction losses at the sending bridge

After the average and the RMS currents for the IGBTs and
diodes are calculated the values of the conduction losses for

one device can be estimated using equations (5.25-5.26).

2
PcicBT =Vceo-lcav + e -1Grms

5.25
Vi x 47 +r{vix¢ 1‘7X¢J2 (5:25)

=V X
CEO ™ 8 30l x 7 30l 127

2
Pc b =Vpo-Ipav + ol brms

2
Vi x ¢° Vi x 4:/¢ (5.26)
:VDO X———+Ip X
8x3wL x Oxwlx~/3x7

5.3.4 The conduction losses at the receiving bridge

Again from waveform symmetry, the losses in the receiving
bridge can be determined as (5.27-5.28):

2
PciceT =Vceolcav + e lcms

2 .27
N xV; x ¢ N x Vi x ¢/p (5.27)
ZVCEOX—X+rCX
8x 3wl x 6x wL x~3x
_ 2
Pc b =Vpo-lpav + D1 Drms

2 _ 2 (5.28)

:VDOXNXV|><¢ e N xV;j x ¢ 1_7><¢

8x 3wl x 3wl 127

The total conduction losses of each bridge can be calculated by
multiplying the total device conduction losses by the number of
devices (6). It should be noticed that the power flow will be

assumed from the high voltage (sending bridge) to the low
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voltage (receiving bridge) for the following analysis and

assessment of the converter.

To confirm the loss analysis, a simulation was conducted and a
comparison between the simulation results and the results from

the analysis is presented next.

5.3.5 Conduction losses simulation and analytical model

comparison

For comparison, commercially available devices were used and
the devices selected are the Infineon-FS100R17KE3-B17 for the
high voltage side while for the low voltage side the SEMIKRON
SEMiX402GAR066HDs was considered as they have enough
current rating for the low voltage and high voltage side. It
should be noted that for the high voltage side it is
recommended to use devices with higher voltage rating as the
1700 V device might not be able, in practice, to withstand the
high voltage spikes present but it has enough voltage rating for
analytical comparison. The comparison was conducted for the
converter cell rating presented in Table 5.1, Figure 5.10 to
Figure 5.13 show a comparison between the losses determined
using a simulation model in PLECS and the analytical
expression. The results presented are for one device thus the
total bridge losses should be the results in the figures multiplied
by 6.

The high voltage bridge device the Infineon-FS100R17KE3-B17
parameters were estimated by applying the outlined methods in

section 5.3 and are as follows: Vggg=0.941V ,rc =0.0147 Q,

Vpo=111V, and rp=0.0079 Q. While The low voltage bridge
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device the SEMIKRON SEMiX402GARO066HDs parameters are
Vego =0.68V, e =0.0038 Q, Vpo =0.9V, and rp =0.0022Q2.

35 I I I
==]GBT losses analytical )
B IGBT losses simulation

w
o

N
(3]

Power losses (W)
N
o

15
10 /
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0 !
0 10 20 30 40 50 60 70 80

Output power kW

Figure 5.10 High voltage bridge IGBT conduction losses comparison
between analytical and simulation.
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Figure 5.11 High voltage bridge diode conduction losses comparison
between analytical and simulation.



5- Three-Phase Dual-Active Bridge DAB’s, theory and analysis 124

D losses analytical /4
1.2 1 B D losses simulation /
1
2 /
%]
208 /4
7]
=
5 0.6 -
2
S o4 «
0.2 /
0 F‘./-/.(
0 10 20 30 40 50 60 70 80
Output power kW

Figure 5.12 Low voltage bridge IGBT conduction losses comparison
between analytical and simulation.
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Figure 5.13 Low voltage bridge diode conduction losses comparison
between analytical and simulation.

It can be noticed from Figure 5.11 and Figure 5.13 that there is
a small difference between the analytical and the simulation
results. This small different is expected due to the fact that the
analytical model loss equations use linear approximations of the

on state voltage and current curve of the IGBT and diodes to
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describe the conduction losses while the PLECS simulation
utilises look-up tables for the loss [71]. Overall a good match
between the simulation and the analytical model validates the

analytical model which was derived in this thesis.

5.4 The switching losses of the converter and
the effect of snubber capacitors on the

switching losses

This part of the thesis considers the switching losses of the
converter and the use of snubbers to mitigate the turn-off loss

is also considered.

As discussed in section 5.2.2 all the IGBTs are soft switched at

turn on and hard switched at turn off in the soft-switched area.

The switching losses of 3¢DAB converter can be divided into

three main losses:
e IGBT turn-on losses.
e IGBT turn-off losses.
e Losses due to diode reverse recovery.

The IGBT turn-on losses are theoretically zero and will be
negligible due to the fact that the IGBT is soft switched at turn
on. The IGBT turn-off losses are the main cause of switching

losses and will be examined in more details.
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The diode reverse recovery has no effect on the switching
losses of the 3@DAB converter in the range under

consideration due to the fact that diode reverse recovery causes
losses in the IGBTs and diodes only if the diode is forced to turn
off while conducting current. In the operation range under
consideration, the diodes are switched off at zero current and
thus diode reverse recovery will not introduce any losses in the
IGBT or in the diode.

5.4.1 IGBT turn-off losses estimation

The 3¢ DAB loss model presented in this thesis is based on the

analysis of the converters presented in [72-74]:

5.4.1.1 Estimating the IGBT turn-off losses without a

snubber capacitor

The turn-off losses of the IGBT will be analysed and estimated

initially with the assumption that the IGBT voltage will rise
rapidly to Vj with negligible rise time. Figure 5.14 shows the

simplified waveforms of the IGBT voltage and current at turn-
off without a snubber[75].

The losses in the IGBT can be calculated using equation
(5.29)[75]:

ts

EiGBT loss = | Vin x| ca7 dt (5.29)
0

The IGBT current can be represented using equation (5.30)
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txI
lieeT =lcom — tfcom (5.30)
Where:
leom : is the IGBT current before the turn-off.
ts: is the IGBT current fall time.
A
|
|
|
iGBT, T |
: | ‘com
|
|
I R S ot
A ‘*-————— — — = —>
| t
| "
ViGBT!
|
! t
- b ________ »
t = 0 t :tf

Figure 5.14 Simplified voltage and current the waveform of IGBT at

the turn off without a snubber [75].
Substituting 5.30 into 5.29 and integration yields:

Vinlcomtf

EIGBT loss = >

(5.31)
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5.4.1.2 Estimating the IGBT turn-off losses with a

snubber capacitor

When a snubber capacitor is present, it will conduct the device
turn off current, thereby reducing dv/dt. At the instant of device
turn off, the inductor current will start charging the snubber
capacitor connected with the outgoing IGBT. Conversely, the
snubber connected with the incoming IGBT will start to

discharge. This will continue until the outgoing IGBT snubber
capacitor is charged to (Vj) and the incoming IGBT snubber

capacitor is discharged to zero.

The simplified waveforms of the current and the voltage are

presented in Figure 5.15 [75].

!
) |
hGBT | T|
! | 'com
| | t
I S S ———
4 <———ff—————>
_ ! leom /2
Ic1 | B
i .
R | ot
f C=Cq Y
' i
Ve i C>CCI’\ ; |
| AN
= | t
- ___4d______V___ >

Figure 5.15 The simplified voltage and current waveform of IGBT at
the turn off with a snubber [75].
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It should be noticed that the snubber capacitor will charge in

time tf to the voltage Vj if a specific value of snubber

capacitor is used which is called the critical snubber C¢r . It will

take a longer time if snubber value higher than the critical
snubber is used as presented in Figure 5.15. Additionally, it
should be noticed that the effect of the IGBT tail current is not
considered for this analyses and will be considered later in

chapter 6 for the practical snubber capacitor calculation.

The current on the IGBT and the snubber can be determined
using equations (5.32) and (5.33):

ts

iIGBT = Icom - (5-32)

iy =——om < (5.33)

The capacitor voltage can be represented using equation (5.
34):

oy = L ficydt = oom | £ (5.34)
CLoc e "o 7 2ty '

While the energy losses in the IGBT are calculated using
equation (5.35):

ts ts

EIGBT loss with Snubber = | Pdt = [vep xijgp dt (5.35)
0 0
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Thus by replacing (lc1,Vc1) from equations (5.33) and (5.34)

into equation (5.35), the IGBT losses can be estimated as
follows [75]:

E tJf I'com tz | tx 1 com dt
IGBT loss with Snubber = XN X Teom —
0 2C 2t ¢

3 4

EIGBT loss with Snubber = —, ~ = (5-36)

2 .2 2 .2
lcomts [1 17 lcomt}
4C 48C

It should be noticed that equation 5.36 is only valid a for

capacitor value higher than or equal to the critical snubber.

The voltage across the capacitor will reach V¢ =V; when t=tys if

a critical snubber is used and by substituting this condition into
equation (5.34), the value of the required critical snubber can
be estimated[75]:

Veq =Vi = | com o t? _ lcomt (5.37)
LM T0c, |2ty | 4cy '
Thus
Icomtf
Cn = 5.38
Y (5.38)

The energy losses of the IGBT with a critical snubber capacitor
can be estimated by replacing the snubber capacitor value from
(5.38) into the IGBT energy losses equation [75](5.46)
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2 42
lcomts x4V leomtsVi

£ N _ _ (5.39)
IGBT loss with critical Snubber 48 % |comtf 12

5.4.2 Minimum current requirement for 2ZVS with

snubber capacitor

A 3¢ DAB converter working within the soft switching region
has ZVS/ZCS IGBT turn-on. Adding a snubber capacitor to the 3
¢DAB converter will lead to a violation of the ZVS turn-on of

the IGBT. In order to have a soft turned on of the IGBT, the
voltage across the IGBT at the turn on should be zero and the
incoming IGBT snubber capacitor should be fully discharged. A
snubber capacitor will require a certain level of the
commutation current to discharge it to zero before the dead
time finishes and the incoming IGBT is turned on. If the turn-off
current is lower than this limit, the incoming IGBT snubber
capacitor will not fully discharge within the dead time. The
remaining energy in the incoming IGBT snubber capacitor will
be discharged in the incoming IGBT at turn on causing turn-on

losses.

The analysis of the soft switch turn on boundaries of the 3¢
DAB was presented in [74] and will be reinvestigated in this
thesis using different approach The 3¢DAB converter circuit
has to be analysed at the moment of turn off to estimate the
turn off current required to fully discharge the incoming IGBT
snubber capacitor before the dead time is finished and the
incoming IGBT turns on. For this analysis, the IGBT fall time

will be assumed to be zero and the analysis will be accurate for
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the case where the snubber capacitor is significantly larger than

the critical value.

During the turn off instance of the IGBT, the circuit and the

conducting elements (in red) in the 3 @ DAB are presented in

Figure 5.16. The turning on IGBTs are as presented in

Figure 5.3 as the converter is working in zone 1.

e, b

la >—
TA'AAAN

@ e z

6

e et

Figure 5.16 Current path and conducting devices at snubber
commutation

The circuit in Figure 5.16 can be rearranged and analysed to
estimate the minimum current requirement for ZVS turn-off as
presented in appendix (D). The relation between the current
and voltage at the moment of commutation is presented in
equation (5.40)

dve(0) _ lcom

5.40
dt 2 ( )

Equation (5.40) can be solved and equations 5.40 and
Figure 5.17 shows the snubber current and voltage at

commutation if the diode is ignored.

Ve =Vemax Sin(at) (5.41)
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ic = lcom COS(at) (5.42)

chax = IcomZO (5-43)

Vc max
lcom

Vc

tc ic

Figure 5.17 The snubber capacitor voltage and current at
commutation

The converter will be in ZVS when the V.. =V; thus after

solving the equation as presented in appendix (D) the minimum
current requirement for ZVS can be calculated as follows as L
represents the total inductance of the transformer and the

external inductor:

leom :;/—i (5.44)
0
Where:
3L
Zn = |— 5.45
0=\ ( )
1
)= — 5-46
3LC ( )
te - (5.47)
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A converter can be working at ZVC limit if the turn-off current is
equal or higher than the required current for ZVC. Figure 5.18
indicates the three possible situations for the current at the
turn-off. Due to the fact that a snubber capacitor is significantly

greater than the critical value, if it is assumed that t. is

significantly larger than the t; for the IGBT in this analysis
[74].

0
2 Icom

|com
0.5 |com
0

Figure 5.18 Snubber voltage and current at three different turn off
current levels [74].

In order to maintain the soft switching, it is important to fully
charge the outgoing IGBT snubber capacitor within the dead

time before the incoming device is turned on. .

o If 1y <VilZg (5.48)

The outgoing IGBT snubber will not charge to Vj and the

Z\V'S cannot be achieved.
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1 . _ Vi
e If ty <—=sint(——) (5.49)
W lcomZo

The incoming device will be fired before the outgoing IGBT

snubber capacitor is charged to Vj and the ZVC is lost.

e The dead time should be in the right range to allow for
Z\VC and should not be so large to cause the outgoing

IGBT capacitor discharge and loss of ZVC.

The dead time should be higher than the value in equation
(5.49) to allow for the outgoing IGBT capacitor to be fully
charged before gating the incoming IGBT. However, if the
dead time is too large, the inductor current will reach zero
and as consequence, the outgoing IGBT capacitor will start
discharging and when the incoming IGBT is turned on
therefore the ZVS will be lost.

If 1eom =V;/Z, the outgoing IGBT capacitor will be charged to
V; and the current will reach zero this commutation time is

the critical commutation time (tg;; ).

