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Abstract-In offshore wind power plants, the losses occurring
in the path from the wind turbine to the point of common
coupling contribute significantly to the cost of energy.
Therefore, a reduction of the losses along this path represents a
desirable way to drive down the energy cost. For state-of-the-art
AC systems, simply increasing the voltage level in the collection
grid has the potential of improving its efficiency. However, since
large offshore wind power plants tend towards being connected
to shore through HVDC transmission lines, one might extend the
DC nature of the high voltage transmission to the collection grid
in the attempt of reducing the losses. Nevertheless, both
solutions may increase the cost of the system and therefore, their
potential benefits must be quantified in the proper way and as
accurate as possible. This paper presents a tool to assess the
performance of different wind power plant configurations in
order to suggest the most appropriate solutions for offshore
applications. The advantages of this tool are expressed in terms
of configurability, fast computation and increased automation
level. The assessment presented in this paper is intended to
highlight the potential benefits of adopting DC technologies for
offshore wind power developments and the proposed
methodology is exemplified by a study case where a standard
AC configuration is compared with alternative DC solutions.

Keywords: DC collection grid, DC wind turbine, WPP
efficiency assessment, HVDC grids, cost of energy, offshore
super grid, Dual Active Bridge, Single Active Bridge.

I. INTRODUCTION

Wind power generation capacity is continuously
increasing, encouraged by the global trend to reduce the
greenhouse gas emissions [1]-[3]. Currently, Europe is the
world leader in offshore wind power with a total installed
capacity of 4 GW. The UK only, provides the potential to
deliver 47 GW of offshore wind power generation, with
Round 3 being the start of the biggest offshore wind power
development program in the world.

According to [4] there are 25 GW of planned offshore wind
power projects in UK by 2020. Since many of these projects
are located at a considerably long distance from the shore, it
is foreseen that HVDC transmission technology will be used
for the connection to the main grid due to its advantages
compared to conventional AC transmission [5]-[14].

The cost associated with development of these new projects
is rather high due to (among other reasons) long distances to
their location, increased water depths and demand for new

technological developments such as new wind turbines (WT)
with increased capacity. The cost of development is strongly
related to the so called Cost of Energy (CoE), which is
probably the most important factor when assessing electric
energy production systems. It is therefore imperative to find
methods that will drive down the CoE in order to make wind
power competitive with conventional power generation
systems.

One possible approach in the attempt of reducing the CoE
is to reduce the overall losses in the system. The first step
towards loss reduction in offshore wind power plants (WPP)
is to increase the AC voltage level in the collection grid.
Presently, the AC voltage level adopted for the offshore WPP
collection grids is typically 20 kV across Europe and 33 kV
in the UK.

Another approach that was extensively investigated is to
build a DC collection grid. Such a collection grid would
operate at medium voltage (MV) and would have the main
benefit of reducing the losses in the system, making the CoE
reduction possible. A big advantage of adopting DC
collection grids is that it allows for weight savings of the
components used in the system.

Obviously, a DC collection grid would require
modifications of the WTs in order to output DC power and
will impose the use of an offshore substation that makes use
of DC/DC converters. Several approaches can be used to
build a WT with DC output [15]-[18]. Simply removing the
grid side converter of a full-scale back-to-back converter [19]
will allow the WT to provide DC output in a low voltage
range (0.5kV — 1.5kV). However, this voltage level is most
probably not high enough to assure a reduction of losses in
the collection grid. Therefore, it has to be raised to a higher
value (i.e. MV) using a DC/DC converter [20]-[26] or by
connecting wind turbines in series until the transmission
voltage level is reached [27]-[29].

Regardless the adopted approach (i.e. increasing the AC
voltage level or switching to DC technology), the overall cost
of the system might increase. Therefore, the benefits
associated with certain technology options must be properly
quantified and as accurate as possible. When evaluating
different system configurations there are several important
elements that must be considered for determining their overall



impact on the CoE. These elements are: initial capital cost
(ICC), operations and maintenance cost (O&M), leveled
replacement cost (LRC), and annual energy production
(AEP). Consequently, there is a need for an evaluation
methodology that takes into consideration all these factors.

