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Abstract

In this thesis, a Three-Port Active Bridge converter for high power high voltage ap-
plication is designed. The design includes the Solid state high frequency transformer,
and the required reactive elements the series inductors, and the DC-link capacitors.
Also the choice of the switches, and the heat sink is defended, and a design of a stack
for them is made, this stack will include also the driver boards of the switches and the
capacitors with the bus-bars for the DC-link. The thesis also presents a simulation
for each part, and a final simulation for the real model containing almost all the losses
and parasitics elements. Using simulation based tools, the design for each of the parts
and the full converter assembly is achieved. The simulation includes losses calcula-
tion and considers the effects of parasitic elements. The selected design is compared
versus a Half-Bridge Triple Active Port topology, in order to analyze the differences
in the performance and reliability. Finally a simulation is presented to illustrated the
behavior of the full model under the closed loop condition.
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Chapter 1

Introduction

1.1 Introduction

During all the twentieth century, the basic structure of the electrical power grid

is fixed. this structure is based on the centralized concept or what is called also the

hierarchical concept. Figure 1-1 shows what is meant by the centralized concept, as

all the power is coming from only one huge power plant.

Key:

Black=power supply
Blue=transmission
Green=subtransmission
Purple=distribution

Vermont transmission lines

Power supply: 116 kV, 230 kV & 345 kV

Subtransmission-connected
customer
34.5kV, 46 kV & 69 kV

and power
ovel \ (
pawer grid ﬂ: ﬂ:
Transmission-
connected
customer

1 step down tr

Distribution-connected
customer
4.2KkV, 12.5kV & 13.8 kV

Distribution-connected
customer
120V & 240V

Figure 1-1: A figure showing an example for a centralized power network [1].

Nowadays this concepts are no more compatible with the twenty-one century

needs. Due to that all the world wide great concern goes toward the Smart Grid or

the Micro-Grid concepts. The Smart grid is a new convention in power distribution

system infrastructure, done in order to upgrade the reliability and increase the ef-

ficiency. to achieve this goal an advancement should be done in a lot of fields like;

21



the automated control, the high-power converters, the modern communications in-
frastructure, sensing and smart meters technologies, and modern energy management
techniques based on the optimization of demand, energy and network availability, and
so on. [2]

Beyond this small goals the most important and environmental critical goal is to
integrate more renewable energy plants or small sources to the grid. And that’s what
will configure the shape of the smart grid that is previously explained and shown in

Figure 1-2.

Capacity and
flexibility is

~
Eancaae " Distribution Load Serdng
- ! =
Comprehensive Subatation Bty
Communication
r

Smart

]
< Doviea

Figure 1-2: A figure showing an example for a centralized power network [2].

One of the most promising renewable energy sources is the solar energy through the
photovoltaic (PV) panels, as it is a clean, quiet source of energy, and also suitable for
grid and stand-alone applications. due to the physical constraints of the solar energy
the stand-one application is quiet impossible without a feasible energy. the usage of
this storage system is important as it get the excess energy during the day light and
supply during the night or when the available energy is not sufficient to supply the
actual load [2]. The literature provide another solution which is to integrate the solar
energy with the wind energy [21].

For this reason the need of a three port device increases daily, as the use of multi-
port converters allow for a compact integration of multiple energy sources/sinks in
a single device. The thing that not only reduces the size a lot, but also has a side

advantage which are, first the coordinated control within a single device, and also
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the high performance. The need create a concern at the power electronics researchers
to invent new topologies. The main application of such a devices could be like what
is illustrated in Figure 1-3 this one shows a simple configuration for the multi-port
topology. But also Figure 1-4 shows a complex configuration for the same topology,
this one is for those how are concerned about the best control and the efficiency no

matter how complex it is.

WIND GENERATOR

PwWM USER
vSsi LOAD

PV GENERATOR

Figure 1-3: Layout of Combined Wind/PV Generating System with Double-Input,
Single-Output DC/DC Converter [3].

De/me L | opoic /\/ Load

| bidirectional |
DGDC

(@)

switch-mode three-port interface

[V ow

DG J rectified frequency
S AC unfolding Load
" bc T circuit

(b)

Figure 1-4: Two PV stand-alone structures, (a) conventional independent converter
structure; (b) new integrated structure [4].
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1.2 Objectives

The objective of this work is to design this triple port device, that is going to be
used in an extremely big project belongs to LEMUR research group, this triple port
device will connect the Main Grid with a storage system with a Micro Grid. The
topology chosen for building this triple port device is the Triple port Active Bridge.
The design is not for a prototype, it is going to be a part of the final application
project, which mean that the design should be extremely precises, accurate and com-
patible with all the specification and limitation of the full project, like the handled
power, the maximum currents. Another limitation is that one of the port is going to
be connected to an energy storage system ( Battery ), which makes the ripple current
also is important, thus the DC-Link design should be will done enough in order to
handle this issue.

The design is divided into two main part;

e Operation design

The operation design should insure that the produced design is able to work
as expected with the highest efficiency, and the best performance. The design
work flow will be based on theoretical calculations of parameters, simulation and
communications with the different manufacture companies. And for insuring
the excellency of the performance, a wide study should be made in order to be
able to modify the will known topology, by removing or adding any features to

increase its performance level.

e Mechanical Structure design

The converter will be placed in a cabinet with fixed dimension, The length
is 800 mm, the width is 400 mm, and the height is 1200 mm. Which means that
the design should take into account all the required components not only the
main ones, but also the auxiliary important components, like the measurements
sensors, the driving boards, and the protection devices, in the placement and

the fitting.
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e Simulation

In this part to main simulations should be made, a simulation for the effi-
ciency in all parts in the system, and a closed loop simulation controlling the

voltage at one of the ports, and controlling the power in the other one.

1.3 Motivation

As previously mentioned in the introduction; the integration between the Grid,
the storage systems or renewable energy sources, with the loads is a very important
issue nowadays. That is what makes LEMUR research group takes the intention of
thinking to implement a real model for this integration. This is done by designing a
Micro-Grid, that is composed of a number of Nano-Grids, connected through DC-link
connections in order to facilitate the future desire of varying the number of connected
Nano-Grids.