T

terit = 2_ (5.50)
w

The required time for the current to reach zero can be
calculated as the summation of the time of the equivalent

snubber/inductor commutation teymeng @nd the time tgigge com

required for the diode current to decrease from its initial

value Iymeng at the end of the equivalent snubber/ inductor

commutation to when it reaches zero
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1. Vi
@ leom Zo
lcomend = lcom €0S (@tcomend ) (5.52)

The time required for the current going through the diode and
the inductor depends on the initial voltage across the inductor

which is equal to 2v;/3. And by using the relation between the

inductor voltage and current V =L(di/dt) the tgioge com Can be

calculated as in (5.53)

3L I(:omend

tdiode com =T oy (5.53)
i

3L leom €0s (@teomend)

Ldiode com = 2V (5.54)
[

So the maximum dead time 1y max should be smaller than

tcomend + tdiode com in order to keep the ZVC of the bridges at

specific Iy

td max = tcomend + Udiode com (5.55)

To sum up for each turn off current and specific snubber
capacitor the required dead time should be bigger than the time
required for the outgoing IGBT snubber to be fully charged as
calculated in equation 5.49 still it should not be so large, as
calculated in equation 5.55, or it will cause the diode current to
reach zero that will cause the outgoing IGBT snubber to start to
discharge and the ZVS will be lost.
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5.4.3 Switching losses comparison between snubbered

and un-snubbered situations.

In this part of the thesis, an analytical comparison between the
snubbered and the un-snubbered converter cell is performed in
order to investigate the advantages and disadvantages of

adding a snubber to the converter.

The comparison was conducted using a converter cell as rated
in Table 5.1. The IGBTs used are the same as stated in

section 5.3.5.

The study was conducted using the critical snubber values of
1.7nF for the high voltage side and 7.8nF for the low voltage
side and they were calculated using equation (5.38). While the
range of ZVS turn-on was calculated using equation (5.40), the
shaded area in Table 5.2 represent the no ZVS area. The losses
of the unsnubbered IGBT were calculated using the turn-off

losses available from the device data sheet.

From Table 5.2 a high reduction of the turn-off losses can be
observed between the snubbered and the unsnubbered cells in

the soft switching range.

For the high voltage bridge, the switching losses were reduced
from 2750 W to 150.2 W at full power, while the reduction in
losses was from 1620W to 28.5 W at half rated power. For the
low voltage bridge, the losses at full power where 1440W and
was reduced to 32.7W and at half rated power the losses were
decreased from 773W to 6.2W. Thus a high turn-off losses
saving was noticed when using snubber capacitors in the soft

switching range.
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On the other hand, it was noticed that the in the low power
range the snubbered cell lost its advantage. It was noticed that
the snubbered high voltage bridge will lose its turn on soft
switching at around 20% of the rated power while the
snubbered low voltage bridge lost its turn on ZVS at around
12.5% of its rated power.

Table 5.2 An analytical comparison between the snubbered and

unsnubbered total turn-off switching losses for one converter cell
switching at 20 kHz:

High voltage bridge switching | Low voltage bridge switching
P(KW) losses (W) losses(W)
Un-Snubbered Snubbered | Un-Snubbered | Snubbered
0 750 156
10 952 379
20 1,163 504 1.4
30 1,385 15.2 635 3.3
40 1,620 28.5 773 6.2
50 1,870 47.1 920 10.3
60 2,138 72.4 1,079 15.8
70 2,429 105.8 1,250 23.1
80 2,750 150.2 1,440 32.7

The snubbered bridges will suffer from high turn-on losses at
this range highlighted in blue in Table 5.2, as the remaining
charge in the snubber capacitor will lead to snubber energy

dump in the IGBT as explained in section 5.4.
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In order to best utilise the advantages of the snubbered and
unsnubbered converter cells and to avoid their drawbacks, a

multi-cell multi-snubbered arrangement is proposed next.

5.5 Multi-cell multi-snubbered 3 ¢ DAB converter

The 3¢ DAB converter is well suited for the application under
consideration, DC distribution grids. As discussed earlier in this
thesis, the DC grid requires a DC-DC converter with high
efficiency over a wide operation range; the 3 ¢ DAB converter is
capable of achieving this condition but cannot fully cover the

whole range of operation. In this part of the thesis, the idea of

further advancing the 3¢ DAB converter performance by

building a 3¢DAB converter from multi-cell multi-snubbered

converter is going to be investigated.

The idea of multi-cell multi-snubbered 3¢DAB converter was

realized from the converter losses analysed under different

snubbering situations. It was noticed that the switching losses
of the 3¢ DAB converter vary with the converter’s loading and

snubbering. A converter cell working at currents higher than the
soft switching turn on current limit will have lower turn-off
losses if the converter cell is snubbered, while a snubbered
converter working at currents lower than the soft switching turn
on limit will be hard switched turn on with high losses due to

snubber capacitor energy discharge in the device.
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The conditions which affect the total losses of a multi-cell multi-

snubbered 3 (15 DAB converter are:

e The number of cells supplying the load.
e The number of snubbered and un-snubbered cells used.

e The power management strategy in place between the

cells.

Based on the last three factors, an efficient wide power range
operation converter can be achieved if a mix of snubbered and
un-snubbered converter cells is used. The snubbered cells will
be used at higher loading profiles and the unsnubbered cells will
be used to supply the load at low loading range. Thus a
converter made of a group of snubbered and unsnubbered cells
can supply the load with high efficiency over the entire

operation range. Figure 5.19 indicates a multi-cell multi-

snubbered 3 ¢ DAB converter.

In order to identify the achievable efficiency from the converter,

a 3¢DAB converter cell was built in the laboratory to test the

achievable practical efficiencies of the 3¢ DAB converter cell

under different loading and different snubbering situations.
After that, the effects of building a multi-cell multi-snubbered

converter will be highlighted.
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Figure 5.19 The multi-cell multi-snubbered 3 ¢ DAB converter
concept
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5.6 Summary:

This chapter presented the motivation behind selecting the 3¢

DAB converter to serve the proposed DC/DC grid in chapter 4.

Furthermore, analytical models to describe the conduction

losses of the 3¢ DAB converter were developed. The effect of
snubbers on the 3¢DAB converter was also studied and

evaluated. Finally, the idea of a multi-cell multi-snubbered 3¢

DAB converter was proposed in this chapter.

The following chapters will include the design and testing of a

scaled 3@ DAB converter cell prototype, followed by an

evaluation of the proposed multi-cell multi-snubbered 3¢ DAB

converter.



Chapter 6

Hardware Implementation.

6.1 Introduction

This chapter presents the design and implementation of a 3¢

DAB converter cell in the laboratory.

A detailed design of each part of the converter is presented, in
this chapter, including the high-frequency transformers
inductors, snubber capacitors, IGBTs, high and low voltage
capacitor filters, gate drivers, DSP, FPGA, and the
measurements board.
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6.2 The experimental rig

The main boundaries when choosing the implemented practical
converter were the voltage and power levels which should be
as close as possible to the required converter rating of 320 kW
as discussed in chapter 5, whilst still within the laboratory and

project funding limits.

In order to achieve this vision, one cell of the multi-cell 3¢

DAB converter was proposed to be built. The proposed cell has
the rating as presented in Table 6.1. The application converter
has a rating of 320 kW thus four cells of 80kW can be used to
build this converter as discussed in chapter 5. In the
laboratory, a scaled version of the 80 kW cell rated at 20 kW
was built, after considering the funds and laboratory limitation.
This leads to a four cells converter with a total rating of 80
kW.

The practical converter design voltages were kept identical to
the required application voltages of 1500 VDC and 325 VDC as
specified in chapter three due to the availability of a power
supply capable of supplying the high voltage of 1500VDC at
the required power rating of 20kW. A 20 kHz switching
frequency was chosen in order to operate above the audible

frequency range.
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Table 6.1 The 3 ¢ DAB converter cell design specifications:

Pout (kW) | Vi (DQV) | Vo (DQV) | faciink (KHZ) | d | 0.

20 1500 325 20 1 50

The proposed converter-cell will be wused to test the
performance of the individual cells in the proposed multi-cell
converter under different loading and snubbering situations,
which can then be used to examine the performance of the

complete multi-cell multi-snubber converter.

Next, the experimental component design will be considered.

6.3 The high frequency high power

transformer.

6.3.1Transformer rating and specifications:

The transformer isolates the high from the low voltage levels.
It is connected between the two bridges, thus a high-
frequency transformer can be used leading to a weight and
losses saving when compared to a standard 50Hz AC grid
transformers at the power level under consideration [74]. The
required transformer rating will be calculated. The transformer

is star/ star connected as in figures Figure 6.1.



6-Hardware Implementation 146
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Figure 6.1 The star/star connection of the transformer.

Figure 6.2 indicates the current and the voltage waveforms at

different locations of the transformer.
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Figure 6.2 The three phase dab transformer current and voltages,
a. The high and low voltage side current, b. The high and low
voltage phase voltages, c. The high and low voltage lone to line
voltages.
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The converter high voltage side current Ingy s Can be

calculated using equation (6.1)

V.
iy rmsze:7><l¢ 2—% ~11.05A (6.1)

The low-voltage side current can be calculated using equation
(6.2)

Vhv 11
Ivims =Thy rmsXV =51A (6'2)

The apparent power rating of the transformer (kVA;) is

calculated using equation (6.3) [68].

Vi (L+ )1
KVA; = v LDl vims oo 4 v (6.3)

V2

The transformer will be connected in a star/star as in
Figure 6.1 and will be built from three single phase
transformers due to the simplicity of design and fabrication.
The required inductor can be incorporated in the transformer
leakage inductor [76] still, it will be designed as separate
extra inductor within this thesis due to the simplicity of design.

The rating of the single phase transformer is:

= 7.8kVA (6.4)

KVAT Threephase
KVAT(SingIe phase) = ( 3 P )

Vv ph VRV oIl _gggy (6.5)

J3
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Viv_|—
VLV ph = L\:/§' | —187.63V (6.6)
JEY ph rms = lHy 11 ms =11A (6.7)
ILv phrms =1Ly 1-1rms =51A (6.8)

6.3.2 Transformer design.

In order to design a transformer with the required
specification, the core material type and size has to be
selected. Also the conductor type, size and number of turns for

the high and low voltage have to be chosen.

The design is done by following the simplified flowchart

presented in Figure 6.3.
The Litz wire was the conductor of choice due to the following:
e The Litz wire is flexible and easy to be wound.

e The availability of the Litz wire for use in this project.
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Transformer rating

Chose materials and
core size

v

Chose conductor
materials and
calculate number of
turns

Y

Calculate conductor
and core losses

Lowest losses
and core size

No

Yes

Transformer
characteristics

Figure 6.3 Flow chart showing the transformer design steps.

The required Litz wire gauge depends on the converter
operational frequency. The available wires to be used are
round 32 and 38 AWG Litz wires from the Pack Feindrahte
Company. According to the New England Wire Technology
company gauge wire table presented in Table 6.2 The
available wires can be used at a switching frequency of 20 kHz
and provide a Rac/Rdc ratio of 1 [77].
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Table 6.2: Litz wire gauge from The New England Wire Technology
Company [77].

Nominal Single
Recommended diameter 9

Frequency : strand

wire gauge over
Rac/Rdc
Copper

60Hz/1 kHz 28AWG 0.0126 1
1kHz-10 KHz 30AWG 0.0100 1
10KHz-20kHz 33AWG 0.0071 1
20kHz-50kHz 36AWG 0.0500 1
50kHz-100kHz 38AWG 0.0040 1

Next, the core material will be considered. There are many
candidate materials for the high-frequency transformer core
such as Nanocrystalline, ferrite and amorphous materials. The
main consideration when selecting a high-frequency core is the

core losses.

The Nanocrystalline NANOPERM cores from MAGNETEC GmbH
Company provide the lowest losses among the candidate
materials thus will be used to design the transformer.
Figures 6.4 shows the specifications of the NANOPERM core
[78].

To start the transformer design the total cross-sectional area
of the Litz wire has to be calculated, J=4.5A/mm?2 is suitable

current density as the litz wire will have a Rac/Rdc=1 thus the
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losses will be low and high current density can be utilised. The

required Copper area for the high and the low voltage sides is

as follows:
I
J=_1ms
Wa
l 11
ILv phrms 50 2
W =— = =11.1mm
ALY J 45
1,40
B[T]
1,20
250,00 200,00 150,00 100,00

(6.9)

(6.10)

(6.11)

H[A/m]
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Figures 6.4 The Nanocrystalline NANOPERM core M-142
specifications a. Hysteresis loop of core M-142 (reprinted from
[78]) b. Specific Losses of core M-142 [78].

Thus for the high voltage side, one wire of the Round AWG 32
is suitable to carry the current while for the low voltage side

two Litz wires of the round AWG 38 wire have to be connected

in parallel.

Next, the available Nanocrystalline NANOPERM cores were
investigated in order to check for a core with suitable cores

section and window areas to house the required number of

turns.
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Table 6.3 The chosen wire of the transformer:

Rd
. N of D of single Copper cross ¢
Wire type . 2
strands | strands mm section mm
mQ/m

High Yoltage Round AWG 100 0.2 314 55
side 32

Low Yoltage Round AWG 630 0.1 495 35
side 38

The relation between the flux and the core cross section area

is presented in equation (6.12)

Effective core cross section area

B:ﬁdet == NllAe ><(KfV>< -
Where:

B The peak flux density
N The number of turns
Ae

\% The applied voltage

(6.12)

The transformer will be working in a symmetrical operation
thus the peak change in flux will be equal to two times the

Bmax:

AB =2xBpax

(6.13)
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From equation (6.12) and (6.13), the number of turns can be
calculated. The number of turns at the low voltage is
determined by the required voltage ratio between the high and

low voltage side:

\MXNHV (6.14)

Thus for each core size and operating flux density, there is a
required number of turns, the total number of turns should fit
within the winding area of the core which can be calculated
using equation (6.15)[79].