Building on the tradition of previous research work in this
area [30]-[35], this paper presents a new CoE evaluation tool
for AC and DC offshore WPPs. The tool is intended to be
helpful in assessing the benefits of adopting DC technologies
compared to conventional AC solutions. The analysis
performed by the CoE tool involves the combined effect of
WT aspects, collection grid aspects and substation aspects.
The only part of the transmission technology considered in
this work is the offshore substation, which is prone to
modifications when a DC collection grid is adopted
(assuming an HVDC connection to the main grid).

In addition to previous related work, the CoE tool
presented in this paper brings several advantages such as
increased flexibility, configurability and automation level, but
also faster computation. All these are very important when a
large number of configurations need to be assessed. The
above mentioned advantages come from the method used for
calculating the parameters that form the CoE, especially the
approach taken to calculate the losses in the power electronic
conversion system of the WT and substation. This will be
explained in the following sections.

The tool has been exemplified with a study case for an 800
MW offshore WPP consisting of 100 WTs rated 8 MW each,
where a conventional base case AC WPP has been compared
with several DC WPP configurations.

II. BACKGROUND ON COE CALCULATION

As it was previously explained, the CoE tool described in
this paper presents several important advantages when it
comes to evaluating a large number of system configurations.
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The reason for that lies on the way the tool is built. In the
following sections each component involved in the CoE
calculation will be described.

The CoE is determined based on [34] as the aggregated
cost of the WPP divided by the annual energy production of
the WPP, and is expressed by the following equation.

CoE = —2F (1)

A.  Aggregated cost of the WPP

As seen in Fig. 1, the aggregated cost of the WPP mainly
consists of fixed and variable components and is detailed
below.

ACypp = (1 + FCR) - ICC + LRC + 0&M )
ICCpyps + ICCoq + ICC
cc = WTs cG Ss 3)
LTwpp

In the above formulas, the following notations have been
adopted:

e ACyppis the aggregated cost of the WPP;

e AEPyppis the WPP annual energy production;

o  LTyppis the WPP lifetime;

e FCR (fixed charge rate), representing a percentage
of the initial capital cost which includes
construction financing, financing fees, return on
debt and equity, depreciation, income tax, and
property tax and insurance;

e JCC (initial capital cost of the WPP per year),
which considers the WTs cost, collection grid cost
and substation cost as seen in the equation below;

e LRC (leveled replacement cost per year)
distributes the cost of major replacements over the
life of the wind turbine and is expressed in $/kW
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Fig. 1. Components forming the Aggregated cost.



machine rating;

e O&M (operation & maintenance cost per year)
which includes costs related to scheduled and
unscheduled turbine maintenance, facilities
maintenance, administration and support. The cost
associated with the offshore bottom lease was also
included here.

e JCCyry (initial capital cost of the WTs) which
contain the WTs CAPEX and the balance of WT
cost. There is also an offshore warranty premium
included in the initial capital cost of the WTs,
which is a percentage of the WTs value. The
balance of WT cost contains all the costs related
to foundation, support structure, transportation,
port and staging equipment, turbine installation
permits, personnel access, scour protection and
electrical interface connection;

e JCCcc (initial capital cost of the collection grid)
which contains the collection grid CAPEX and
installation cost;

e  JCCgys (initial capital cost of the substation) which
contains the substation CAPEX and installation
cost. The substation CAPEX comprises the cost of
the offshore platform, switchgear, and converter
and transformer.

The numbers forming the aggregated cost can be obtained
based on cost scaling curves for all the major components of
the WPP, as described in [34]. This should be exercised for a
base case scenario of given configuration rating, in which the
cost for all the major components (e.g. WT, substation and
collection grid) must be determined. The cost associated with
all the other configurations that need to be assessed can be
obtained using the following procedure.