Regarding, the presented work in this document, it is important because it is
considered as the inner core of LEMUR Micro-Grid project, which is the design of
a three port Active Bridge that handles a power of 150 KW. The complexity of
the project design comes from its high voltage ports, as the high voltage ports will
handle 750 Volts. Also the chosen topology have a drawback is that the current ripple
is related to the amount of power delivered, so, for delivering the 150 Kw, the ripple
of the current becomes huge (i.e 500 Amps Peak to Peak current ripple). Also by
fixing the operating frequency of the produced AC waveforms to 20 KHz, which is an
extremely high frequency, makes the designs of the Solid State Transformer and the
series inductors become very complex. One of the big issues is the reliability, as this
project is a final application, then the system should be stable and homogeneously
integrated to the others project parts. Finally, taking into account the mechanical
structure point of view in order not to have a placement problem, limits the overall
design capability.

In my point of view the project requires an extremely wide knowledge in a sig-

nificant number of fields. Magnetics for the transformer, power electronics for the
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switches and the drivers, converters for taking care of the full topology and last DC-
link design. Also it is required to be aware of all the new technologies in the market,
and the problems that the system may have; for example using film capacitors oth-
erwise the losses in the capacitors will kill it one hour after operating the setup; this

is due to the huge ripple that the system is subjected to.

1.4 Document flow

The following part of the document is divided into seven main chapters that will

try to cover all the work done as much as possible.

e Chapter 2

In this chapter the State of the art is presented, the State of the art will
try to cover the new technology of the solid state transformer, then using this
technology in the topology of the Dual Active Bridge, finally upgrading this
topology to illustrate the Triple-port Active Bridge.

e Chapter 3

Chapter 3 will give a glance about the project of the Micro-Grid belongs
to LEMUR research group, then goes into specification and explanation of the

work presented in this document.

e Chapter 4

This chapter will illustrate the design of the high frequency Solid state
transformer, a simulation to compare the behavior of a two separated cores
transformer, with a single core transformer. Finally simulate the proposed
design of the manufacture company, to test its operation, efficiency and its

behavior in the TAB topology.

e Chapter 5

This is a very important chapter as it shows the design of the reactive

elements. Which are mainly into two elements, the series inductor that is re-
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sponsible for the current ripple and also for the power delivery technique. And

the capacitors of the DC-link.

e Chapter 6

In this chapter the choice of the IGBT and the Heat sink will be defended,
than a stack design will be made in order to compact the size as much as

possible, and also for designing the DC-link bus bars.

e Chapter 7

Finally the Simulation chapter, that will illustrate some interesting results
on the full model simulation taking into account almost all the losses and par-
asitic effects. Also another simulation will shows the new technology of the
Half-Bridge Triple-Port Active Bridge in order to compare its efficiency with
the normal TAB topology. Finally a controlled simulation will be made it

shows the system working in closed loop.

e Chapter 8

Ending the document with a conclusion and a glance for the future work.
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Chapter 2

State of the art

The normal low frequency power transformer are a widely used devices specially
in the distributed systems. This is due to their low cost, high reliability, and high
efficiency. But as always as there is advantages there is also some disadvantages the
low frequency power transformer has few power quality issues like; the voltage drop in
loading time, inability to mitigate “flicker”, sensitivity to harmonics, environmental
concerns regarding mineral oil, limited performance under DC-offset load unbalances,
and a need for protection of the primary system from problems arising inside or
beyond the transformer. It is clear that the Power quality is an extremely important
issue specially with utility end users, this is the fact that makes these problems more

serious today than before [22, 23].

The solution was founded in 1980, when the concept of a solid-state transformer
(SST) was mentioned as an alternative to the low frequency power transformer. At
that time the successful demonstration of the concept wasn’t so clear, however the
advantages of this new concepts were clear. Nowadays with the recent advancements
in the field of power electronics and semiconductors, and with the deep understanding

of the multilevel converters, the concept became more viable [5].

This chapter will initially illustrate the concept of Solid State Transformer, con-
figuration, applications and open issues. After that, different power topologies alter-

natives and challenges in the control implementation will be considered.
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2.1 Solid State Transformer

2.1.1 Solid State Transformer basic concept

The basic solid-state transformer topology is mainly composed of three main sec-
tions, the first one is the converter or converters which is responsible to transform
the line low frequency AC with required high frequency AC, the second section is
the a high frequency transformer and finally a converter or converters to produce line
frequency AC from the high frequency AC. The high frequency transformer provides
an isolation between its terminals, which divides the transformer into two: the high
and low voltage sides [5]. Figure 2-1 shows a basic structure diagram for a solid state

transformer.

High Voltage =~ Low Voltage
Side : Side

11 000 v LF-ac 5 HF-ac | 380y
39 4 O : 0 =3
HF-ac : LF-ac

Figure 2-1: Generalised solid-state transformer circuit [5].

2.1.2 Solid State Transformer configurations

In the literature, many alternatives for the solid state transformer power topology
can be found. In [23] they create an approach to classify the SST topologies and select
the appropriate configuration according to the specific needs. However, it is good to

discover that all those configurations could be covered by four main classification [6];
1. Single-stage with no DC link.
2. Two-stage with low voltage DC link (LVDC).
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3. Two-stage with high voltage DC link (HVDC).

4. Three-stage with both high and low voltage DC links.

Figure 2-2 shows a graphical representation for all the previously stated classes to

illustrate them.

HWVAC LWVAC
a) Vv ay
HVAC LvDC LWAC
HVAC HWVDC LwvAC
c) ay - 7-‘: = ay
HWAC HWDC LVDC LvVAC
d) N o= | e |z ey [T Coo e

Figure 2-2: SST configurations: a) single-stage, b) two-stage with LVDC link, c)
two-stage with HVDC link, and d) three-stage [6].

At the moment, Insulated Gate Bipolar Transistors (IGBT) and high frequency
transformers with high voltage ratings like the one needed in the distribution system
are not readily available. Which make one of the solution of this problem, could be

a modular approach. Also using the interleaving approach, the ripple of the current
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will decrease, which lead to the reduction of the size of the filter needed to smooth
the current.

Figure2-3 shows the configuration of the modular single-stage solid state trans-
former. One of the great advantages of this topology is that the voltage and current
sharing is intrinsic; which means that there is no need for a specific control to ensure

that. However, this is not true for all of the AC-AC converters|6].

+ +
Viln |y v Vo
N -
Vi/n f\_, %

Figure 2-3: Modular single-stage SST [6].