_ Wa Hv xNpy +Wp v xNpy)
KU

AW (6.15)

It should be noticed that the total wire size is not equal to the
total copper size as the Litz wire will have a considerable
amount of insulation to insulate each Copper strand. Thus, the

winding factor K, is used to accommodate the Litz wire.

Although winding factor greater than 0.6 can be achieved for
some transformers [79] an acceptable winding factor in this
design could be lower than 0.6 due to the required isolation

between the Litz wire strands.

The final step is to check the core and Copper losses this can

be done using the following equations:

The core losses can be estimated using Figures 6.4 or using
the Steinmetz equation (6.16) [74]:

P, =K.f?B” (6.16)
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Where:
Pn Specific core losses (W/KQg)
K, B, a Steinmetz equation constants.

The Copper losses can be calculated using equation (6.17).

Copperlosses= Ny x| Ly ph rms x Length gne turnRac (€2/m) (6.17)

+Npy x| “Lv ph rms x Length gpe tyrnRac (€2/m)

After investigating the available cores, the final design was
made using NANOPERM M-142 oval core 130x100x20mm,
Nanocrystalline cores from MAGNETEC GmbH Company [78].
It should be noticed that the core is slightly oversized as it was
the only core with oval shape which could be bought from the
supplier. The oval shape gives the advantage of using foil if
the transformer is to be redesigned. While the number of turns
was 108 at the high voltage side and 23.4 (double wire) at the

low voltage side

Copperlosses=108x11% x0.132x5.5x1e —3

+23.4x51%2%0.132x3.5/2x1e 3
—0.48+1.4=10.88W

The working flux can be calculated using equation (6.12)

- v 860 0.23T

Brax = - _
M Agx2x Ny x Ky x f (2.1/10000) x 2x108x 4 x 20000

The total Copper losses were calculated to be 10.88 W. core
weight is less than 1kg and the working flux is 0.23 and the

working frequency is 20 kHz. Thus from Figures 6.4 the losses
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and the weight of the transformer the core losses will be
5W/Kg which sums up to be 5W/Kgx1kg=5W. This low losses
level will not cause a transformer temperature rise which was
confirmed by monitoring the transformer temperature using
the thermal camera and thermocouples when the transformer
was in operation. The transformer windings were built as a
single layer, with secondary layer sets on top of the primary.

Figure 6.5 indicates the completed fabricated transformer.

—

//“/ 2.1’/’1”/"" W]!gl[lll{iﬂplllﬂglplll[ﬂﬂ]ﬂwmvﬂmmlﬂwe" s '9 11‘ 5___.'

Figure 6.5 The completed fabricated single phase transformer

6.4 High- frequency high-power inductor.

6.4.1 Inductor rating and specifications.

In this part of the thesis, the design of an inductor for the 3¢
DAB converter will be considered. Due to the availability of a
Litz wire suitable for the high current side, the inductors were

positioned at the low voltage (high current side) of the
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transformer. The inductor value can be estimated using

equation (6.18) where¢=50°:%7z:0.872 rad :

V2 xd x ¢ 2_¢,
Pnomx@ 3 27

15002 x1x0.8720 2 0.872
- (5- ) (6.18)
20000x 2% 7x20000 '3 27

=0.4123mh

Ly =

Thus the total required inductance referred the transformer

low voltage side is equal toL\ =19.38.H .

A test was performed to identify the leakage inductance as
seen from the low voltage side of the fabricated transformer

which was found to be equal Ly 1 =1.54uH

Thus, the required inductor value is equal to:

L=Ly-LLy 1 =19.38-1.54=17.84,H (6.19)

The specifications of the inductor to be designed can be found
in Table 6.4.

Table 6.4: The specifications of the inductor

Frequency Current Inductor value
(kHz) (A) RMS Voltage (V) RMS (iH)

20 50 153 17.84
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6.4.2 Inductor design:

In order to design an inductor the core size and material, the
conductor number of turns and the air gap length has to be
calculated [80]. This can be done by following the simplified
flowchart presented in Figure 6.6. Still, the final design might

not be fully optimized due to the available Litz wire constraint.

SN
[ Inductor rating |

\ /
\ /

Chose core
materials and
calculate core size

v

Calculate number of
turns, and air gap
length

Y

Calculate the
fringing factor

v

Recalculate the
number of turns
and flux density

v

Calculate conductor
and core losses

“Lowest losses ™
~~._and core size
\\

No

Yes

s N\
‘/ Inductor \‘
\_ characteristics /

N /!

Figure 6.6 Design flow chart of the inductor design.
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The core material which provides the lowest losses at the
converter operational frequency and power rating is the
Nanocrystallized, still due to the lack of suitable
Nanocrystallized cut cores; a C cut core made of the Metglas®
amorphous alloy 2605SA1 was used [81]. Figure 6.7 shows
the relation between the losses and the flux density for the
chosen Metglas® amorphous alloy 2605SA1 [82]

Core Loss vs. Flux Densityt @ 25°C
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(Wikg) = 6.5 fkHz)15! B(T)L7*
1 W/kg = 7.18 mW/cm?

L L
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Flux Density (T)

Figure 6.7 Relation between core losses and flux density for the
Metglas® amorphous alloy 2605SA1 (reprinted from [79]).
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To start the designh, the required area product has to be

calculated This can be done using equation (6.20) [79]:

LIZ  17.84x107°x50%x10*

0= = 4.1 cm? (6.20)
KyBac J 0.6x0.4x 450
Where:
Bac The peak flux.
I The RMS values of the current.
J The current density J =4.50A/mm?.
Ky Window filling factor.

The next step is to look for a core which has an area product

higher than the minimum area product calculated from (6.20).

The area product for a given core can be calculated using
equation (6.21): [79]

Ap =W, x A, (mm®) (6.21)
Where:

Ap Area products.

Wy Window area.

A Cross-section area.

The next step is to vary the flux density and to calculate the

number of turns and the air gap length for the different cores
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under considerations. The combination of the air gap length,
flux density, number of turns, and the smallest core size
offering the least losses should be the combination of choice.
This calculation was done using equations (6.22,6.23) [79] the

following calculation are for the AMCCS80 core.

Ve 153

Kt xBge x f x Ac  4x0.3x 20000 (5.2/10000)

2
L' (6.23)
Ig
_ moN ZAC 3 4x %1077 x12.25% x (5.2/10000)

=55 mm
g L 17.8x1e 0

Equations (6.22, 6.23) do not account for the fringing flux
thus equation (6.24) can be used to calculate the fringing
factor (F) [79]:

5.5 2x7

F:1+I—gln(E):1+—ln(
JA g J52 " 55

)=1.78 (6.24)

Where:
G The winding length.
g The air gap length.

The fringing factor will result is a change of the number of
turns and the operational flux density. Thus, they have to be
recalculated this can be done using equations (6.25, 6.26)
[79]
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LI _
Ny oy = g _ 17.8><17e 6x (5.5/1000) _ 918 (6.25)
HoAcF  \4x7x107" x(5.2/10000) x1.78
3 ~ Vae ~ 153
BN T Kt x Ny ¥ fx A; 4x9.18x 20000 % (5.2/10000) (6.26)

=04T

The window area was checked to make sure that it has enough

area to accommodate the wire for the chosen combination.

Finally, the losses from the inductor should be evaluated for
each combination of core size, air gap length, flux density, and
number of turns. The chosen core was the AMCC80 from the

Hitachi Metglass.

The inductor core losses can be estimated using the equation

(6.27), while the Copper losses can be estimated using
equation (6.28)

Core losses = (6.5f (kHz)l'51 B(I')”“)core weight

=6.5x (20)°1(0.4)174 x 0.938 (6.27)
=114 W

Copperlosses = Npey x 120V ph rms x Length gne rurnRac (Q/m) (6.28)
=9.2x50% x0.123x3.5/2x1e > =5W

The losses was chosen which has core losses of 114 W and
Copper losses of 4.9 W it should be noticed that the inductor
was not fully optimized due to the available Litz wire constant
and the lack of a suitable Nanocrystalline cut core. The
temperature rise of the inductor was monitored using the

thermal camera and thermo-cable when the inductor was in
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operation the inductor temperature was stable at around 36
degrees during the test. Table 6.5 indicates the specifications
of the fabricated inductor while Figure 6.8 indicates the

fabricated high-frequency inductor.

Table 6.5 The fabricated inductor specifications:

Chosen Core N lgmm Bac (T)

AMCC 80 9.2 0.55= 0.275mm/leg 0.48

A \\‘\\\w\\\\\\w
1o 1h 12‘\ U3

Figure 6.8 The fabricated high-frequency inductor .

6.5 IGBT selection

The IGBT choice is mainly dominated by its operational voltage

and current. It is standard practices to rate the IGBTs to
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withstand at least 1.5 of the DC bus voltage, and 1.5 of the

DC side current. Thus, the minimum rating of the IGBT s

calculated according to Table 6.6.

Table 6.6 Minimum rating of the 20 kW converter IGBTs:

High voltage side

Low voltage side

Voltage (V)

V =1500x1.5= 2,250

V =325x1.5=487.5

Current (A)

| _ 20000

= x1.5=20
1500

| _ 20000

x1.5=92.24

325

Next, a survey of the available semiconductors devices in the

market was conducted in order for suitable devices to be

identified. The investigated manufacturers included:

Semikron, IXYS, Infineon, Mitsubishi, Fuji, Sanken, Hitachi,
Toshiba, ABB, DYNEX, and IR.

The devices in Table 6.7 were chosen:

Table 6.7 The characteristics of the chosen devices:

Device name

Voltage (VCES )

Current ( |c)

High voltage DYNEX

side DIM100PHM33 3300 100
Low voltage Semikron SKM

side 145GB066D 600 150

It should be noticed that there was no available device with a

compatible current rating and with a voltage rating of less
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than 3.3 kV, which could support the required voltage 2.25 kV.
Furthermore, the chosen device for the high voltage side was
the device with the lowest current rating among the available
range of devices rated at 3.3 kV. For the low voltage bridge, a
600V/150A device was chosen.

6.6 Snubber capacitors design

This part of the thesis includes a calculation of the required
snubber values for testing the practical 20 kW converter cell.
Snubber capacitor values should be chosen to provide ZVS
turn-off. Additionally, the snubber value should be reasonable
to prevent high loss of the ZVS turn-on range. The snubber
capacitor value should be higher than the required critical
snubber for ZVS turn-off and lower than this value will cause a
loss of the ZVS turn on at a specific dead time and turn off

current as explained in 5.4.3.

The critical snubber value can be calculated using equation
(5.38). Equation (5.38) does not account for the tail current as
explained in 5.4.1.2. In order to account for the tail current,
the fall time should be multiplied by a factor of 5 [83] as it will
give more time for the IGBT to fully switch off. Equation (6.29)
shows the minimum snubber calculation after accounting for

the tail current.

Chin=—-""7"" 6.29
=" e (6.29)
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The current at commutation can be calculated using equation
(5.3). The dead time should be high enough to allow for the
inductor/snubber commutation to be finished before turning on
the IGBT as calculated in equation (5.47). The dead time
should not be so high, as this will limit the control range and
prevented achieving the required output voltage and power. A

dead time value of 2 usis a reasonable value to achieve this

balance, which was chosen after running converter simulation

with different values of snubbers and dead time.

The value of the maximum snubber allowed can be calculated
using equations (5.44) and (5.45) which yields the following

equation:

~ BLlgn”

Crnax = —2 (6.30)
4

The maximum, minimum snubber values and converter

parameters are presented in table 6.8.

Table 6.8 The parameters used to calculate the design points:

V | L(MH) | taead @) | FkHz | ¢ | t(nS) | leom | CminF | CrmaxnF

HV | 1500 | 0.4123 2 20 50 | 170 8.42 2 9.7

LV | 325 | 0.019 2 20 50 46 38.86 | 6.8 203

After the snubber range has been established, a group of
practical snubbers are used to conduct the test as presented in
Table 6.9. Some of the chosen snubber capacitor values were

higher than the upper limit in order to test the effect of the
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snubber outside the operation range. The test will be carried
with the chosen capacitors and dead time to examine the

losses of the converter under this operating range.

Table 6.9 The value of snubbers which are going to be used for the
high and the low voltage bridges.

Snubber values pF
High 29 ’y
voltage | 90922 WP VISHAY | 001 uF LCR 0.022 uF LCR
bridge MKP1845222204 PC/HV/S/WF PC/HV/S/WF
Low
voltage 0.022 uF CORNELL 0.047 uF LCR 0.068 uF VISHAY
bridge 940C20S22K-F PC/HV/S/WF MKP1845222204

6.7 DC link capacitors, power planes, and heat

sinks

The selection and choice of the DC link capacitors, the power
plane, and the heat sinks dominates the final converter size
and weight. Thus, special attention should be given when

choosing these parts.

For the heat sink, a water-cooled heat sink was chosen, which
was based on the fact the water heat sink provides more
cooling than the air-cooled heat sink if they were of a
comparable sizes. The only drawback from using water cooled
heat sink is the need for extra equipment such as a cooler and
pipes when installing the water-cooled heat sink. Thus, in a

commercial converter, an air-cooled heat sink might lead to a
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lower price, less complex system, which would be lighter and

smaller in size.