Firstly, one must identify what changes the new system
configuration will bring to the base case scenario, such as
components/subsystems that will have different designs.
Once the changes are identified, the bill of materials (BOM)
cost of the component/subsystem causing the changes must
be calculated. In the same time, the BOM cost of the new
component/subsystem that will be used in the new
configuration must be obtained. By interchanging the two
component/subsystem BOM costs, one can obtain the
aggregated cost for new system configurations.

The BOM cost for particular components of the system is
determined based on detailed design work which allows the
selection of components with appropriate ratings for
predefined operating conditions. The following equation
shows how the aggregated cost for new system configurations
can be obtained.

Aggregated cost of the NEW SYSTEM
= Aggregated cost of the BASE CASE SYSTEM
— BOM of the component in the BASE CASE SYSTEM 4

+ BOM of the component used in the NEW SYSTEM

For correctly determining the aggregated cost of new
system configurations, the BOM cost of the affected
component must be accurately determined. This might be a
source of error if accurate cost data is not available. The
BOM cost of certain components or subsystems can be
obtained from cost scaling models if more accurate sources
are not available. However, in this paper most of the costs
forming the BOM were obtained from vendor quotes. Where
vendor quotes were not available, costs were derived and
scaled from related areas.

B.  Annual Energy Production of the WPP

The annual energy production of the WPP is strongly
related to Fig. 2, where the losses occurring in a WPP are
shown. It becomes obvious that in order to determine the
AEP of the WPP, one need to determine the energy captured
by the WT blades and the losses in different stages of the
system, in the path towards the offshore substation. In this
paper, the HVDC transmission lines are considered to be the
same regardless the technical solution adopted for the WPP
(i.e. AC or DC), and are therefore assumed to have no
influence on the assessment results.

With regard to Fig. 3, input to the WT blades is the site
specific wind speed with certain turbulence and wind shear
characteristics. The WT losses have been calculated using
analytically determined loss models for each of the involved
components. The same approach has been adopted for the
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Fig. 2. Block diagram of the offshore WPP showing the losses that occur in different locations of the system.



p—

/

‘I'Subsmlion Loss
| Models

\ .
e Z
Z
i1
— P N E N
- ~ N 9\
[ wind Wind Turbine A s [ z' 5
! T ) » 32
LD | Loss Models N_;E:B ¢ L (=
ower Cur\}v \ — \E =
N 4

-

— -

{ Pow

. Set-points
—

| Load Flow
Simulations

;)f H

R
({ &
4

\

o

/

Fig. 3. Annual energy production calculation method.

substation, while for the losses in the collection grid, multiple
load flow simulations have been performed at different wind
speeds, reflecting different loading conditions as a result of
varying wind speed. The Weibull distribution has been
applied for quantifying the AEP of the WPP.

The AEP of different system configurations can be
obtained similarly, by following the same approach used to
calculate the aggregated cost. This involves isolating the
losses of certain components in the base case system and
replacing them with the calculated losses of the components
in the new system configurations.

Just as for calculating the BOM cost, it is obvious that for
accurate determination of losses one needs to perform
detailed design work and modeling of the involved
components.

C. Need for Analytically Determined Loss Models

CoE calculation requires accurate data regarding the BOM
cost and annual energy loss (AEL). Both the AEL and BOM
cost involves component specific design. For exemplification
purpose, this paper is focusing on the power conversion
system (PCS), for which a design example is presented.

As can be seen in Fig. 4, in order to perform a design of the
PCS, its loading must be determined. Based on the loading
conditions, appropriate devices can be chosen and the overall
losses in the converter can be determined. Design must assure
that the temperature increase in the converter does not exceed
the maximum specified limit.

The loading information of the PCS can be obtained in two
major ways, namely by using time-step simulations with
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Fig. 4. Diagram of the CoE Calculation Algorithm.

specialized software or by obtaining closed form analytical
equations based on converter equivalent circuit and converter
switching states. Since the losses need to be determined from
zero power to nominal power, it becomes obvious that the
approach based on time-step simulations might be very time
consuming for a large number of designs and configurations.
Even for a single design, one would need to perform several
simulations at different power levels (i.e. given different wind
speeds). Consequently, the number of power levels at which
the loading is calculated is limited by the number of
simulations that one will carry out.