Figure 2-4 shows a modular two-stage configuration where only the AC-DC stage
requires a modular implementation as the DC side is at the low voltage side of the
high frequency transformer. For this configuration the voltage and current sharing
may not be intrinsic since it depends on the type of AC-DC converter [6].

Figure2-5 shows a modular three-stage configuration. In which the input stage is
implemented by a multilevel converter; therefore, depending on its type, it may not
require a modular implementation. However, the isolated DC-DC stage needs to be
modular. In this configuration, current and/or voltage control is required to ensure

voltage and current sharing depending on the selected topology [6].
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Figure 2-4: Modular two-stage SST [6].
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Figure 2-5: Modular two-stage SST [6].

2.1.3 Open issues

e Cost

The cost of the low frequency transformer is much less than the cost of the
same rating solid state transformer. And this is due to the extremely much more
number of devices used in the solid state transformer, so the cost of the SST is

driven by the price of the special equipment, the high frequency transformer,

33



and also by the price of the semiconductors, and for the heat sinks required for
this semiconductors and for the transformer itself, and also Control boards (
The main brain Board, The driver circuits boards, and also the measurements

boards), and passive components [5].

Reliability

Generally speaking the low frequency transformer are very reliable, there-
fore the comparison between the reliability of the low frequency transformer
and the SST will be against the SST. The lack of the reliability of the SST
comes from its complexity, the more number of components increases the prob-
ability of the failure. A solution for this could be using the modular algorithm
and make the system flexible and have the capability to work without one of
the units, so if there is a failure in one unit the system will remain working.
However the inclusion of redundant cells would allow for continued operation
of the SST in the event of a cell failure, the system would still require mainte-
nance in that the faulty cell would have to be replaced. Some measurements of
the SST system could be used to estimate and predict component failures for
preventative maintenance purposes, such as capacitor ripple current and heat

sink temperature. This measurements also will aid in improving the design [5].

Efficiency

The efficiency of a 80 KVA, 11KV / 400 V low frequency transformer could
be in the range of 97%, but for a corresponding SST the efficiency will be lower.
Found in literature that the efficiency of the SST varies from 90% to 98.1% and
this is without taking into account the output inverter loss. Mainly the losses
in the low frequency transformer is separated into two, first the Core losses and
it is proportional to the applied voltage, and the winding losses and this one
corresponds to the delivered power. And this is not the case for the SST because
in addition to these losses, there is the conduction losses in all the converters.
Which is considered in the high power application a of the big issues as it is the

reason of decreasing the efficiency to much. This losses depend on the power
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and also the used topology for the converter, as [24] propose some topologies
to reduce this losses. But on the other hand it is well known also that the
non-linear loads affect the efficiency of the low frequency transformer, which is

not the case for the SST [5].

35



2.2 Dual Active Bridge (DAB)

The Dual active bridge (DAB) is one of the promising DC to DC converters
nowadays as it is very suitable for the high power application [25]. This topology also
is demonstrated to have very moderate component ratings and low switching loss,
also working with high frequency reduces the size of the passive elements a lot, and
the size of the transformer as well. Consequently, the DAB topology is considered to
be more attractive, especially where power density is important [26]. Also it has a
lot of great advantages like, its high performance, high efficiency, galvanic isolation,

and inherent soft-switching property [7].

2.2.1 Structure and Main topology

i Power flow iy
> < > »
Ap1 Bp1 Dp1 Cp;

e oL
e [T | ST

Ap2 Bp, 1:n Dp2 Co2

el el

Figure 2-6: Two port bi-directional DC-DC converter (DAB) [7].

Figure2-6 shows the main structure of the DAB. It is composed from four main

parts:

e DC to High frequency converter ” Primary Converter ”

The first Stage in this topology is done by converting the DC input to a

High frequency AC square wave signal that vary from positive the input voltage
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to its negative value.

e High frequency Transformer

The High frequency Transformer as mentioned before have a great advan-
tages which are; first its size related to the power that it can handle and this is
due to the high frequency, Figure2-7 shows a practical comparison between the
low and high frequency size, second that it uses its leakage inductance as the

main energy transfer element [26].

Figure 2-7: Comparative photo of 50-Hz LF and 20-kHz HF transformers [§].

e DC to High frequency Converter 7 Secondary converter ”

The secondary converter do exactly the same job of the primary converter
but for the output voltage. But it has a degree of freedom to shift the created

wave form than the main one by a phase shift ¢.

e Inductance

This is the key element of this topology, as it is the element that is respon-
sible of the power sharing. As stated before normally the voltage AC signal
created by the secondary has are phase shifted from the main one, therefor this

will create a voltage difference on the inductor which will lead to a current flow.
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2.2.2 The power flow control algorithm

The power flow theory is very simple and clear, as explained before the phase
shift created by the secondary converter create a voltage difference on the inductor
terminals which produces a current, and power flow. Figure2-8 represent some useful

wave forms in the DAB main parts.
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Figure 2-8: The first wave form shows the voltage at AC the terminal of the primary
converter, and the second one shows the voltage at the AC terminal of the secondary
converter, and the third represents the voltage difference on the two terminals of the
inductor and the fourth represents the current passing through the inductor [9].

The following are the ideal equations used in the Power flow estimation and in

the control. Equation 2.1 represents Ohm’s law for the current in the inductor.

di _Vi—V
dt L

(2.1)

The voltage on the terminals of the inductor is a square wave voltage, but a
reasonable simplification, is to consider only the first harmonic, therefore the voltages
will be:

Vi = [Vinaz| sin (wt) (2.2)
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‘/2 = |Vmax| sin (Wt - ¢) (23)

Substituting those two equations in the inductor equation and get the integration the

current in the inductor will be represented by this equation:

2 [Vy]sin (2) sin (wt — 2)

2
wlL

I

(2.4)

Finally using the equations stated before get the power flow equation, this is going
to be done by multiplying the rms value of the previous equation with the rms of the
voltage at the converter terminal by the cosine of the angle between them, which is
going to be equal to the half of the phase shift done by the secondary converter, all

those equations are for assuming the system is ideal.

Vinaz|8in (¢)

|
P = 2.5
2wl ( )

It is clear now from the power equation that the only variable is the phase shift ¢.

Which make it the obligatory option to control the power flow.