Table 6.10 The two ordered water-cooled heat sink:

. AAVID THERMALLOY Hi-Contact Liquid 6 Pass;
High voltage
305mm

Low voltage | Wakefield-Vette COLD PLATE 4PASS 6X5.5X0.690"

For the power plane and capacitors, the DC link capacitors
should be capable of reducing any ripple which might be

present in the DC link voltages:

During this project, UL30BC0360 dielectric capacitors were
available for use. Table 6.11 includes the rating of this

capacitor:

Table 6.11 The UL30BC0360 capacitor rating:

CAP (uF) VDC I Peak (Amps) ESR

360 600 3845 0.0076

For the high voltage side the voltage rating is 1500 V, thus
four capacitors with a rating of 600 each were serially
connected to bank of 4*600 =2400 V, which is enough to

handle the output voltage from the converter.
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Thus the total capacitor of the DC link will be equal to (360 uF)
/4 = 90 pF. Finally, a suitable power plane was desighed and

ordered.

For the low voltage side, a suitable ready fabricated high
current power plane was available. This power plane can host
two series connected capacitors. These capacitors, when
connected in series, will give 360/2=180 pF with a voltage
rating of 1200 V, which is more than enough for the low

voltage DC link.

The completed high and low voltage bridges are presented in
Figure 6.9 and Figure 6.10.

Figure 6.9 The completed high voltage bridge being tested (at the
front).
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Figure 6.10 The completed low voltage bridge being tested.

6.8 The gate driver design

The gate drive provides the following functions [84]:

e It isolates the DSP and the FPGA from the bridge high
voltage.

e It provides the voltages and the control pulses required
to drive IGBTs.

The gate driver has many components: the DC/ DC converter,
which is used to provide the =15 VDC required to drive the
IGBT; The optocoupler, this is needed to provide extra
protection to the digital component due to its isolation, the
chosen optocoupler is the 2.5A HCPL-3120-000E AVAGO
TECHNOLOGIES and in order to protect the IGBT from over-

voltages, two Zenner diode were used. The connections
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between the DSP/ FPGA stack and the gate drives were made
using fibre optic links, which is used to isolate the DSP/FPGA
stack from the high voltage, and to prevent the noise
generated in the high voltage area from propagating to the

controller. [84].

Finally, the DC/DC converter power rating can be designed

based on equation (6.31)
Py = fox(+Q|+-Q|)x (+Vee +|-Vee)) (6.31)

After the DC/DC converter rating was calculated which needed
0.9 watts for the low voltage side and 1.5 watts for the high
voltage side, suitable DC/DC converters were chosen as
presented in Table 6.12:

Table 6.12 The chosen gate drive DC/DC converter.

Bridge DC/DC name Povyer Isolation Vin Vout
rating
Low Murata
voltage NTHO515MC 2W 1kVDC 5V +15Vv
bridge
v:Iit%h o | TRACOPOWER | | 4800 | o | Lqgy
bridgge THB 3-0523 VAC rms -

Finally, the gate drives were fabricated. Figure 6.11 and
Figure 6.12 illustrate the gate drivers for the high and the low

voltage side.
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Figure 6.12 Gate driver for the low voltage bridge

6.9 Measurement board design

The measurements board provides the controller with the
values of currents and voltages in the circuit. These values are
then used for control and protection. The measurements were
performed for the output voltage and the three-phase AC

current. Figure 6.13 indicates the measurements circuit.
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Figure 6.13 The measurements board.

The chosen voltage transducer was the LV 25-P and the

chosen current transducer is the LA 125-P.

6.10 Control unit DSP and FPGA

The control platform developed at the PEMC group of the
University of Nottingham.

The control platform comprises of a TMS320C6713 225 MHz
floating-point digital signal processor (DSP) developed by
Texas instrument. This is combined with a Field programmable
gate array (FPGA) Actel ProAsic 3.FPGA which is used to
produce PWM, provide protection and to read the measured

voltages and currents. [84]

The FPGA board has 10 analogue to digital input ports which
used to connect the external feedback signals to the control
platform.
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An extension board was available to be used in this project
which is used to extend the FPGA card output to 12 fibre optic
outputs which are required for the converter. The completed
control unit stack is shown in Figure 6.14.

Figure 6.14 The complete control unit stack.

6.10.1 The DSP processing unit TMS320C6713

The TMS320C6713 DSP is a 32-bit floating point signal
processor. The DSP is used to execute the control program.
The DSP is programmed in C, using the Code Composer Studio
developed by Texas instruments [85].

6.10.2 The FPGA Field programmable gate array

The FPGA board was developed by the PEMC group utilising
the Actel ProAsic 3 FPGA chip. The other components on the
board include:
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e Analogue input ports: this is used to interface the
measurements from the current transducers into the A/D

through burden resistors[84].

e Burden resistors: these are used to interface the
measured analogue values from the transducers into the
A/D input.[85]

e 10 A/D converters.[84]

e Fibre optics output links: these are used to transfer the
gate signals generated by the FPGA to the IGBT’s gate

drivers.

e Buffers: these are bidirectional buffers and based on
their setting, the specific FPGA pins can be configured as

input or output.

e Programming port: this is used to interface the FPGA to

the programmer.

The FPGA is working at speed of 50 MHz and when the
switching commences, first all the measurements values such
as the converter voltages and currents are read and stored,
which is used to control the converter. Due to time constrain
at the end of the project the converter was run in an open

loop manner, by inputting the phase shift angle directly.

The required modulation data then gets stored in a register
based on the First In First Out FIFO principle. The register is
then accessed from the FPGA. Finally, the FPGA will translate
the FIFO data into the switching modulation required to drive

the IGBT to achieve the required functionality.
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6.11 Summary

This chapter presented the steps followed to design and build

a 20 kw, 20 kHz, 1500 V DC to 325 VDC 3¢DAB converter

cell. The main parts rated or designed or built and tested
included: the IGBTs, the snubber capacitors, the inductor, the
transformer, the DC link capacitors, the power planes, the
heat sinks, the gate drivers, and the control platform
(DSP/FPGA).

The following chapter will include the practical results obtained

from the 20 kW 3¢DAB converter cell built as described in

this chapter.



Chapter 7

Experimental Results.

7.1 Introduction

This chapter of the thesis includes the practical results of the 3

¢ DAB converter described in chapters 5 and 6.

The main purpose of this chapter is to compare the efficiency
of the 3@ DAB converter with and without snubbers. Thus, the

benefits and limitations of using the proposed multi-cell
converter built from a combination of snubberred and un-

snubbered cells can be investigated.
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To achieve this goal, the converter will be tested first without
snubbers and following that testing with different snubber

capacitor values will be undertaken.

Finally, a multi-cell multi-snubber converter will be proposed
based on the converter cell performance with and without

snubbers.

7.2 Equipment used and test procedures

In this part of the thesis, the equipment used and the
procedures followed in order to measure the converter

efficiencies will be described.

In order to calculate the power, losses, and efficiencies of the
converter bridges the power analyser and oscilloscope were

used. The test setup is presented in Figure 7.1.

“kinetiQ PPA2530” power analysers were used as presented in
Figure 7.1.The power analysers were connected at the input
and output DC sides to measure and monitor the DC voltage
and power. An HF100 high current external resistor shunt with

a rating of (100A and1 m@) was used to probe the low-voltage

side current due to the internal shunt limitation of 30 A.



7- Experimental Results 180

High voltage side Low voltage side
9 g 9 Current

,,,,,, transducer |

1] 3] ]

Addns o

—

{ stueq peo |4

2 oy

(d'I'A\) JesATeue Jamod

N

: VIItage

S ¥ Icﬂj'h‘ """ N ! . transducer
Rogowski probe | I\ voltage probe
leh Rogowski probe
| FPGA

o o
Host PC

Oscilloscope

<5

Figure 7.1 3 three 9 DAB converter test set-up:

For waveform measurements, a group of voltage and current

probes, as presented in Figure 7.1 were used to measure the

voltage (V) across the device and the total current (I =1 +1;)

through the device. These currents and voltages were then
used to calculate the turn-off, the turn on (if present), and the

conduction losses of IGBTs and diodes.
The equipment used to perform this task included:

1- 12-bit wave runner HRO064Zi oscilloscope. This was
chosen due to the high resolution available from the 12
bit, up to 15 bits with enhanced resolution (ERES), which
will give better results resolution than the other 8 bit

oscilloscopes available in the laboratory [86].

2- PEM Ch3 CWT 3B ultra-mini Rogowski current probe. It
was chosen due to the fit of the measurements terminals
of this current probe in the confined space available near

the power module. This probe has a high accuracy of =+
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2% of reading and a sensitivity of 10 mV/A [87]. And
has a peak current of 600A and peak voltage of 1.2kV.

3- Test Tec TT-SI 9110, and TT-SI51 voltage probes. These
probes were chosen due to the high accuracy of the TT-
SI51 which is around =1 % of reading and due to the
TT-SI 9110 can be used for the high voltage level, even
though it has a slightly lower accuracy at =2 % of
reading [88, 89]. The Test Tec TT-SI 9110 voltage probe
has a peak voltage of *£1.4kV (DC + Peak AC) or
1000Vrms while the Test Tec TT-SI51 voltage probe has
a peak voltage of £700V (DC + peak AC) or 600Vrms.

It should be noted that due to the power analyser rating
limitations, which was not foreseen at the design phase of the
project, the test was conducted at a voltage level of 930 V at
the high voltage side instead of the originally planned 1500 V.
While, the low voltage side bridge voltage was 200 V instead
of the initially proposed 325 V.

Using the data available from the probes and the oscilloscope
data sheets the minimum measurable step and the accuracy of

each of the four measured values can be estimated.

The resolution can be defined as “the smallest change in the
value of an input signal that changes the value of the digital

output by one count” [90].

The Wave Runner HR064Zi is a high-resolution 12-bit
oscilloscope and the steps in the measured values can be

calculated as follows:
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Step value = Value/ 2N (7.1)

Where:

Step value The minimum step in the measurements made by

the oscilloscope
Value The value of measurements using the oscilloscope
N The oscilloscope humber of bits.

In this study, four different values of voltage and current will
be measured for the low and high voltage bridges. This will
yield step values as presented in Table 2.1. It should be noted
that when taking the probe sensitivity and the probe attention
setting in the oscilloscope into consideration, the result is a

representation of the voltage and current in V and A.

Table 7.1 The measurable steps for the voltage and current.

High voltage bridge Low voltage bridge

V I V I

Value 930 13 200 60
Step value 0.227 0.003 0.0488 0.014

The minimum achievable measurable values combined with
the total accuracy of the measurements device is presented in
Table 7.2:
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Table 7.2 The achievable measurements step and accuracy of each
voltage or current probe.

High voltage bridge low voltage bridge
\Y I \Y I
Achievable 0.5 0.05 0.05 | 0.05
step
Accuracy 2% + 2% + 1% 2%

The voltage and current are going to be used to calculate the

power this will yield the following equation for the measured
power accuracy:

P=Vxl (7.2)
e o\ VAR,
— Rt (7.3)
PV

Thus the accuracy of the measured power is almost equal to
the sum of the accuracy of the voltage and current probes

which yield an achievable measurements step and accuracy for
the power as presented in Table 7.3.

After the tests were conducted, the current and the voltage

waveforms were saved and further processing was performed
using MATLAB.
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Table 7.3 Achievable measurements step and accuracy for the
power measurements:

High voltage Low voltage
bridge bridge
Achievable
measurements step (W) 0.5 0.05
Accuracy + 49, ¥ 3%

The waveforms were first imported to MATLAB, then the losses
at the turn-off, turn-on and the conduction losses were
calculated (the turn-on losses are usually only present in a
limited number of cases, further explanations will be given for
each case). The procedures used to calculate the turn on and

turn off and the conduction losses are presented next:

7.2.1 Turn off losses:

The total turn off losses, including the tail current losses, are
considered for this work. The turn-off losses are defined as the
losses between the times where the turn off voltage reaches 5
% of its final value until when the turn off current reaches 2%
of its turn off peak value. This definition was used as it gives
the best separation between the turn-off losses and the

conduction losses.

toff End

Eturn Off IGBT = IVcelc dt (7-4)
toff Start

Purn off 1GBT = fsw> Eturn off 1GBT (7.5)
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Where:

Eiurn off 1geT The turn off energy of the IGBT.

Purn off 1GeT The average power dissipated in the IGBT due to

the turn off losses.

toff Start The time when turn off voltage reaches 5 % of its

final value.

toff End The time when the turn off current reaches 2% of

its turn off peak value [91].

7.2.2 Turn on losses.

Due to the turn-on losses being mainly a consequence of a
capacitor discharging (stray capacitor or snubber capacitor)
while the IGBT is soft turn on the other situations, the turn-on
losses will be defined as the losses between the time the turn
on current starts increasing at the start of snubber discharge
to the moment when the current goes back to zero at the end

of the snubber discharge turn on event.

ton End

Eturn on IGBT — J.Vcelcdt (7-6)
ton Start

Rurn on 16BT = fsw > Eturn on IGBT (7.7)

Where:

Eiurn on 1IceT The turn off energy of the IGBT.
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Pumnon iceT The average power dissipated in the IGBT due to

the turn off losses.

ton Start The time when the turn-on current start increasing

at the start of snubber discharge.

ton End The time when the turn-on current goes back to

zero at the end of snubber discharge.

7.2.3 The conduction losses:

The conduction losses are straightforward to be estimated. The
IGBT and diode data sheets were used in combination with the
IGBT and diode measured currents to estimate the conduction
losses. First, the IGBT and diode voltages are estimated using
the VI curves from the data sheet. The conduction losses were
then estimated by multiplying the measured currents with the
voltages estimated using the data sheet. The last step was to
integrate the losses over the conducting time of the IGBT and

the diode, which gives the losses in J.