As opposed to time-step simulations, even though some
time will be spent on developing the models, the approach
based on closed form analytical equations is much more
convenient when it comes to simulating different designs and
configurations, because of the much lower computation time,
and increased configurability and automation level.
Moreover, in contrast with time-step simulations, closed form
analytical loading determination allows calculation of losses
from zero power to nominal power with no restrictions on the
number of power steps.

Given these considerations, a contribution of this paper is
that it considers the approach based on analytically
determined closed form equations for the converter loading.
In this context, parametric expressions have to be obtained, as
follows:

Component Rating = f(Specifications, Device Catalogue) (5)
Losses = f(Component Rating, Weibull Distribution) (6)
BoM = f(Component Rating) (7) Reliability = f(Component Rating, Losses) ®)
Ideally, one would also consider a parametric expression 0&M Cost = f(Reliability) )

for reliability, since it has an influence on the O&M cost of
the system.

In this paper the focus will be on losses and cost without
taking into consideration reliability considerations. However,



considerable variations in the O&M cost can be associated
with reliability issues. It is therefore recommended to
consider reliability when calculating the CoE.

Section IV presents an example of obtaining parametric
expressions as the ones presented above. For completeness of
the CoE calculation algorithm a similar algebra needs to be
performed with regard to reliability.

III. CONSIDERED TECHNOLOGY OPTIONS

With regard to Fig. 5, different options can be considered
for the WT structure, the substation structure and the layout
of the collection grid, as explained below.

A. Base Case System Layout

A generic architecture of the considered system is depicted
in Fig. 5 and as can be seen, it considers a WPP formed by
four clusters connected to shore through HVDC transmission.
The base case system considers typical 8 MW WTs with full-
scale back-to-back converters, having the power curve as
shown in Fig. 6. All the other WT configurations have their
own power curves. A typical 33 kV AC collection grid and a
typical HVDC offshore substation based on two-level voltage
source converters are considered as well for the base case
configuration [7].

B. Wind Turbine and Substation Configurations

The PCS of the WT considers three different topologies.
For the AC WT, a full-scale back-to-back voltage source
converter (VSC) based on three-level neutral point clamped
(NPC) technology is adopted.

The AC WT can be modified by replacing the grid side
VSC with a DC/DC converter, so that a DC WT is obtained.
Two different topologies have been considered in this work
for the DC/DC converter inside the WT, namely the Three-
phase Single Active Bridge converter (SAB3) and the Three-
phase Dual Active Bridge converter (DAB3) [37].

For the substation PCS two different topologies have been
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Fig. 6. Power curve of the considered base case wind turbine.

considered. In case of an AC collection grid, the substation
converter is built based on the well-known two-level
technology. In the case of a DC collection grid, the substation
can be modified by replacing the typical AC/DC structure
with a DC/DC conversion stage which, in this paper, is
considered to be a three-phase Dual Active Bridge converter
(DAB3). Two different options have been considered in this
paper for the location of the offshore substation, namely in
the center and outside center of the WPP.

C. Collection Grid Configurations
Two different options have been considered for the layout
of the collection grid, namely the radial configuration and the
star configuration, as depicted in Fig. 7. The collection grid is
operated at 33 kV AC using 3-core XLPE copper cables and
+35 kV DC using triple extruded bi-pole polymer cables.

IV. EXAMPLE OF PARAMETRIC EXPRESSION
DETERMINATION

As it was previously mentioned, this paper is focused on
obtaining parametric expressions only for the losses and cost
of the system. The approach used to determine such closed
form expressions for the full-scale back-to-back three-level
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Fig. 5. Generic layout of the considered offshore wind power plant connected to onshore grid through HVDC transmission.
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NPC converter is described in detail in [36]. In the following,
the closed form parametric expressions for the losses of a
three-phase Dual Active Bridge DC/DC converter are
derived.