2.2.3 Upgrading to the DAB from the point of view of the

energy conversion

e Dual Half Bridge (DHB) with Zero Voltage Switching (ZVS) modeling technique

for losses reduction.

The Dual Half-Bridge (DHB) converter is a new proposed topology, and it
is very promising as it considered as a hot research topic. This is due to its
great additional advantages; decreased the number of devices which lead to a
decreases in the conduction losses, and decreasing the cost. Talking about the
soft-switching implementation this is for reducing the switching losses, that con-
stitute a major concern due to the high frequency specified for this application

[10].
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Figure 2-9 shows the schematic of the DHB used in [10].

power flow
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Figure 2-9: Dual Half Bridge (DHB) schematic [10].

A

e Modular Converter

In order to use this converter with a high voltage application, like in the
distribution field, a lot of changes have to be done to make this converter fit
to the application. Figure 2-5, shows the schematic of one of the modular
topologies, which is used for the interface with a high voltage AC at the input.
Also the same topology could be used for a high voltage AC at the output. Also
Figure 2-10 shows another topology used for boosting the DC output voltage

11).
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DAB module

Figure 2-10: A modular converter with the DAB as main component, the input DC
voltage is connected in parallel but the output in series to boost the DC output
voltage [11].
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e The Triple-Port Active Bridge (TAB)

One of the great advantage of the DAB topology is the possibility of adding
new terminals, to create for instance the TAB or even the Multi-port concept.
The TAB will be explained in the following subsection and all over the docu-

ment.
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2.3 Triple Port Active Bridge (TAB)

The Triple Port Active Bridge (TAB) is a derivative of the DAB converter, and
is simply formed by adding an additional winding and full bridge to the transformer.
It is much more suitable to the needs of the nowadays renewable and distributed
generation. The feature that the TAB provide is the additional port, that connect
another output to the same point, which create another degree of freedom for the
power sharing and solve the problem of the inequality of the power in the input to

the output.

Figure 2-10 shows the main structure of the TAB converter. As previously said the
TAB will have an extra full bridge and an extra winding terminal at the transformer,

which will gives the additional third DC terminal.

<

)\ A ‘m —Eﬂ —EE —E% Y 1
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BB |

N

Figure 2-11: Schematic of the TAB converter [12].
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2.3.1 Simplified explanation for the working concept of this

converter

As stated in [13], the circuit in Figure 2-11 can be replaced by a simplified structure
composed of square-wave voltage sources and a set of inductors (the transformer
magnetizing inductor, leakages and external inductors). The voltage sources are phase
shifted by a phase angle which identify the power flow as stated in the DAB converter.

Figure 2-12 shows the previously explained model based on the transformer -
equivalent representation illustrated in [13] with the magnetizing inductance and the

leakages referred to the primary side.

— Ly ij—>

el LS - i

1’ ‘Hy i?.

®) Lao ‘Elg ) +V2
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Figure 2-12: Fundamental system model: three square-wave voltage sources that
exchange energy through a grid of inductors, as a consequence of the phase shift
angle between the switching patterns. The network of inductors is derived from the
transformer based on a m-model representation [13].

Figure 2-13 shows in the first plot the voltages on the output terminal of the
three full bridges rectifier. The waveforms are shifted from each other, the first
secondary port voltage is shifted by 12, which is bigger than the shift that the
second secondary port voltage had ¢13. The second plot shows the current passing
through the inductors, in blue the current of the first secondary port, in red the
current of the second secondary port, then in black the current of the primary port,
which is the addition of the two others ports. In this figure the slop of the two
secondary sides are the same, which is not valid as the voltages level are different,

except if the inductors are different and calculated to give the same current slop.
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Figure 2-13: In the first plot the voltages on the output terminal of the three full
bridges rectifier, and The second plot shows the current passing through the inductors,
in blue the current of the first secondary port, in red the current of the second
secondary port, then in black the current of the primary port [12].
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Figure 2-14 shows the different cases for the phase shift and the shape of the
primary side current in each case. In this case the slop of the current are different
and thats what makes the difference in the shape of current at the primary side, if

the ¥12 is bigger than ¢13 and if 113 is bigger than 12.
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Figure 2-14: Six different cases for the shift between the two secondary and the
primary, each plot represents one case and have the three voltages wave forms and in
red the current at the primary [12].
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2.3.2 Research topics of the triple-port Active Bridge

e Control technique

The application used in [13] is a bidirectional TAB, that had at its terminal;
25-39 V, 500-W PEM fuel cell stack, 48-V lead acid batteries, and the third
port has the load with a 400-V inverter output. For this reason they implement

two types of control:

— Voltage control

The voltage control is used at the load terminal, this is to fix the voltage
at the load no matter the value of the required power. However this done by
making the phase shift of the load voltage waveform the output of a classic
analog (PID) compensator, to keep the voltage constant. For instance if
the voltage increases due to some load variation, the shift will be decreased
accordingly such that less power will be delivered to the dc buffer capacitor

at the load side, to make the voltage go back to its previous value [13].

— Power control

The power control is used at the fuel cell terminal, this is to make the
fuel cell gives the value of the power that it wants, normally it will be the
nominal power of the fuel cells. However this is done be calculating the
right shift to put at the battery terminal to get the power mismatch, the

calculation is made by a digital signal processor [13].

e Three phase

Another direction in the research was to create a model for the three port
but also three phase converter. [14], [15] propose a three-Port three-Phase Dual
Active Bridge DC-DC Converter.

State-of-the-art power conversion applications linking grid and distributed sources
have low power rating compared to the conventional utilities connected to the
grid in medium-voltage level. To solve this problem a large value of induc-

tance is required, also making parallel connected bridges on low voltage side to
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share the current for high efficiency. Or use the multi-port inductor integrated

isolation transformer which is more compact and have high reliability [14].

Figure 2-15 shows the proposed configuration by [14], as Figure 2-16 shows the

proposed wounding convention by [15].