Ic or I = (use the IGBT ordiode data sheet)= Vcg orVe

tcon IGBT End

Econ I1GBT = [Vce 1dt (7.8)
tcon IGBT Start

Peon 1GBT = fsw>*Econ I1GBT (7.9)

Where:

Econ 1cBT The conduction energy of the IGBT.
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Poon 1GBT  The power averaged dissipated in the IGBT.
teon1cBTstart 1 NE time when the IGBT start conducting.
teconicBTEnd T he time when the IGBT finish conducting.

tcon D End
Eon D=  [Vcg ldt (7.10)
tcon DStart

Poon D =FswXEcon D (7.11)

Where:

Econ D The conducting energy of the diode.

Pon D The power dissipated in the diode due to
conducting.

teonDstart 1 he time when the diode start conducting.

tcon D End The time when the diode finishes conducting.

7.3 Test set up.

The experiments were set up using the probes mentioned
earlier in this chapter, while the circuit components were
chosen and designed based on chapters (5) and (6) of this
thesis. The tests were conducted with IGBTs parameters as
presented in Table 7.4 while the rest of the parameters are

presented in Table 7.5.
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Table 7.4 IGBT used in the test.

IGBT at high voltage side DNX_DIM100PHM33

IGBT at the low voltage side SKM145GB066D

The SKM 145GB066D parameters were estimated by applying
the outlined methods in section 5.3 and are as follows:

Vego =0.7V, rc =0.0067 Q, Vpg=0.8V, and rp=0.005Q. While
the DNX_DIM100PHM33 parameters are  Vggp=0.94V,

I'c =0.147 Q2, VDO =111V, and D =0.008Q2.

The load was made of a group of resistors connected in
parallel and series, which gives a final load varying from 45.2
Q to 5.20.

Table 7.5 The practical 3 DAB circuit parameters:

kFHZ Liv | NLEN2 ) Cpeink-Hv| Coc—Link-LV| tdead _time
20 | 17.84 1084;23' 90 360 2

The tests were then conducted for different loading scenarios
and different snubber values, and the results are presented in
the next part of this chapter. It should be noted that for the
sake of the clarity of the figures and to avoid repetition, the

green lines refers to the current Ic and the lines in blue refer
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to the voltage Vce in all the figures which include these two

waveforms together.

7.4 Practical Results

7.4.1 Test without snubber

To establish the converter base efficiency a test without any
snubber was first conducted. The test was conducted using the
probes and components described earlier. As the converter is
bidirectional the test can be performed for the cause where
the high voltage bridge is working as an inverter and the low
voltage bridge is working as rectifier which is not covered in
this chapter due to time and laboratory limitations. However,
the idea of the multi-cell multi-snubbered converter is fully
covered and validated using the cause where the low voltage
bridge is working as inverter and the high voltage bridge is

working as a rectifier.

It should be noticed that the waveforms deskewing is of a
great important to make sure that all the delays between the
measured values and the oscilloscope it accounted for. A test
was carried out to measure the Rogowski coils delays using a
shunt resistor as a reference. The delays value was then
compared with the Rogowski current probe data sheet. A close
match was observed between the two delay times, which
validate the waveform deskewing approach. It should be
noticed that the losses values are calculated using the
approach described in section 7.2 where the turn off losses is

the value when the current reaches 2% of it is final value and
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the turn on losses is the value when the current goes back to

Zero:

Voltage and current waveforms for one cycle
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Figure 7.2 Low voltage switch current and voltage waveforms for a
load of 14.8% of the rated power, f=20 kHz, and no snubber.
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Figure 7.3 Low voltage switch current, voltage waveforms at turn
off waveform and losses for a load of 14.8% of the rated power,
f=20 kHz and no snubber.
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Voltage and current waveforms for one cycle
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Figure 7.4 Low voltage switch current and voltage waveforms for

the full rated power, f=20 kHz, and no snubber.
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Figure 7.5 Low voltage switch current, voltage waveforms and
losses at turn off for the full rated power, f=20 kHz, and no

snubber.
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From the figures Figure 7.2 to Figure 7.5 it could be noticed
that the turn-off losses increased when the turn off current

increased, it was only around 80 ,J with turn off current of
0.8 A, and then increased to around 700 ,,J at 13 A turn off

current.

The next figures indicate the situation at the high voltage

bridge side.

Voltage and current waveforms for one cycle
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Figure 7.6 High voltage switch current and voltage waveforms for a
load of 14.8% of the rated power, f=20 kHz, and no snubber.
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Voltage and current waveforms at turn off
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Figure 7.7 High voltage switch current, voltage waveforms and
losses at turn off for 14.8% of the rated power, f=20 kHz and no
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Voltage and current waveforms for one cycle
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Figure 7.9 High voltage switch current and voltage waveforms for
full rated power f=20 kHz and no snubber

Voltage and current waveforms at turn off

o
Ic turn off (A)

N

®

Switching losses

S 2000 /-/"'" e

S 1500 \-

& 1000 /

o /

&8 500

- M ——

0 1 2 3 4 5 6 7 8
Time (p.s)
Instantaneous losses Integration

0 1 2 3 4
Time (u.s)

Figure 7.10 High voltage switch current, voltage waveforms and
losses at the turn off from for full rated power, f=20 kHz and no
snubber.

After analysing the high voltage bridge results some undesired

behaviours were noticed. First, in Figure 7.6 it can be noticed

that there are turn on losses at the high voltage bridge at a
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low current. These losses should not be present normally in
the bridge as the 3¢ DAB high voltage side IGBT’s are softly

turned on. These turn on losses are present in the converter
due to the fact that the turn-off current is less than 1 A, which
is not sufficient to discharge the IGBT capacitance under
testing within the dead time. The remaining charge in the
internal capacitance will discharge in the IGBT after it is turned
on which will result in turn on losses in the IGBT. These turn

on losses are around 550 xJ. Turns on losses in the IGBT are

indicated in Figure 7.8.

The second issue is present in Figure 7.9 and Figure 7.10 It
can be noticed that the high voltage IGBT has high turn-off

losses of around 7500 xJ. These turn-off losses are present in

the IGBT due to the long tail current this high voltage IGBT
has. This combined with the high switching frequency used,
caused high losses in the high voltage bridge which are not
tolerable as the turn-off losses will cause almost 1,100 Won
average to be dissipated in the bridge which will degrade the
bridge efficiency to lower than 85%. Furthermore, these high
losses if left undissipated might cause a thermal run away and

break down of the devices.

The last two factors are limiting factors from the high voltage
IGBT, which will lead to lower converter efficiency. However,
this cannot be improved on due to the chosen IGBT for the
high voltage bridge DIM1000OHM33, which was the best-rated
IGBT available in the market to choose. It has the smallest
current rating, with an appropriate voltage level of 3.3 kV,

which can be safely used with the originally planned input
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voltage of 1.5 kV. However, if a more suitable rated IGBT was

available, better results could be obtained. Development of a
suitable Silicon Carbide SiC device with a rating of 2.5 kV and

30A into the market, for example, would maximize the desired

converter performance at the design frequency of 20 kHz.

The tests were conducted over all the range of loads and the

losses are presented in the following tables:

Table 7.6 The losses values for one device for the low voltage
bridge with 200V DC load, 20 kHz and no snubber

P (%) | 1GBT,y(d) | 1GBTen () | Deon (1) Eff:?(’::iedngcey°/o
0 10.3 0 0 -
14.8 57.8 0 24.6 98.8
20.5 57.8 0 170.6 98.4
43.8 71.7 1 297 98.3
58.3 478.5 1 271 97.5
72 569.6 4 359 97.4
85.8 652.0 6 470 97.4
100 732.6 15.3 565.1 97.4
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Figure 7.11 The low voltage bridge total losses by using the current
and voltage waveforms with no snubber

From Table 7.6 and Figure 7.11 it can be noticed that the low
voltage bridge has a high efficiency over most of the operation

range as the converter is working with soft switching turn on.

Furthermore, the conduction losses of the converter switches
can be analytically calculated as explained in section 5.3. The
SKM 145GB066D [92] was used in the low voltage bridge,
and by applying the outlined methods in section 5.3 its

parameters were estimated as follows: Vggo=0.7V,
rc =0.0067 Q, Vpp=08v, and rp=0.005Q. Figure 7.12 and

Figure 7.13 indicate a comparison between the low voltage
bridge IGBT and diode conduction losses by applying the
practical and analytical approaches. The high voltage bridge
will not be considered for the comparison due to the earlier
highlighted issues with the available high voltage IGBTSs.
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Figure 7.13 A comparison between the low voltage bridge diode

conduction losses by applying the practical and analytical

approaches

From Figure 7.12 and Figure 7.13 a good match between the

analytical and practical results was obtained which validates
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the followed process for calculating the analytical and practical

conduction losses.

Table 7.7 The loss values for one device for the high voltage bridge
with 200V DC load on the low voltage side, 20 kHz and no snubber

IGBT, IGBT, Brid
o turnon turnoff riage
P (%) y7a ) y75) IGBTeo, 243 Doon 443 Efficiency%
0 591 550 0 0 -
14.8 525 2,548 2 0 73
29.5 637 5,687 12 0 68
43.8 0 6,263 24 0 77
58.3 0 6,550 27 0 82
72 0 6,664 36 0 85
85.8 0 7,313 46 1 86
100 0 9,295 58 5 84
1200
1100 H Diode conduction losses
1000 .
900 IGBT conduction losses
s 800 B IGBT Turn off losses
= 700
§ 600 M IGBT Turn on losses
3 500
400
300
200
100 ';
0

0 148 295 43.8 583 72 858 100

P (%) of rated

Figure 7.14 The un-snubbered high voltage bridge total losses
measured using the current and voltage wave forms.
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From Table 7.7 it can be noticed that the high voltage bridge
best efficiency was around 86% at 85.8% of the rated power.
While the efficiency falls from 73% at 14.8% of the rated
power to 68% at 29.5% this happens as the current start
going more in the diode in this control angle range. It can be
further noticed from Figure 7.14 that the greatest contributor
to the converter losses was the IGBT turn-off losses. This is
due to the IGBT long tail current which when multiplied with
the 930 V off state voltage results in high losses at the
converter. Also, the IGBT turn-on losses are present at lighter
loading as the turn-off current is not high enough to discharge
the stray IGBT capacitance at turn off, which then discharge at
the IGBT at the turn on event. As the available device of the
high voltage bridge is overrated this lead to higher switching
losses as the large chip area leads to high capacitance [93].
The switching losses of the high voltage IGBT for the low
current level were not available in the data sheet and were not
anticipated to be at this high level at the design phase of the

project.

The next part of the thesis will look at the practical results
obtained when snubbers are connected to the converter
IGBTs.

7.4.2 Test with snubbers at both bridges

The main idea of adding snubbers is to try to limit the tail
current of the IGBT, thus reducing the IGBT turn-off losses in
both the IGBT in the high and the low voltage bridge. In order
to perform this test, a group of snubbers was ordered. The

first test was conducted using snubbers with the following
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values which were designed in chapter six 2.2 nF for the high
voltage side and 68 nF for the low voltage side. The test was
performed for the whole load range and the result of this case
with of 85.5% the rated power is presented in Figure 7.15 and
Figure 7.16:

Voltage and current waveforms for one cycle
250 20

Vce (V)
Ic (A)

0 5 10 15 20 25 30 35 40 45 50
Time (u.s)

Figure 7.15 Low voltage switch current and voltage waveform for
85.5% of the rated power and f=20 kHz

From Figure 7.15, for the low bridge, it can be noticed that the
snubber is working as expected with the current limited at the
moment of turn off. This will lead to a decrease in the turn-off
losses in comparison to the case where no snubber is used.
Moreover, it should be noted that the bridge is working almost
as rectifier as most of the current goes through the IGBT.
While, From Figure 7.16 an undesired behaviour from the
circuit can be noticed. Turn on losses is present in the high

voltage bridge and these losses will increase the total losses of
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the bridge. Additionally, the introduction of snubber capacitor
to the circuit did not provide any improvement to the tail
current reduction at the moment of a turn-off, and the turn-off

losses still exist in the high voltage bridge.

Voltage and current waveforms for one cycle
1000 11

Vee (V)

50 -1
0 5 10 15 20 25 30 35 40 45 50
Time (u.s)

Figure 7.16 High voltage switch current and voltage waveform for
85.5% of the rated power and f=20 kHz

This is mainly due to the fact that the IGBT in the high voltage
bridge has a long tail current and thus in order to snubber it, a
snubber with a higher value is required. Still, if high-value
snubber capacitors were to be used, more turn on losses, due
to snubber capacitor discharge, will be present, unless the
inductor current at the moment of commutation is high
enough to discharge the snubber capacitors before firing the
IGBT as explained in chapter 5 which would further increase
the losses of the circuit. Furthermore, higher value snubber

capacitor cannot be used with high frequency due to their
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higher dead times requirements, which would further limit the
control range of the converter and thus it would not be
possible to achieve the desired output voltage if a higher value

snubber was to be used.