A first step in determining the losses in the converter is to
calculate the loading (i.e. RMS and AVERAGE values of the
current) through the switching devices. Afterwards, a
predesign study that takes into account thermal modeling
aspects must be performed in order to choose suitable devices
for which datasheet characteristics are extracted and used to
calculate the losses. The power electronic switching devices
are chosen so that the temperature increase for a given device
type will not force the converter to operate outside the
specified temperature limits. Several iteration steps might be
necessary until the right switching devices are chosen.

11
Peonap = Vao(T) - Iavg,D + R4(T) - Irms,DZ (i
12
P, sw_IGBT — VDC : Esw_IGBT 'fsw : Isw_avg_IGBT (12)
Pst _VDC Est fsw' sw_avg_D (13)

In the above equations the following notations have been
used:

o V(T) / V4(T): is the temperature dependent
threshold voltage of the IGBT / Diode;

e R(T) / RyT): is the temperature dependent
resistances of the IGBT / Diode;

e Ly 1687/ Layve p: is the average current of the IGBT
/ Diode;

® L 16871 / Iims p: is the RMS current of the IGBT /
Diode;

e Eg a1/ Egw p: s the sum of the p.u. VA IGBT /
Diode turn-on and turn-off switching energy;

¢ Iwaveioer / Lswavep: 1S the average switched
current of the IGBT / Diode;

e Vpc: is the DC-link voltage of the converter;

e f,: is the switching frequency of the converter;

The converter will also experience losses in the medium
frequency transformer, namely copper losses and core losses,
as follows [38].

3) R - 1()?
h=1

; . . = (14)
With regard to Fig. 8, two types of power electronic
devices are forming the switch in the converter, namely the
IGBT and its anti-parallel Diode. Both devices will face two a
. . m+1 m
dlfferept types of losses, n'amely condqctlgn losses and P, = Moo - kq - (AB)P=% - £, Z |
switching losses. For the Diode, the switching losses are b1 =
represented by the so called reverse recovery loss. The (15)
following equations approximate the previously mentioned (g1 — )
losses.
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In the above equations the following notations have been
used:

e R(f}): is the winding resistance at the frequency fi;

e I(fy): is the RMS current component at the
frequency fi;

e 0, B, ki Steinmetz parameters, obtainable from the
core material data sheets;

e M, is the core weight, obtainable from the
transformer design;

e B:is the core flux density;

e AB: is the flux density variation;

e f,: is the switching frequency of the converter;

It can be noticed from the above equations that for
calculating the losses of the medium frequency transformer,
one needs knowledge of the RMS current through the
transformer at different frequency components along with the
resistance for that component, the Steinmetz parameters o, §
and k, the core size M. and the flux trajectory.

The RMS current through the transformer can be found
from the operating principles of the converter, the Steinmetz
parameters can be obtained from the core material data
sheets, the core weight is obtained from the transformer
design process while the flux trajectory can be obtained from
the applied voltage waveforms on the transformer,
corresponding to the operating principles of the converter.

The losses in the input and output capacitors are much
lower than the other types of losses occurring in the converter
and are therefore not considered in this analysis.

The loading through the converter’s switches is determined
based on the operating principles of the converter, which will
determine the shape of the applied voltage across the leakage
inductance of the transformer (Lj.). Using the equivalent
circuit of the converter and the converter switching states, six
different operation modes can be distinguished in the
waveforms shown in Fig. 9.

Two sets of equations can be written using the equivalent
circuit and the converter waveforms [37]. One set of
equations is applicable for phase shift angles (i.e. between the
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Fig. 9. Equivalent circuit and operating waveforms of DAB converter.

applied voltages on the primary side and secondary side of
the medium frequency transformer) ¢<n/3 and the other set of
equations for phase shift angles ¢>m/3. Since the converter is
able to operate in both buck and boost modes, independent of
the transformation ratio of the medium frequency
transformer, it becomes obvious that the above mentioned
equations have to be written for three different DC
transformation ratios (i.e. d=1, d<I, and d>1). Depending on
its DC transformation ratio, the converter can operate in the
soft switching region or in the hard switching region.