By
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Figure 2-15: Configuration of phase modular three-port bidirectional DC-DC con-
verter in wye wye-delta connection [14].
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Figure 2-16: Conventionally wound three-port three-phase spatially symmetrical
transformer [15].
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e Three-port Triple Half Bridge converter

As proposed in [16, 27, 28, 29, 30|, this time the topology is a bit different
the inductors as shown in figure 2-17, they are placed next to the DC source,
before the switches which makes the converter works as a Boost converter. The
topology has a great advantages like, it has less component counts, higher power
density, higher overall efficiency than two individual DC-DC converters, and
low current ripple can be achieved for the capacitors port due to the current-fed
structure of the Boost converter.
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Figure 2-17: Proposed three-port triple-half-bridge bi-directional de-dc converter [16].
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The operation technique is exactly the same as the normal TAB, by making the
shift between the port the power starts to flow from one port to the other, the
only main difference is that the previously stated advantages and also that the
voltage at the terminal of the transformer will not be as the DC value, it will

flow the relation between input-output voltage of the Boost as in equation 2.6.
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Chapter 3

Project Description

3.1 A glance at the full project

The project belongs to LEMUR research group, the project is to build a Micro-
Grid. Figure 3-1 shows the full structure of the projects, not with specific details but
with blocks that create an idea about what is inside. The figure shows the AC Grid
at the extreme left of it, coming out from it a Point of Common coupling ( PCC ),
this PCC connect the Grid to the Standard distribution Grid and also to the project.
From the PCC the project start by a filter then to AC-DC converter, the output of
this converter is going be the first secondary port of a Three-Port Solid State. Its
second secondary port is going to be connected to the storage system, and the main is
going to be connect to the main DC-link. From this DC-link The Micro-Grid starts,
as it is going to be composed of a number of Nano-Grids. Each Nano-Grid is started
by a DC-AC converter, then a filter then the shunt elements. The shunt elements are
classified as; Single phase loads, Three phase loads, Non linear loads, and distributed

generation.

The research group tries to don’t just build this project, but to specify some
group members at each particular part in the project, to research and investigate to

implement it on the head of the technology.
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Figure 3-1: LEMUR Micro-Grid Project.
3.2 The triple port Active Bridge structure and
specification

The work presented in this thesis is, the design of the triple port Active Bridge,
required in the interface of LEMUR Micro-Grid project. Figure 3-2 shows the main
structure of the power components of the TAB. The figure contain the naming of
the important parts used in the rest of the document. The figure also highlight the
main components; The triple port solid state transformer, The Series Inductors, The
DC-Link capacitors, The IGBTSs, and the Heat sink. The figure didn’t illustrate the
components parasitic elements, however they are presented in all the simulations.

The Table 3.1 represents almost all the specification and the limitation given by
the full project. Any simulation will be presented will have the same parameters

shown in this Table.

50



Primary Port

I
£i

DC Link ==

%

[

First Secondary Port

_l

Series Inductor

750 v

Heat sink

2:1

,L\_>>

—]

Series Inductor

5 |
iy |
3 & :
i Lo i

Second Secondary Port

Figure 3-2: The triple-port active bridge Structure including some design specification

and component naming.

Table 3.1: The Project specification and limitation.

The Maximum Power | 150 ( KW ) The Primary Port 750 (V)
Voltage

The First Secondary 750 (V) The Second Secondary 375 (V)
Voltage Voltage

The Min. Battery 300 (V) The Max. Battery 438 (V)
Voltage Voltage

The Nominal Battery 396 (V) The max. Charging 100 ((A)
Voltage current

The max. Discharging 150 (A) The Max. Peak-to-Peak 4 %
current Ripple
The switching 20 KHz
Frequency
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Chapter 4

High frequency transformer

The design application required the voltages at the terminals of the transformers
to be 750 Volts at the primary terminal, 750 Volts at the first secondary terminal,
and 375 Volts at the second secondary terminal. The desired working frequency is
set to be 20 KHz. And the power rating of the transformer was designed to be the

maximum power of the micro-grid which is 150 KW.

4.1 Proposed Design

All this specification was sent to a company to manufacture the transformer with
the requirements previously stated. It was a big issue to implement a transformer
that could handle all this power with this extremely high frequency in just one core,
that’s what makes the company thinks to split the transformer into two separate
cores. Of course the two separated cores will have two winding for each port, the
design was made in order to make the two winding of the primary port should be
connected in parallel, but the two winding of each port of the secondary ports should
be connected in series.

Figure 4-1 shows the proposed structure of the transformer with it number of
turns. Also Table 4.1 shows the parameter sent for the proposed transformer, the
parameter includes the magnetizing inductance, the leakage inductance, and the series

resistance of each port.
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The Proposed Transformer Design
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Figure 4-1: The figure shows a structure for the proposed transformer design with its

number of turns.

Table 4.1: The parameter of the proposed Transformer.

Primary First Secondary Second Secondary
(750 V) (750 V) (375 V)
Magnetizing Inductance 2.3 2.3 0.48
(mH )
Leakage Inductance 800 800 17.6
(nH )
Series Resistance 3.9 3.3 0.78

(mQ )
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After having the proposed structure, and the parameters, a simulation had to
be made in order to check if this matches the required performance or it will not
fit the project requirements. For modeling the transformer there is a lot of ways to
do it, found in literature three of them; The coupled inductor, Reluctance-resistance
analogy, and Permanence-capacitance analogy [17]. The modeling of the transformer
using the coupled inductor or the ideal transformer is the widely used and that’s
due to its simplicity as it replace all the magnetic elements and paths with electrical
elements, inductors and resistances.

Figure 4-2 shows an example for a two-winding transformer, where L,; and L,
represent the leakage inductances, L,, the non-linear magnetization inductance and
Ry, the iron losses. The copper resistances of the windings are modeled with R; and

R, [17].

R1 Lol Lo2 R2
C O—
Lm Ideal Transformer
N1:N2
-, O

Figure 4-2: The modeling of the transformer using an ideal transformer, and the mag-
netizing inductance, and resistance, and the series leakage inductance and resistance

17].