In conclusion, when a snubber is used in the high voltage
bridge the turn-off losses are not improved, while the turn-on
losses, due to capacitor discharge, increased as a result, even
at the highest current the set up allows. Furthermore, higher
value snubbers cannot be used as this will further worsen the
losses and a higher dead time would make the required output
voltage and power not achievable at this frequency level. A
frequency reduction was proposed in order to reduce the
switching losses and investigate the performance at lower
frequencies which will allow for higher snubber capacitor and
higher dead times to be used to limit the high tail current at
IGBT turn-off of the high voltage bridge. Therefore, when
inductor redesigns using the available cores was attempted
the lower frequencies resulted in a lower inductor operational
current. The lower redesigned inductor current will not be high
to enough to discharge the planned bigger snubber required
snubber the high voltage IGBT tail current. This combined with
the limitation of currents available from the test setup led to a
decision to focus the snubber testing on the low voltages side
where a reasonable comparison can be made between the
different snubber values within the available control range.
Also, the effect of snubber capacitor on the turn off losses can
be generalized to high voltage side as well if a more suitable

IGBT will be available in the market.
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7.4.3 Test with the snubber capacitor connected

only at the low voltage side

To conduct this test, three sets of six snubbers with the values
of 22 nF, 47 nF, and 68 nF were used with the low voltage
inverter bridge IGBT while the high voltage bridge IGBT were
left un-snubbered due to the reasons indicated in 7.4.2. The
circuit was set up using the circuit values and the same probes
presented in 7.2 and 7.3 were used. The test was conducted
for the same range of power loading. It should be noted that
the turn off current are small as the bridge is working almost
as rectifier and most of the current goes through the diodes.
Higher benefits of the snubber could be yielded if the bridge is
working at higher turn off currents of the IGBT. The following
figures indicate the results obtained from these three tests
with different snubbers:

Voltage and current waveforms for one cycle
250 20

- —-10

Vcee (V)

Ic (A)

e T e —-20

— —{-30

——————————————————————————————— —-40

-50
30 35 40 45 50

Time (u.s)

Figure 7.17 The low voltage switch current and voltage waveform
for rated power, f=20 kHz, and 22 nF.
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Figure 7.18 The low voltage switch current and voltage waveform
for rated power, f=20 kHz, and 47 nF.
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Figure 7.19 The low voltage switch current and voltage waveform
for rated power, f=20 kHz, and 68 nF
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Voltage and current waveforms at turn off
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Figure 7.20 The low voltage switch current and voltage waveform

for rated power, f=20 kHz, and 22 nF.
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Figure 7.21 The low voltage switch current and voltage waveform

for rated power, f=20 kHz, and 47 nF the losses was .
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Voltage and current waveforms at turn off
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Figure 7.22 The low voltage switch current and voltage waveform
for rated power, f=20 kHz, and 68 nF.

From Figure 7.17 to Figure 7.22, it can be noticed that the
snubber is working as expected as the current is snubbered
during the turn-off. This is true for the case where the current
is high enough to discharge the snubber at the turn-off. Still,
for the lower values of turn-off current, the snubbers might

not be fully discharged, as shown in

Figure 3.1 to Figure 7.26: indicates this cause:
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Voltage and current waveforms for one cycle
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Figure 7.23 The low voltage switch current and voltage waveform
for a 29.5 % of the rated power, f=20 kHz and 22 nF.
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Figure 7.24 The low voltage switch current and voltage waveform
for a 43.8 % of the rated power, f=20 kHz and 47 nF.
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Voltage and current waveforms for one cycle
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Figure 7.25 The low voltage switch current and voltage waveform
for a 58.3 % of the rated power, f=20 kHz and 68 nF.

It can be noticed from Figure 7.23 to Figure 7.25 that a
current spike is present at the turn on and increases with
snubber capacitor value. This current spike resulted from the
remaining capacitor energy, due to the fact, that the current is
not high enough to discharge the capacitor fully before the
IGBT is turned on. The load value, at which the current spike
happens, changes depending on the value of the snubbers.
Therefore, the soft switch turn on area of the converter
becomes narrower as the snubber value increases. It can be
noticed from Figure 7.23 that with a snubber capacitor value
of 22 nF, the converter is soft switched at load values higher
than 29.5 % of the rated power, while from Figure 7.24 it can
be noticed that the converter is working at soft switching in
the area of higher loads with 43.8 % of the rated power with
snubber value of 47 nF. The soft switching area becomes

narrower with 68 nF snubber as indicated in Figure 7.25 the
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converter is soft switched at loads higher than 58.3 % of the

rated power.

The losses were evaluated for all the load regions for the three
snubber values and the results are presented in the following

tables and figures:

Table 7.8 The losses values for one device for the low voltage
bridge with 200 VDC load and 20 kHz and with snubber capacitor
value of 22 nF.

IGBT Turn IGBT Diode LBt o
P (%) | off losses conduction conduction Iurn on (%)
y75) losses 4. losses 4.J 0SS€s
y7A )

0 22.4 =0 =0 540 -
14.8 40.6 =0 40.9 353.5 94.4
29.5 6.8 =0 73 146.5 98.5
43.8 47.2 0.1 154 ~0 99.0
58.3 242.6 2 200 ~0 98.5

72 347.5 7 278 ~0 98.3
85.8 435.0 12 378.9 =0 98.1
100 564.7 17 473 ~0 97.9




7- Experimental Results

211

Table 7.9 The losses values for one device for the low voltage
bridge with 200 VDC load and 20 kHz with snubber capacitor value

of 47 n F.
> .
") Icf‘ll’3 ;I;;I’suer; conltfuBc-[ion cor?cizggon Iii-ls-e-l;um Jon (E/Zf)
rated 24d losses 44 losses 44 £4
0 62.9 =0 ~0 1213 -
14.8 60.1 =0 64 926.8 87.4
29.5 50.7 ~0 91.5 701.5 94.5
43.8 23.8 =0 139.9 370.5 97.6
58.3 45.7 0.2 198 ~0 99.1
72 157.4 2 267 ~0 98.8
85.8 241.9 6 363 ~0 98.6
100 400.3 13 458 ~0 98.3

Table 7.10 The losses values for one device for the low voltage

bridge with 200 VDC load and 20 kHz and 68 nF.

P (%) IGBT Turn IGBT Diode IGBT Turn Eff
off losses conduction conduction on losses (%)
rated y7a ) losses 44 losses 44] y75;

0 64.1 ~0 ~0 1718.8 -
14.8 56.3 ~0 60.8 1422.8 82.6
29.5 66.8 ~0 119 1174.2 91.5
43.8 70.2 ~0 157.9 895 95.1
58.3 39.2 -0 190.2 390 97.9

72 88.3 0.3 259 -0 99.0
85.8 187.6 4 346 -0 98.8
100 198.2 12 443 =0 98.7
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Figure 7.26 The low voltage bridge losses by using the current and
voltage waveforms with snubber capacitor value of 22 nF.
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Figure 7.27 The low voltage bridge losses by using the current and
voltage waveforms with snubber capacitor value of 47 nF.
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Figure 7.28 The low voltage bridge losses by using the current and
voltage waveforms with snubber capacitor value of 68 nF.
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It can be noticed from Figure 7.26 to Figure 7.28 and
Table 7.8 to Table 7.10 that the turn-on losses start to be
present at current values lower than the critical turn off
current required to discharge the capacitor fully. These losses
further increase the total losses at a low load in comparison to
the un-snubbered case, while the snubber reduces the losses

at the higher loading of the converter.

7.5 Comparison between the snubbered

and the un-snubbered situations

7.5.1 IGBT turn-off losses

The use of snubbers is intended to reduce the switch turn-off
losses. The relation between different snubber sizes and the
associated turn off losses is presented in Table 7.11 and
Figure 7.29.

It can be noticed from Table 7.11 and Figure 7.29 that the
turn-off losses decrease when a snubber is connected to the
IGBT as the higher the snubber value, is the lower the turn-off
losses will be. The turn-off losses were 87.9 W in the case with
no snubber and these losses have reduced to 23.8 W when the

snubber of 68 nF is used at the full load current.
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Table 7.11 Comparison between the low voltage bridge IGBTs turn
off losses under different snubbering scenarios.

Turn off losses (W)

PRy e | 220F 47 nF 68 nF

0 1.2 2.7 7.6 7.7
14.8 6.9 4.9 7.2 6.7
29.5 6.9 0.8 6.1 8.0
43.8 8.6 5.7 2.8 8.4
58.3 57.4 29.1 5.5 4.7

72 68.3 41.7 18.9 10.6
85.8 78.2 52.2 29.0 22.5
100 87.9 67.8 48.0 23.8

100
=6=—No Snubber

920

a0 /f —fi—22 nF
70 47 nF
60 f/ / —8— 68 nF

50
40
30
20
10

Turn off losses (W)

148 295 438 583 72 858 100
P(%) of rated

Figure 7.29 Comparison between the low voltage bridge IGBT turn
off losses under different snubbering scenarios.
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7.5.2 IGBT turn-on losses

Even though no turn on losses should be present in a
converter operating at soft switching, the introduction of
snubber resulted in IGBT turn-on losses. These turn on losses
are mainly due to the fact that the current at the turn off is
not high enough to discharge the capacitors at the moment of
turn off and this extra energy left in the snubber capacitor will
be discharged in the IGBT at the moment of turn on, which will
lead to turn on losses. Table 7.12 and Figure 7.30 present a
comparison between the turn-on losses under different

snubbering situations:

Table 7.12 Comparison between the low voltage bridge IGBT turn-
on under different snubbering scenarios.

Turn on losses (W)
"o No 22nF | 47nF 68 nF
rated Snubber
0 <0 64.8 145.5 206.2
14.8 =0 42.4 111.2 170.7
29.5 =0 17.6 84.9 140.9
43.8 =0 =0 44.5 107.4
58.3 ~0 ~0 =0 46.8
72 <0 <0 =0 =0
85.8 ~0 ~0 =0 =0
100 =0 =0 =0 =0
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Figure 7.30 Comparison between the low voltage bridge IGBT turn-
on losses under different snubbering scenarios.

It can be noticed from and Table 7.12 that the converter will
have high turn-on losses at the moment of turn on and theses
losses will increase as the snubber value increases. It can be
noticed also that the turn-on losses start to be present at
higher load values when a higher snubber value is used. It can
be noticed clearly from this that the soft turn on range become

narrower as the snubber value increases.

These two effects are due to the fact that the bigger the value
of the snubber capacitor used, the higher the energy stored in
the snubber capacitor and the longer the commutation times,

which leads to higher turn-on losses.

The IGBT soft switch turn on Ilimit can be calculated
analytically by using equations 5.44 and 5.45 which are
restated next. These equations yield the low voltage bridge
critical turn off current limits for different snubber capacitor

values as presented in Table 7.12.
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VA
Icom_zil0 (7'12)
Where:
3L
7 = |2= 7.13
° V4c ( )

Table 7.13 The analytical critical soft switch turn on current limits.

Snubber value nF 22 47 68

| com (A) 7.78 | 11.37 | 13.68

The converter is in soft switching operation in the highlighted
region of Table 7.12. the exact IGBT soft switching turn on
boundary cannot be pinpointed due to the discrete nature of
the available resistive load. Table 7.14 includes the power
levels and the associated calculated turn-off current limits at

the observed soft switched turn on edge.

Table 7.14 The observed practical soft switched turn on limits.

Snubber value uF 22 47 68
P(%) rated 43.55 58.62 | 72.02
leom (A) 6.86 9.46 | 11.90

After comparing Table 7.13 and Table 7.14, it can be noticed
that the soft switching turn on occurs at a current level slightly

lower than the calculated current levels. This was predicted
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due to the presence of a small resistor in the current path
which is not incorporated in the model. Nevertheless, overall
good matching between the analytical and practical results

validate the soft switch turn on analysis of the converter.

7.5.3 Total losses and efficiency.

The last part included studying the effect of snubbers on the
turn on and turn off losses; this part of the thesis includes the
effect of snubbers on the total losses of the converter.
Figure 7.31 and Table 7.15 indicates the total losses of the

converter under different loading and snubbering situations:
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Figure 7.31 Comparison between the low voltage bridge total
losses under different snubbering scenarios

From Figure 7.31 and Table 7.15 it can be noticed that when
the low voltage converter is working with high load, the total
converter losses decrease as the snubber capacitor value
increases. The total losses were 157.6 W at full load with no

snubber, which then decreased to 78.4 W with a snubber
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value of 68 nF. When the converter is working at low power
level, the total converter losses have the opposite behavior

with the losses increasing as the snubber value increases.

Table 7.15 Comparison between the low voltage bridge total losses
under different snubbering scenarios.

Total losses (W)

PO No 22 nF 47 nF 68 nF
rated Snubber

0 1.2 67.5 153.1 213.9
14.8 9.9 52.2 126.1 184.8
29.5 27.5 27.2 101.2 163.2
43.8 44.4 24.1 64.1 134.8
58.3 90.1 53.3 29.3 74.3
72 111.9 75.9 51.7 41.7
85.9 135.4 99.1 73.3 64.5
100 157.6 126.6 104.6 78.4

This behavior is expected when a converter is working with
different snubbering levels and is mainly due to the effect the
snubber has on the turn on and turn off losses, as discussed
earlier in section 5.4 and section 7.4.2.

The last changes in the losses with the different snubbers have
an impact on the converter efficiency. Figure 7.32 and
Table 7.16 demonstrate the converter efficiency under

different loadings and snubbering situations:
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From Figure 7.32 and Table 7.16 an efficiency trend can be
noticed, the efficiency of the converter will be the highest at a
full load and an efficiency increase from 97.4% to 98.7% can

be noticed when the converter is equipped with 68 nF snubber.