Using the two aforementioned sets of equations, the
relations describing the loading of the converter were derived
and are presented below for the simplest case with DC
transformation ratio equal to 1 and for phase shift angles
smaller than m/3. The full set of equations for unity DC
transformation ratio is presented in the APPENDIX.

(16)

Iavg_IGBT =

V2

108 - (1 + d) . Lleaka)n

23d3n3 — 27(p3d3 — 36(pd3n2 + 547Td3<,02 + 1081rdz<,02 —39d%m3 — 81(,03(12
Irms_IGBT = a :

(UZLleakz . (1 + d) - TT i

z (17)

N (72<pd2rt2 +9dn3 + 162ndp? — 81¢p3d — 36¢dn? + 7713) v 2)
Vip

WL’ - (1+d) -7

Vip - (=21 + 2dm — 3dgp)?

(18)

Iavg_D = -

108 - (1 + d) . wﬂLleak



VZ J_ Vi (=2m + 2dm — 3d@)®  (19)

L =—"
rms.D 54‘ (A)ZLleakz * (1 + d) TT
Vip - (—2m + 2dm — 3dg) (20)
Isw_avg_IGBT = - 90 Loar
ea
Isw_avg_D = _Isw_avg_IGBT 2D

V. StuDY CASE

The evaluation methodology has been applied for the
considered technology options presented above, but the
analysis can be further extended for a more comprehensive
study.

The size of the offshore WPP considered in this paper is
800 MW and consists of 100 WTs, rated 8 MW each. Two
options have been considered for the PCS of the DC WT
(i.e. SAB3 converter and DAB3 converter) while for the
AC WT the three-level NPC converter has been
considered. A DAB3 converter has been considered for the
substation PCS. The DC/DC converters operate at a
switching frequency of 1 kHz. For the collection grid two
configurations have been considered (i.e. radial and star
configuration) using 33kV AC 3-core XLPE copper cables
and £35 kV DC triple extruded bi-pole polymer cables.
The site conditions used in this study case are presented in
Fig. 10.

With the evaluation methodology and the technology
options presented above the assessment results are
presented in Fig. 11. The following notations correspond
to the configurations shown on the figure.

Configuration Substation Collection | Technol
position grid layout ogy
lafda | o S| Radial AC
2/5a | oot | Radial | DAB3
/s | o Star DAB3
Bal6a | gueone! | Radial | SAB3
3b/6b Outgzzttge/nter Star SAB3

It can be noticed that from a CoE point of view, the
most appropriate solution seems to be configuration “6a”,
which has a radial collection grid configuration, a DAB3-
based substation located in the outside center of the WPP
and a SAB3-based DC WT. The average CoE
improvement is approximately 1.4%, but it can go as big

Wind speed distribution
T T

Weibull=(ye (pde) ™ expi-plary)
Shape parametsr: y=2 2

Scale factor a=124

Wind speed: x[mfs]
Wean weind speed xmean:'l'l [rmis]

HoursfY ear

Wind speed [mis]

Fig. 10. Study case site conditions.

as 2.6% or as low as almost 0%. It is obvious that radial
grid configuration is superior in terms of CoE across all
the considered cases. The variations in the CoE of each
configuration are the result of best and worst case
scenarios for both aggregated cost and AEP of the WPP.

VI. CONCLUSIONS

In this paper a CoE evaluation tool based on closed form
equations of losses in the power conversion system of AC
and DC offshore WPPs was presented. The analysis
performed by the CoE tool involves the combined effect of
WT aspects, collection grid aspects and substation aspects.
The contribution of this paper is given by the approach
used to calculate the losses in the power electronic
conversion system of the WT and substation, namely by
obtaining closed form expressions for systems losses. The
main benefits of this approach are the increased flexibility,
configurability, automation level, and computation speed
of the CoE evaluation tool. This work is intended to be
helpful in assessing the benefits of adopting DC
technologies compared to conventional AC solutions, as
proven by the results shown in Fig. 11.