However it has some drawbacks, it miss the physical structure beyond this com-
ponents, as the parallel paths in the magnetic circuit is replaced with series inductors
in the electrical equivalent circuit. Also for more complicated magnetic circuits like
the multiple-winding transformers or integrated magnetic components, the equivalent
circuit is going to be more complicated, difficult to drive and understand [17, 31]. And
stated in [18] some cases in which the modeling using the coupling inductors fails,
like the case of the E-core for three windings wanted to be modeled. If the voltage
is fixed by the center winding as in the Figure 4-3 (a) the polarities on the winding
will be as shown in 4-3 (b). The dots in 4-3 indicate the terminal of the positive
polarity. Now if the voltage is fixed by the first winding as in 4-3 (c) the polarity
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of the third winding is reversed, and did not reversed in its electrical model in 4-3
(d). Hence in this case, the modeling using the coupling inductors failed to describe

the real polarity behavior of the windings, which is one of the main working concepts

18].
) P - *
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Figure 4-3: The Figure in (a) shows the structure of a E-core transformer where the
center winding fix the voltage, in (b) the electrical modeling of this transformer using
coupling inductors, (c¢) shows the same transformer in (a) but the voltage is fixed by
the first winding, in (d) its wrong modeling due to the lag in description [18].

This modeling technique wasn’t enough for the required simulation as the first
issue, want to be tested is the effect of the decoupling of the two cores magnetically

as it could affect the current sharing between the two ports.

For this reasons the chosen technique for the modeling will be the permeance-
capacitance analogy. This technique represents the magnetic circuits, so it is a bit
realistic and more accurate, as the effects of the magnetic elements could be simulated.
The following equations will be needed in order to understand the modeling technique.

The Magneto-Motive Force (mmf) is the magnetic quantity that could be equiva-
lent to the voltage in the electrical platform. While the Rate of change of the magnetic
flux @ the magnetic one that represents the current. For this the first equation could

be;
1dF

o= %E (4.1)

The previous equation express the relation with the reluctance, which could be ex-
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pressed with the permeances;

: dF
—Pp— 4.2
And in this case the permeance could represents the capacitance, and the permeance
could be expressed as following
L poparA

P=% L

(4.3)

Those equation was for the magnetic equations also there is some equations that
combine the magnetic with the electrical, the first on could be the equation of the

flux produced by the voltage put on the windings;
V=No (4.4)
And the equation represents the current;

(4.5)

=]

The simulation was made using PLECS software, this software was chosen for its
ability of implementing the magnetic circuits. As the permeance-capacitance analogy
has been implemented in PLECS by means of a special domain. The PLECS library
contain all the magnetic components include windings, constant and variable perme-
ances as well as dissipators. Now using this component, the physical structure of the
transformer could be implemented.

For instance, the transformer previously modeled in Figure 4-2 could be modeled
in the magnetic domain as shown in Figure 4-4. Where P,; and P,y they represents
the primary and the secondary permeances of the leakage flux, P,, represents the non-
linear permeance of the core, G, represents the dissipates in the iron losses in the
core, the two winding N; and N; represents the winding with their turns ratio, finally
Ry and Rs represents the winding resistances those are the only elements represented

in the electrical domain [17].
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Figure 4-4: The PLECS model for the transformer shown in Figure 4-2 [17].

Now a simulation for the proposed transformer design have to be made, with the

estimated parameter and also with some other parameters about the core material,

and structure. Figure 4-5 shows the magnetic representation of the proposed trans-

former design with a two separate cores, by other words the two winding of each

terminal will be magnetically decoupled.
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Figure 4-5: The PLECS model of the proposed three port transformer composed of
two separated cores, with the two primary windings are connected in parallel, and

the two winding of each secondary port are connected in series.

For completing the simulation some other parameter like the core material and
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structure was required, and answered as following in table 4.3.

Table 4.2: The parameter of the Core used for the proposed transformer.

Core Name Ferrite N87
Material Permeability 2444

Core Cross-section Area (m?) 3694.45 * 1e©
Structure Effective Length (m) 0.2237

Table shows two extra pieces of information given by the company concerning the

magnetic behavior of the proposed transformer.

Table 4.3: The flux density, and the leakage percentage of the proposed transformer.

The Peak flux density 210 mT

The leakage Percentage 01-1%

Figure 4-5 shows the implementation of the transformer and here is a description
for the methodology used for making this implementation. The simulation contain
two identical cores, the core is represented by its main flux path ( the highlighted
path ). The flux path contain three coupling inductors represents the ports windings,
with their turns ratio specified in Figure 4-1. Also the flux path contain the Linear
Core elements wish represents the magnetizing behavior of the core, by calculating
its permeance for the entered parameters; the permeability of the material, the cross-
section area, and the effective length, which are given in Table 4.3, putting those
parameter PLECS uses the same equation (4.3) to calculate the permeance of the
core. Then each coupling inductor have in parallel with it a Leakage Flux Path
element, to represents the Leakage flux of each port, the element asks for the leakage
flux permeance, it could be calculated by different ways one of them could be using

the magnetizing inductance, the number of turns, and the leakage percentage, as
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shown in equation (4.6).

LeakageRatio * L,
PLeakage = J N2 (46)

The second core is represented exactly the same as the first on, now connecting
the winding of the two cores as shown in figure 4-1. The two coupling inductors of
the primary port are connected in parallel, while the two coupling inductor of each
secondary port are connected in series. Finally a resistance is inserted at each port

to represents the winding losses.

4.2 Transformer operation and performance

Some tests now should be done in order to first check either if the simulation is cor-
rect, and matching the specification sent by the company or no. Second to check the
behavior of the proposed Transformer, if it is matching the project recommendation

Oor 1no.

4.2.1 Transformer losses and non-ideality

In this test a square wave voltage source, with an amplitude equal to 750 Volts,
will be placed on the primary port of the transformer. While a resistors that will
represents the loads will be placed in the two secondary sides, with different values to
represents different power. This test is made for testing the normal operation of the
transformer by checking the voltages at each port, and the loading effect by checking
the decrease of the voltage at different load values.

Figure 4-6 will be the first figure to illustrate as it will shows the voltages and
the current in each port, wish is going to verify whether the modeling is working as
a normal transformer or no. The test was made at the full load ( 150 KW ), using
a resistance at the first secondary port of value 5.625 Q) to absorb 100 KW and a
resistance of 2.8125 () at the second secondary port in order to absorb the remaining

50 KW. fig(a) contain three plots each plot represents the voltage in blue, and the
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current in red in each port, the first plot belongs to the primary port, the second plot

belongs to the first secondary port ( 750 V) while the third plot belongs to the second

secondary port ( 375 V ). In fig(a) there in a dashed rectangle this is to indicate the

part that fig (b) will show in a wide view, to will analyze it.