Table 7.16 Comparison between the low voltage bridge efficiency
under different snubbering scenarios (efficiency is in %):

Efficiency (%)
PO | e ber | 220F 47 nF 68 nF
14.8 98.9 94.4 87.4 82.6
29.5 98.4 98.5 94.5 91.5
43.8 98.3 99.0 97.6 95.1
58.3 97.5 98.5 99.1 97.9
72 97.5 98.3 98.8 99.0
85.89 97.4 98.1 98.6 98.8
100 97.4 97.9 98.3 98.7

In contrast, at 14.8% of the full load, the converter efficiency
suffers from decline if a snubber is to be used with the
converter. The efficiency at the low load declined from 98.9 %

to around 82.6 % if heavy snubbering of 68 nF is used.
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Figure 7.32 Comparison between the low voltage bridge efficiency
under different snubbering scenarios:

In the medium loading range of the converter, the converter
achieved the highest possible efficiency over the whole range
if a medium snubbering is used. If a snubber of 22 nf is used,
the converter achieves 99.08 % at 43.8% of the total load
while the highest efficiency was achieved with snubber 47 nF
at 99.1% and a 58.3% of the total load.

In conclusion, each snubber values have a different loading
point where it has its peak efficiency. Thus by using a
converter made from cells with different snubber values, a
multi-cell modular converter with high efficiency over a wide
loading range can be achieved, which is required from the grid
application under consideration to achieve a high efficiency
over a wide range of operation. The idea of a modular multi-
cell multi-snubber converter will be the focus of the next part

of this thesis.
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7.6 Evaluation of multi-cell multi-snubbered 3 ¢

DAB converter.

As was presented earlier in section 5.2.2 of this thesis, the 3¢

DAB converter has a high efficiency over a wide power loading
range and it was proposed to further improve its efficiency by
using a multi-cell multi-snubberd variant of it as this required
in the application under consideration which is grid connected

application.

As noted earlier in this chapter the losses of the 3¢ DAB low
voltage bridge vary depending on the snubbering and the
loading of the 3 ¢ DAB converter cells. A highly snubbered cell

will perform the best at high loads, while losses will be lowest
for a un-snubbered cell working at a low loading. For medium
loading, a cell with medium snubbering will perform the best,

as presented in Table 7.15 of the converter total losses. In

Table 7.12, the 3¢DAB cell which offers the lowest losses is

highlighted in green and the snubbered 3@ DAB cells operation
should be avoided in the blue highlighted range. A wide range
high efficiency multi-cell multi-snubbered 3¢ DAB converter

can be achieved based on the relation between losses,

snubbering and loading of the converter cells.

The converter should be built out of modular multi-snubbered
cells and each cell will be utilised at it is maximum efficiency

points. The cases under consideration include:
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e A multi-cell multi-snubbered 3¢ DAB converter made of

four un-snubbered cells.

e A multi-cell multi-snubbered 3¢ DAB converter made of

one un-snubbered cell and three heavily snubbered cells.

e A multi-cell multi-snubbered 3¢ DAB converter made of

one un-snubbered cell and three cells with different

snubbers.

The power sharing between the converter cells is based on the
available cell/cells, which can/could provide the required
power with the lowest converter losses. The cells will be
working at unequal power sharing as some of the cells will be
loaded differently from others. For example, if the required
output power is at a low level, the best cell to be used is the
un-snubbered cell. If the required power from the converter
increases to around 25% of the rated, a cell with the highest
snubber value should be used as it will be working at around
100% of its rating and with the lowest losses amongst all the

available cells.

If the required power is more than 25 % and less than 50 %
of the rated power, two cells will have to be activated where
the cell with the highest snubbering will be working at its
maximum power rating combined with other cells, which can
be either snubbered or un-snubbered based on the required
power level. Furthermore, if the required power is more than
50% of the rated power and less than 75% the rated power,
two cells with the highest snubbering should be used at their

full rating, while the extra power could be supplied using a
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third cell which should be either snubbered or un-snubbered

based on the extra power required.

Lastly, for the range of 75% to 100% of the rated power,
three cells will be working at their maximum power, which are
going to be the cells with snubbering, while the fourth
unsnubbered cell will supply the required extra power. This
concept of cell management based on the loading profile for
the proposed converter configuration is presented in
Figure 7.35 to Figure 7.37.

To sum up, the converter will be made of combinations of
modeller cells with different snubbering working at their lowest
losses point. This will result in a converter with high efficiency

at a wider operating range. Figure 7.33 indicates a comparison

between the efficiency of a three multi-cell multi-snubber 3¢

DAB low voltage bridge made of 4 identical cells with different

snubbering.

It can be noticed from Figure 7.33 and Figure 7.34 that the
converter made of cells with no snubber suffers from the

highest losses at most of the loading range.

While the converter made of three heavily snubbered cells with
one un-snubbered cell has the lowest losses at the high power
range. This is due to the use of three heavily snubbered cells

at their maximum power rating and lowest losses range.
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Figure 7.33 Comparison between a three multi-cell 3 ¢ DAB

converters low voltage bridge losses made out of 4 modeller cells
with different snubbering.
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Figure 7.34 Comparison between a three multi-cell 3 ¢ DAB

converters low voltage bridge efficiency for a converter made out
of 4 modeller cells with different snubbering.
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Figure 7.35 Proposed power management for a converter made of
three heavily snubbered and one un-snubbered cell
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Figure 7.36 Proposed power management for the converter made
of four un-snubbered cells
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Figure 7.37 Proposed power management for a converter made of
three differently snubbered cells and one un-snubbered cell

The converter made from cells with three different snubber
values has the lowest losses at some of the middle range
points when compared with the converter made of three
heavily snubbered cells. As the cells with medium snubbering
level have the lowest losses at the medium power range. This
converter has higher losses at the high power range when
compared to the converter made with three heavily snubbered

cells.

To sum up, converters made of cells with no snubbers are
likely to have more losses at most of the power range, while
converters made of cells with more than one snubber value
might provide slightly better performance at some loading
points in the mid power range, while suffering from higher
losses at the higher power range when compared to the

converter made of heavily snubbered cells.

Hence, the converter made of three heavily snubbered cells

and one un-snhubbered cell provides the best performance at
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most of the power range, and it has the best efficiency at the
higher loading, while it has a lower efficiency at some points at
the medium loading range when compared to the converter

made of three cells with different snubbering.

In conclusion, the multi-cell multi-snubbered 3¢DAB

converter with lower losses and high efficiency over a wide
range of operation is viable and achievable if a multi-cell 3¢

DAB converter is equipped with different snubbered cells. And
each cell is used at the point where it provides its best
efficiency. Thus, a converter which provides the best
performance for the proposed DC/DC grid in chapter 4 can be
achieved.

The proposed converter will be a modular multi-cell multi-

snubbered 3¢ DAB converter. The converter base cells will be

the same while the connected snubbers and the cells power
management will depend on the loading profile of the
converter, which changes when the grid battery, PV or load
levels are changed. Thus the only required converter change
to match a change in the converter loading profile will be
changing the snubbering and power management of the
converter cells which is feasible even after installation if it is

considered while designing the converter.

Furthermore, extra modular cells can be added if the total load
is increased which waivers the need for complete converter

replacements if extra power is required. Thus, the final
modular multi-cell 3@ DAB converter can be easily adjusted to

best serve each community, which reduces the total cost of
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the converter and the cost of the change to DC distribution

grids.

7.7 Summary

This chapter presented the steps followed to test the 3 ¢ DAB

converter cells under different snubbering situations. An

evaluation of the proposed multi-cell multi-snubbered 3¢ DAB

was carried out.

In conclusion, a high efficiency over a wide range of loading
profile for the multi-cell multi-snubbered 3¢ DAB converter to

serve the proposed DC/DC grid in chapter 4 was validated. It
was noticed that it is feasible to use the same converter to
serve different grid loading profiles if for example the system
load has increased or the battery or PV levels in the grid were
changed. This can be performed by changing the snubber
values or the cells power-sharing strategy or by adding an
extra cell to increase the rating of the converter. Thus the
converter high efficiency can be maintained combined with the

lowest cost after a change in the grid.

The following chapter will include the conclusion of this thesis
combined with the suggested work to be carried out in order
to continue the investigation of the proposed DC/DC grid and
the multi-cell multi-snubbered 3@ DAB converter in this

thesis.



Chapter 8

Conclusion.

8.1 Thesis Summary

AC or DC, this has been at the centre of debate since the early
days of the electrical system. DC is progressing in areas such
as transmission as HVDC is proven to be more economical
over a long distance. This thesis proposed the use of DC

voltages in the last mile of the distribution grid.

The advantages and challenges facing switching the

distribution system to DC voltage were highlighted in this
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thesis. A focus was given to the DC grid arrangements layouts
and to a practical investigation of the proposed modular multi-
cell multi-snubber three phase DAB converter to serve the
chosen grid arrangement. The investigations were carried
within the Libyan grid context, case study. The thesis aimed to

achieve several objectives including:

The first objective of this thesis was to investigate the Libyan
grid structure, loads, and generation in order to recommend a

suitable method to improve its performance.

The Libyan grid is mostly a typical grid with a high number of
load centres located far from generation. Also, some isolated
grids exist. Its biggest loads are residential loads, where the
energy is heavily used to heat water and for air-conditioning
which results in high losses, voltage sags, and blackouts. Also,
Libya’s great solar potential has not been utilised yet. Thus a
distribution system which can improve the voltage quality and

help to expand the use of solar energy in Libya is needed.

The second thesis objective was, to explore the current
electrical systems utilising DC voltage in order to identify the
possible advantages and effects of replacing AC with DC in the

future DC distribution systems.

A literature review was carried out to investigate the present
usages of DC and the effects a change to DC might have on
the grid. It was noticed that DC is used in many grid
applications such as the International Space Station (ISS), DC
shipboard systems, data centres and railway systems.
Additionally, DC is used in many devices such as TVs, washing

machines, LED lighting, DC inverter driven air conditioning.
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Furthermore, the main distributed generation solar panel and
wind turbines are either generating DC or have DC embedded

inside them.

It was stated in many publications that using DC brings many
advantages to grids such as better voltage quality, no reactive
power and lower currents, the ability to use localised
protection, higher cable transmission abilities, fewer converter
stages and higher system efficiencies. These later advantages
lead to higher DC system hosting capacity when compared
with an AC system. Thus a DC distribution system was
proposed to serve the Libyan grid due to the fact that it can
accommodate PV generation and support air-conditioning load,
while, improving the voltage quality and reducing the power

losses.

The third thesis objective was to propose suitable DC voltage

levels to serve the last mile of the distribution system.

The voltage of 325V seemed the most promising DC voltage
for the low DC distribution voltage of the grid taking into
account that is equal to the peak of 230AC voltage.
Additionally, 1500 VDC is the highest DC or AC voltage the
European Union specification allows within the low voltage
grid, this was considered to be the upper voltage limit of this

work.

The next objective was to investigate the possible DC
distribution arrangements and to design, simulate and
compare their performance based on the converter losses.
This allowed identification of the chosen DC grid arrangement

and converter requirements.
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A study and comparison among four potential DC distribution
grid layouts was carried out. The study included loads
estimation, PV design, converter rating, power management

and loss estimations.

The results showed that a DC grid arrangement utilising two
port converters have lower total converter losses and smaller
converter installed power when compared with arrangements
using three port converters. Thus, two port converter
topologies to serve the grid concept were proposed to be

investigated afterward.

The last thesis objective was to choose, analyse, design, build
and test a DC/DC converter to serve the proposed DC
distribution grid layout and to further improve the chosen

converter performance by building a multi-cell variant of it.

The 3@ DAB offers the desired DC grid requirements and thus

was investigated and studied. A multi-cell multi-snubbered 3

@ DAB converter was proposed to further improve the

converter performance under the chosen grid conditions. A

converter cell was built and tested in the laboratory.

The proposed modular multi-cell multi-snubbered 3¢ DAB

converter offered low losses over a wide range of loading
profiles. Furthermore, the converter performance can be easily
modified to reflect a specific DC/DC grid loading profile by
simply altering the snubbers attached to the cells and the
power management algorithm between the cells while keeping
the core modular cells the same. Extra cells can be added if

higher power rating is required, which improves the converter
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expandability and reduces the total cost of the proposed DC

distribution system.

To conclude, DC is not an alien technology and it already has
considerable use in the electrical grids A complete low voltage
DC distribution grid which can be used to serve the existing
inner city areas and to provide electricity to the world’s yet to
be electrified areas, such as in Sub-Saharan Africa, was
proposed. A group of DC distribution grid layouts was
proposed and studied. A DC/DC converter to serve the

proposed DC grid layout was studied and practically validated.

The thesis achieved the following

8.2 Thesis achievements:

e An assessment of the present reality of the Libyan grid

and the challenges facing it.

¢ An investigation of the present usages of DC voltage in
the electrical system. A focus was given to their

advantages and the voltage levels they use.

e The proposal of a novel complete DC distribution grid

and suggestion of the DC voltage levels to serve it.

e An assessment of the daily electrical load profiles of the
Libyan household using the CREST electrical demand

model.

e The proposal of four different DC grid arrangements.
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e Comparison between the different DC grid arrangements
under study based on their converter losses and

installed power.

e Advancements in the three phase DAB converter model
and analysis and the proposal of new conduction losses

model.

e The proposal of novel modeller multi-cell-multi-snubber

three phase DAB converter topology.

e A Practical investigation and validation of the proposed

multi-level multi-snubber three phase DAB converter.