The background on CoE calculation was presented in
section II, where the need for accurate closed form
expressions of the power electronic converters loading was
emphasized and explained. After presenting the considered
technology options in section III, parametric expressions

Cost of Energy in PU and % variation of the base case average CoE
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Fig. 11. CoE assessment results.



for the loading of a three-phase Dual Active Bridge
converter were obtained in section IV. Section V presents
a study case where the benefits of DC technologies are
emphasized in terms of CoE, proving the hypothesis given
in the introductory section.

Further work needs to serve a completion of the
algorithm presented in this paper, by considering the
influence of component reliability on the CoE results. This
should be done similar to the approach taken for the loss
evaluation, by means of parametric expressions. Besides
assessing the most appropriate system layout, the use of
this tool might also be extended to assess the system in
terms of voltage levels.
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APPENDIX

Two sets of equations can be written using the
equivalent circuit and the converter current waveforms
[37]. Each set of equations describes six operation modes
for the converter. One set of equations is applicable for
(p<g and another set of equations for ¢p> % One equation is

presented below as example, with ipn.q(0) being the
converter current in the first operating mode, V;; the input
voltage of the converter, d the DC transformation ratio,
6 = wt and w = 2rf, where f is the switching frequency:

Vip - (1+2d)-6

imodl(e) = 3w Lok
ea

+ i, (0) (1)

The value of the current at the instant 0 must be
determined using the current expressions, in order to
calculate the converter’s average input current and power,
as follows:

T
For <3

Vip - (21 — 2dm + 3d o) )
9leeak

i,(0) =—
A similar expression can be obtained for ¢> %

The average input current and power for (p<g were

calculated based on the two aforementioned sets of
equations, as follows [37]:

_ Vipdqo - (4 — 3¢)

= 3)
avg O wLpqr
p, = p-de (4 = 3¢) @)
avg 6TwLipqs

A similar set of equations can be written for > g

The required phase shift angle for transferring a certain
amount of power, for ¢> g is calculated as follows:

6dnVy, — 2 - \/7d2n2Vip2 — 36dP;,, TwL ok
12dV,

(&)

(p:

A similar set of equations can be written for ¢> g

The current zero crossing angle for ¢> g is equal to the

one for @< g, since the DC transformation ratio d=1, and
is shown below.

_ —2m+ 2dm — 3dg
Ve A+ d)

(6)

The loading through the converter for ¢> g is given by
the following set of equations:

(4n® — 9m*d + 3n*d* + 18d*om + 42rndp — 18d*@* — 27d¢?) - Vy, (7)

I avg_IGBT =

108 - (1 + d) . Lleaka)n

Irms_IGBT = a :

V2 29d3m® — 108¢3d® + 162d3np? — 81d3m?p + 216md?p? — 216d? @3 + 45d%pn?
szleakz (1+d)'m

1 ®)

vy —37d?m® — 135d¢® — 18n%dep + 573d + 162¢%*dn + 7n® 2 z
P (A)ZLleakz . (1 + d) T P

Vip - (4n? — 7n%d)? + 5m?d* — 18d*pm + 6mde + 18d*¢? + 9dp? 9)

I =
avg_D 108 - (1 +d) - wnLjpqy

Lims p = a :

V2 (14d3n3 —108¢p3d® — 81d3n?%¢p + 162d3w@? — 25m3d? — 54d%¢3 + 72d2<p712> Vo2
szleakz * (1 + d) T P

1 (10)

N (—27nd2 2 —81nd? + 17n3d + In?de + 27¢3d — 8n3) v 2>2
Vi

szleakz -(1+d)'m

Vip - (=21 + 3dm — 6d¢)

(11

Isw_avg_IGBT = -

_ Vip - Bep — 3w +dn)

9leeak

(12)

I sw_avg_ D —

9wLieqk
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