Voltage ( Volts ) Current (Amps) Voltage ( Volts ) Current (Amps)

Voltage ( Volts ) Current (Amps)

Voltage and current at the three ports at full load (150 KW)
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Figure 4-6: fig(a) contain three plots each plot represents the voltage in blue and the
current in red in one port, the first plot belongs to the primary port, the second plot
belongs to the first secondary port ( 750 V) while the third plot belongs to the second
secondary port ( 375 V ). In fig(a) there in a dashed rectangle this is to indicate the
part that fig (b) will show in a wide view, to will analyze it.
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Commenting on the previous figure, it is clear from fig(a) that the behavior of
the transformer is fine as the voltages at the two secondary ports and the currents,
follow the turns ratio given in the coupling inductors. Where the voltages at the
three ports primary, first secondary, and second secondary are 750 V, 750 V, and 375
V respectively, and the turns ratio after taking into account the parallel and series
connection will be 1:1 for the primary to the first secondary, and 2:1 for the primary
to the second secondary. Where the currents peaks are equal to 200 A, 133.33 A, and
133.33 A respectively, which validate the behavior of the model. Now analyzing the
effect shown in fig(h), the effect is that the current is not increased instantaneously,
which make the voltage to follow it as the load is resistive load and don’t follow
the voltage on the primary port. This effect is due to the fact that this model is
not simulating an ideal transformer, the presence of the leakage pass make the flux
instantaneously goes to it then decreases to its steady state value. The opposite occurs
at the core of the transformer the flux is increasing slowly tell it teaches the steady
state value, this flux is the one responsible of producing the current in the secondary
windings, therefore the current will increase slowly till it reaches the steady state

value the same occurs to the voltages as stated before the load is a resistive one.

Now looking at the real behavior of the transformer, the two important figures
that could be illustrated are the losses and the voltage drop at the secondary winding
at loading effect. Figure 4-7 shows in the first plot the power losses in the transformer
with respect to the loading percentage, it is clear that the losses increases with the
increase of the load as the power loss in the series resistance representing the winding
resistance is proportional to the square of the current. One of the greatest advantages
as said before of the high frequency transformer is the high efficiency, it is proved now
from the simulation that the lowest efficiency which is going to be at the full load
will be equal to 99.73 %. Very important this is the efficiency of the transformer
only and this transformer unfortunately isn’t a standalone device. The second plot
shows the voltage drop at the two secondary ports it clear also that the voltage drop
is increasing with the increase of the loading percentage, as the responsible of this

effect is the flux leakage and it is proportional also with the current. It also clear
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that the drop at the two port will be different but its percentage with the remaining

voltage at each port will be the same.

Power Losses with respect to load percentage
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=—Voltage drop in first secondary port ( 750 V)
=— Voltage drop in second secondary port (375 V)
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Figure 4-7: The first plot represents the Power losses, while the second one represents
the voltage drop at the two secondary ports, both with respect the loading percentage.

Finally the last check for the normal operation will be, to check for either if the

maximum value of the flux density inside the core of the simulated transformer is the

same as the value given by the company to make sure that the modeling matches the

real one. Figure 4-8 shows the flux density in the core of the proposed transformer,

and it is clear from the data cursor shown in the figure that the peak of the flux

density is more or less equal to the value sent by the company. ( The simulation

value = 206 mT while the Company one = 210 mT ).
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The flux density at the transformer core
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Figure 4-8: The flux density at the core of the transformer.

4.2.2 TAB operation and performance

In this test the TAB technique will be used to check the transformer behavior,
as this is the topology recommended by the project. In this test the currents at
each port will be illustrated at different combination of positive and negative shifts
to check the shape of the current in each combination and compare it with the one
shown in [12], the used inductor in this simulation is 40 puH placed at the two ports
of the secondary.

Figure 4-9 is divided to six plots, each plot will show in dashed black the voltage
at the primary port, in red the voltage at the first secondary port, in magenta the
voltage at the second secondary port, and in blue the current, at different combination
of phase shifts. Each plot of the six plots represents a combination of the two shifts
of the two secondary ports wish is stated on top of it. It is clear that the current in
all the cases matches the behavior of the cases in [12]. Which verify the ability of the

proposed transformer to work as a SST inside a triple port Active Bridge.
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Figure 4-9: Each plot shows in dashed black the voltage at the primary port, in red the
voltage at the first secondary port, in magenta the voltage at the second secondary
port, and in blue the current. The combinations mainly represents two case with
the two shifts are positive, the first one the shift belongs to the lower voltage port
is bigger (first plot), and the second the opposite (second plot). Two others with
negative shifts, the first case where the shift belongs to the low voltage port is deeper
in the negative (third plot), and the second is the opposite (fourth plot), then one
with negative shift at the high voltage port, and positive shift at the low voltage port
(fifth plot), and the opposite (sixth plot).
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4.3 Alternative design: Magnetically coupled core

One of the most important test that should be done after knowing that the trans-
former will be split into two cores, is a test to compare its behavior with a magnetically
coupled core. To check if there will be a mismatch in the working behavior, special
in the currents in the parallel winding of the primary port as it may have a rotating
current.

Figure 4-10 shows the invented magnetic circuit that will represent the single core
transformer. Of course now the number of turns will not be compatible with this
design, so the number of turns will be changed in order to keep the voltages ratio be

the same.

I-
P_core . R ser secl Secondary 1 +
Primary + R_ser_pry Psecl n: NL %1 — —
§ mN 7P pi
(D, Secondary 1-
Primary -

R ser_sec2 Secondary 2 +
(G

Psec2 ”:Nzé
Secondary 2-

n: ng

Figure 4-10: The magnetic circuit for the invented transformer that will have the

same number of windings with the same connection between them, but placed on one
core.

e

In order to determine the number of turns that will be compatible with this new
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structure, Faraday’s Law have to be used.

N9

V=
dt

(4.7)

The ratio between the primary port voltage, and the first secondary port voltage
is 1 : 1. But the flux going to each one of the secondary winding is the addition of the
two flux of the two primary winding, also the voltage of the secondary is equal to the
addition of the two voltages of the two windings. Therefore the number of turns at
the primary windings will be equal to four times the number of turns of the windings
of the first secondary port. As the ratio of the voltages of the primary to the second
secondary is equal to 2 : 1, so the number of turns of the primary windings will be
equal to eight times the number of turns of the second secondary windings.