The following futures studies are suggested to continue the

investigation:

8.3 Further work

¢ Real time assessment of the Libyan loading profiles.

e Investigating the required control for the proposed DC

grid.
e Assessment of the stability of the proposed DC grid.

e An assessment of the required converters at the
entrance of the house to link it to the DC distribution

grid.

e An assessment of the effect of varying the battery

location on the system performance.
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e Studying the effect of harmonics on the DC system and
AC system in order to evaluate it is impact on the

system housing capacity.

e Designing the required controller closed loop of the

multi-cell multi-snubber 3 ¢ DAB converter.

e Designing the required controller of the proposed DC/DC
grid layout.

e Building a complete full multi-cell multi-snubber 3¢ DAB

and studying it is performance.

e Investigating the performance of the multi-cell multi-

snubber 3¢ DAB under a real power loading situation.

The war of current is not over yet, apparently, Nikola Tesla is

in the lead while Thomas Edison has the upper hand.
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Appendices

Appendix (A) 6 the percentage of ownership
and consumption of the Libyan household

electrical equipment’s and their consumption:

Equipment | Percentage of Day Average Average

average power yearly
Holding usages consumption | consumption

hour’s (W) kWh

Cooking 5.22 0.3 1283 150

equipment

Fridge 1 96.5 14.4 146 796

Fridge 2 17.4 16.0 149 867
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Freezer 1 40.3 12.0 147 642
Freezer 2 3.98 10.7 157 615
Washing 73.1 0.9 251 85
machine

TV 1 98.8 8.0 85 249
TV 2 39.6 6.7 82 200
TV 3 8.21 6.5 87 207
Computer | 3.23 3.0 207 229
Stereo 60.2 4.2 25 39
type 1

Stereo 7.21 3.0 25 39
type 2

Stereo 0.75 2.0 25 18
type 3

Bulb -100 | 70.4 4.9 100 1802
Bulb-60 28.6 2.5 60 449
Bulb-40 10.7 3.7 40 783
Florescent | 20.9 3.2 44 225
Pulp

Iron 68.4 0.8 1009 296
Water P1 | 43.8 2.0 965 693
WaterP1 | 1.74 0.9 745 254
Air Con 2| 12.2 6.4 1901 4425
part 1

Air Con 2 | 3.23 9.4 1633 5582
part 2

Air Con 2| 1.0 2.0 2675 1953

part 3
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Air Con 2| 0.5 3.8 2675 3361
part 4

Air Con 2 | 0.25 4.8 1400 2427
part 5

Air C 1]20.9 6.5 1690 3395
part 1

Air C 1|6.47 4.5 1876 3108
part 2

Air C 1]1.99 1.5 1400 767
part 3

Air C 1]0.5 1.5 1400 767
part 4

Air C 1]0.25 0.8 1400 387
part 5

Fan 1 46 5.3 99 96
Fan 2 8.71 4.5 94 78
Heater 1 35.8 6.1 1229 684
Heater 2 5.22 5.2 1367 646
Heater 3 1.0 8.0 500 365
Water 90.3 7.9 1203 1739
heater 1

Water 20.4 7.9 1226 1774
heater 2

Water 5.74 7.9 1227 1774
heater 3

Water 1.49 7.9 1200 1734
heater 4

Water 0.25 7.9 1200 1734
heater 5
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Appendix (B) The inductor current at the

different zones of operation

Zone (1):

i0)=i0+ 1Dy o 0oy
3wL

Zone (2):
1(0)=1(p)+ vill- d)(9 @) for 9<0<7/3
3wL
Zone (3):
: r, V;(2-d) T
1(0) = |(3)+ il (0 3) for 7/13<0<¢+7/3
Zone (4):
i(0)=i(4+ —) Vi=2d) 4 7Y tor peni3<0<2113
3wL 3
Zone (5):
i(e):i(z—”) (1 Zd)(e——) for 27/3<0<27/3+4
Zone (6)
27, Vi(1-d)

2
+ + 0——— for p+27/13<0<
3 ) o (09 Tordilr "

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)
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Appendix (C) Calculating the (l;ns) and the (la
) for the sending bridge’s IGBTs and the diodes

This appendix includes the methods used to drive the (liys)

and ( l,y) for the IGBT’s and diodes of the sending bridge:

The (lims) and ( lay) of a waveform can be calculated using

equations (C.1, C. 2):

1 27

Irms = Z_I |2(9)d9 (C.1)
T 01
2
o =— [1(0)d0 (C.2)
2w ¢

Thus the current as a function of angle i(9) for both the IGBT
and the diode has to be identified:

From figure 5.6 it can be noticed that: the diode ( D,) will be

conducting the current at angle range from (Oﬁt%g ). Thus

ip1 (#) can be estimated using equation (C.3):

Vi [2xd . 2x] Vi@+d), por 0<0<?  (C3
1 (6) = 3a)L[ 3 4 3} 3wl O or 2 (C.3)
While (d =1):

Vi 0<9<£
|D1(9)=—M—L(29—¢) for 0< <5 (C.4)
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The IGBT, conducting range can be derived from

Figure 5.5, which is (Qsesﬁ). Hence the (IGBT,) current
2

wave, as a function of the angle, will be a combination of six
different sections, where each section is represented by a
different equation, this principle is illustrated by equation
(C.5):

¢ zl3 ¢p+ml3 2713 ¢+27/3 V4

ilGBTl(0)=|1”9+|2” 0 +|3|| o +|4|| 0 +|5|| o +|6|| 0
g y 713 p+l3 2713 p+2113

(C.5)

While (d=1) the inductor current equations (B.1)-(B.6)

presented in appendix (B) can be simplified to:

i(0)=i(0)+2Vig for 0<0<¢ (C.6)
3wL

i(0)=i(g) for ¢ <O<7z/3 (C.7)

i(é’):i(%)+;\jv—il_(9—%) for 7/3<0<¢+7x/3 (C.8)

i(6’)=i(¢+%) for ¢+713<0<27/3 (C.9)

i(e):i(%”)—g\cv—il_(e—%”) for 27/3<0<27/3+¢ (C.10)

i(9)=i(¢+%”) for p+27/3<0<x (C.11)
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The current at zero is equal to the current at half the period
i (0)=—i (z). Thus, by solving equations (C.6, C.11), the
current i (0)can be estimated using equation (C.12):

¢XVI

Next, the currents (14,15, 13, 14, Is) can be derived:

From equation (B.6), the current (1,(0) ) can be described as:

2xV,

11 (6) =i (0) + 3>\<NL 0  for ¢p/12<0<¢ (C.13)

By replacing i(0) from equation (C.12) into equation (C.13),
the current 1,(8) will be the result which is represented in

equation (C.14):

|1(9):%(29—¢) for ¢p/2<0<¢ (C.14)

From equation (B.6) the current 1,(6) can be described as:

1, (0) =i () for ¢ <O<rl3
(C.15)

The current i(¢) can be calculated by substituting (6=¢) into
equation (C.14):

i(¢)=ZV‘V—f (C.16)

From (15) and (16) the current 1,(6) can be derived as:
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[ (0)=—- for ¢ <0<7/3 (C.17)

From equation (C.8) the current 1,(9) can be described as:
13(0)=1(5)+ 1 (6-Z) for 7/3<6<g+7/3 (C.18)
3" 3wL 3

The current i(%) can be calculated by substituting ¢=7/3 into

equation (C.17):
i(ﬁ) _ ¥ (C.19)

From (C.18) and (C.19) the current I3(6) can be derived as:

Vig

I+ (0
3(6)= 3wL 3WL

—(0- §) for 7/13<0<¢+x/3 (C.20)
From equation (C.9) the current 1,(6) can be described as:

I4(0):i(¢+%) for g+7/3<60<27/3 (C.21)

The current i(¢+%) can be calculated by substituting (

0=¢+ /3 ) into equation (C.22):

L M Uas s I

37 3wl 3WL 3wL (C.22)

From (C.21) and (C.22) the current 14(8) can be derived as:
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Vi><2¢

14(0) = 3wL

for p+7/3<60<27/3 (C.23)
From equation (C.10) the current I5(9) can be described as:

.2 Vi 27
(@) =i(=)———(0-=2) for 27/13<60<2713 C.24
5(0) I(3) 3WI_( 3) or 2z wl3+¢ ( )

The current (i(%”)) can be substituting (6=2x/3) into

equation (C.13):

() _Vix2s

3 i (C.25)

From (C.24) and (C.25) the current (15(08)) can be derived as:

_Vix2g Y

I (0
5(0) 3wl 3w

L(e—%”) for 27/3<0<27/3+¢ (C.26)

From equation (C.11) the current Ig(¢) can be described as:

I6(9):i(¢+2§) for p+2713<0<x (C.27)

. 27 _
The current I(¢+?) can be derived by substituting (

0 =¢+27/3) into equation (C.26):

i(@p+—) =—- (C.28)

From (C.27) and (C.28) the current Ig(¢) can be derived as:



8- Conclusion 259

ls (0) =% for g+27/3<0<x (C.29)
3wL

After the Diode and the IGBT currents as a function of the
angle are presented, the RMS and average values can be

calculated:

The diode current as a function of the phase shift can be
described using the equation (B.4):
V. ¢
I, (0)=——-(20- 0o~ )
o1 (0) = —5-(20-9) ) (C.30)

Thus, by using equation (C.1) and (C.3) the diode average and
RMS currents can be estimated:

1 912
Ip rms=\/§ (f) Ipg*(0)d6 (C.31)
12V, 2
IDmﬁ—JE;Q[}§WE@e—¢)jd9 (C.32)
Thus:
V-><¢\/g
| = :
RMS D 6x ol xJ3x 2 (C.33)
é12
|av=$ [1p1(6)de (C.34)
0
19121y,
lay =5~ (j) {M—L(ze—m}de (C.35)
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2
Vi x ¢
| —_a7v C.36
AVD T g el xx (C.36)

While the IGBT current wave as a function of the angle can be

calculated using equations (C.5, C.15, C.17, C.20, C.21, and

C.25)
¢ zl3 ¢p+ml3 2713 ¢+2713 T
ilGBTl(0)=|1”0+I2” 0 +|3|| o +|4|| o +|5|| o +|6|| 0
g p) 713 p+xl3 2713 p+2r113
(C.37)
v o+7l3
i |
higeT1(0) = wL( H [3wL 3W|_( )} 0
zl3
27[/3 ¢+2r13
e u " s o]
" ¢+7l3 v " 2713
] o
W ly i ori3
(C.38)
o > _
] [V—'(20—¢)J dg
#12\ 3wl
13( V. 4 \2 d+7l3
Yo 5
1] 4 (3wl 23 \3wL 3wl
lGBTL rms = > , )
: 2713 (.
[+ f (Mj do+ | (V—'Xzﬂ d6
g+27/3\3WL g+/3\ 3wl
¢+2713/\. :
v [V'X2¢ - (9—2—”j do
27/3 \ 3wL 3wL 3
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(C.39)
V; x 7 %
IrRMS 1GBT = éaf 1—?73_} (C.40)
¢ (V. 13( V. P+113/\. :
| (v_.@g_q;)j i+ (uj e (Mﬂ_uw_z)j »
g12\3wL 4 \3wL 273 \3wL 3wl 3
1| 2713 (Vix2¢
I =— ——— 1 dg
IGBTL av =7 +¢+i/3[ i j
G127 13( V. _ _
S M 2 g, T (M) g
_ (C.41)
lav 1GBT = 6a)|_'xﬁ(—0-75><¢ +§><¢><7TJ (C.42)
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Appendix D Analysis of three ¢ DAB converter

using Thevenin's theory to estimate the turn

off critical current:

This appendix includes the Using Thevenin's Theory analysis of

the three ¢ DAB converter which is used to estimate the turn

off critical current at which the circuit is still in ZVS the circuit

in Figure 5.16 can be rearranged and presented in figure (D1).

la 13 Lc

N\

]
chf —Ic
Vcl*

T 12 Lb
> AYAAA

%

Figure (D1) the electrical circuit representing the current at the
turnoff of the IGBT

The value of the currents and voltages at the moment of

commutation can be presented as follow:

11(0)=15(0) =—l¢op (D.1)
13(0) =2l gy (D.2)
Ve (0)=0, Vea(0)=V; (D.3)

Using Thevenin's Theory and by removing Cland finding the

Thevenin equivalent circuit.
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e Step 1, Thevenin impedance this can be found by setting

all the sources to zero while C1 is removed

| TAAAA
c2 — Ae—
La - £
A C p— 3L/2
P
Be———
Lb
B ® /NY

Figure (D2) The Thevenin impedance

e Step 2 is to find the Thevenin voltage.

13 Lc
N TAYAAA
| “
£ VI3
, 11 La
@?T A Zh
VABT vi2
12 -
e N AN
B Lb

Figure (D3) the Thevenin voltage equivalent circuit

For the other loop

Vi-Vi3-Vi2 Vo thus V3=V
Hence iy =i3 thus k=0
Vag =0 (D.4)

e Step 3 replace C1 in the Thevenin circuit.
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3L/2

|
P Z

Vtv=OT C J— :: 2C %TV 3L/2

Figure (D4) the equivalent circuit at the moment of commutation

As it can be noticed from D4 at the moment of commutation
there will be resonant between the equivalent inductor of 3L/2

and the equivalent capacitor of 2C thus:

AV (0) _ leom

dt 2 (D.6)

The equation (D.6) can be solved and Figure (D5) presents the
snubber current and voltage after the commutation if we

ignore the effect of the diode

Vc max
lcom

tc i

Figure (D5) the snubber voltage and current at commutation

Ve =Ve max Sin(at) (D.7)
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ic = lgom COS(at) (D.8)
chax = IcomZO (D.9)
Where
_[3L/2_[3L (D.10)
\V 2C 4C '
(D.11)
\/ <20 J3Lc
t, = (D.12)
20

The converter will be in ZVC when the V. =V thus

"
com ZO

(D.13)