The behavior of the two cases in the ideal simulation where all the parameters of
the two transformers are equal. But if there is any mismatch in the parameter which
could happen in the practical world, the single core transformer won’t be affected but
the dual core transformer will.

The following will be the effect of each parameter mismatch in the dual core

transformer;

4.3.1 Effects of primary windings resistance asymmetries

This is the highest probability mismatch, as the resistance of the windings could
be changing and affected also. The simulation will separate the equivalent resistance
of the primary into two were each winding will have its resistance, and the current
in each winding will be measured to detect the difference. As said before at two
equal resistance in both the single core and the dual cores will have exactly the same
current in the two windings. In this simulation the resistance of the second winding
of the primary port will be equal to 150 % of the resistance of the first winding. In
the single core difference in the current of the two windings will be zero. But for the
dual core Figure 4-11 shows the difference in the current in the two windings of the

primary ports. It is clear that even for a mismatch of 50 %, which is the double of
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the error percentage proposed by the company, the error is not a problematic for the
application, as it is increasing in the beginning till a maximum value equal to 0.21

Amp then goes again to zero.

The Difference in the current of the two primary winding due to a mismatch in the series resistance
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Figure 4-11: The difference in the current of the two windings of the primary port
due to a change of 50 % of the series resistance of only one winding than the other
winding.

4.3.2 Effects of parameters mismatch between the two cores

One other mismatch could be that one of the parameter like the effective length,
or the core area of the two cores are a bit different. The following simulation will
simulate a mismatch of 10 % in the effective length of one core than the other. Also
the difference in the current in the single core transformer is equal zero, and Figure
4-12 shows the difference in the current in the dual core transformer. The difference

make a triangular waveform with a peak value equal 0.15 Amp, and a DC value of
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40 mA, which is not a problem at all.

The Difference in the current of the two primary winding due to a mismatch in the core parameter
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Figure 4-12: The difference in the current of the two windings of the primary port
due to a change of 10 % in the effective length of the parameter of one core than the
other one.

4.3.3 Effects of leakage flux asymmetries

The last mismatch that could be done is a mismatch in the leakage of the two
coupling inductors, so a permeance of one of the two winding is changed to become
110 % of its value, and the second remain the same. Also for the single core the
difference is zero, but Figure 4-13 shows the difference in current of the dual core
transformer. The difference waveform shape is more or less like the shape of the
primary current, but with a peak value equal 7.95 mA, and with a DC value equal

Zero.

The proposal was approved as its behavior is matching the recommended one by
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The Difference in the current of the two primary winding due to a mismatch in the leakage
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Figure 4-13: The difference in the current of the two windings of the primary port
due to a change 10 % in the permeance capacitance of one coupling inductor than
the other one.

the full project, and matches all the limitations specified by the project.
Table 4.4 show the dimensions of the Transformer, also Figure 4-14 shows the
assembly of the mechanical design of the transformer, and finally Figure 4-15 shows

a picture for the real Transformer.

Table 4.4: The Transformer Dimensions.

The Length ( mm ) The Width ( mm ) The Height ( mm )

375 327 73
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Figure 4-14: The assembly of the mechanical structure of the transformer.
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Figure 4-15: This figure show the real transformer.
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Chapter 5

Reactive Elements Design

5.1 Inductor Design

The inductor in the TAB could be considered as the key element in the converter,
as it is the main element that control the power flow direction and quantity, and
filter the current also. For this reason this chapter will discuss how the value of the
inductor will be chosen, what is the parameter that it should be taken into account

in the design.

5.1.1 Role of inductor in TAB operation

The SST inside the TAB could be represented as shown in Figure 5-1. The
inductors in the figure represents the Leakage inductance of the transformer, and as
stated in Table 4.1 the value of the leakage inductance are very small. Which make
the operation of the TAB depending only on the Leakage inductance impossible, as
the ripple of the current will damage everything. Which make an additional inductor
should be placed, But there will be two question coming to our mind now. How to
choose the inductor values? And that’s what is going to be answered in the following
section. And where to place them? Which is going to be answer in the section after

12].
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Figure 5-1: The inductor representation of the transformer [12].

5.1.2 Design of the inductor

How to select the inductor value 7 to answer this question it is better to ask first
what is the variables that are affected by the value of the inductor. And the answer
would be two main things, the current slop, and the value of the maximum power
that want to be delivered. The full project will decide the limitations that have to be

fulfill be the choice of the inductor value.

Maximum Current relation and limitation

The maximum value of the current is really important in choosing the value of the
inductor as the current depends only on the inductor and the voltage that is already
decided by the project, and the maximum current could be a problem for the IGBT
ratings. To determine the relation between the maximum current and the value of
the inductance the equation of the current in the inductor previously stated Equation
2.1 will be used, with the values that already decided.

Figure 5-2 shows the waveforms of the voltage at the two inductor terminals in
the first plot, in the second the voltage on it, and in the third plot the current in the
inductor. Using this figure for getting a general Equation that gives the maximum

value of the current in terms of the inductor value.
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Figure 5-2: The first plot shows in blue the primary voltage and in red the secondary
voltage, the second plot shows the voltage at the inductor terminal, and in the third
plot shows the current in the inductor.

The current slop could be determined from following equation;

Ai Vg
At wl

Rearranging equation 5.1 it could be;

Vi At

i = (27 fo) L

(5.2)

Now using the information known about the behavior of the TAB, and as shown

in the figure 5-2, the voltage on the inductor is equal to double of the voltage value

of the secondary port during the phase shift, and equal zero in the rest of the half

period. At the second half the voltage will be negative the double of the voltage at

the phase shift and zero at the rest of the half period. This is for ideal case but for

real it will be different as there is a field weakening will make the voltage will be a bit

lower, but this consideration is accepted here as the design should be for the worst

case.
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For knowing the maximum value of the current we should focus on the dashed

rectangle in Figure 5-2, and from it the following equation could be got;

2‘/860¢

i = (27 o) L

(5.3)

For steady state the current vary from the negative maximum value to the positive
maximum one. So the variation of the current could be double of the maximum value
of the current. Concerning the phase shift it should be the maximum value that it
will be in this case 7 , but normal the control limit the phase angle to be from —m/2
to /2, so the maximum current will occur at 7/2 . Therefore the final equation for

the maxim<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>