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Abstract

High-power, high-voltage and high voltage-convengiatio DC-DC converters are an enabling
technology for offshore DC grids of the future. $b&onverters are required to interface between
offshore wind farms and an offshore DC grid an@ ¢tesign issue is the size and weight of the
converter, which significantly impacts the costltd associated off-shore platform. In addition
to this application, some rural communities, pattdy in Canada, Australia and South Africa,
which are located far away from the electrical pogenerators, can take the advantages of this
technology by tapping into existing HVDC transmissiine using a high voltage-conversion
ratio DC-DC converter. The work described in thisdis is an investigation as to how such
DC-DC converters may be realised for these apjphicst

First a review of existing DC-DC converters wasriear out to assess their suitability for the

target applications. A classification of DC-DC centers into Direct and Indirect converters was
proposed in this work based on the manner in wtliehenergy is transferred from the input to
the output terminal of the converter. Direct DC-D@hverters, particularly Switched Capacitor

(SC) converters are more promising for high-voltdggh-power and high voltage-conversion

ratio applications, since the converter can interfaetween the low-voltage and the high-voltage
terminals using low-voltage and low-power powercttenic modules. Existing SC topologies

were examined to identify the most promising caatictircuits for the target applications.

Four SC synthesis techniques were proposed in ¢odderive new SC circuits from existing
topologies. A new 2-Leg Ladder, modular 2-Leg Ladaed bi-pole 2-Leg Ladder were devised,
which had significant benefits in terms of size argdght when compared with existing circuits.

A scaled power 1 kW converter was built in the labory in order to validate the analysis and
compare the performance of the new 2-Leg laddeuitiagainst a conventional Ladder circuit,
where it was shown that the new circuit had higiféiciency, smaller size and lower output
voltage ripple than the Ladder converter.
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1. Introduction

In recent years, there has been an increasingsttier developing high-power and high-voltage
DC-DC converters for power system applications.réhare different applications which can

benefit from high power DC-DC converters such as:

» Emerging DC microgrids and distribution systems2[[1,

» Interfacing DC storage systems with the electrid {8, 4]

» Interfacing DC power sources such as solar cellsggawatt ranges to the electric grid
[5, 6]

» High-speed train power systems [7]

* Interfacing offshore wind generators to an offsHoegrid [8, 9]

» Tapping into an High-Voltage DC (HVDC) power transsion lines to feed remote
communities [10-12]

* Interconnection of two HVDC bulk transmission sysseworking at different voltage
levels [13]

This thesis discusses two of the applications fadmve, namely interfacing offshore wind
generators and feeding remote communities. Thisidacwas driven by the industrial sponsor
for the project - Alstom Grid - who sees these @mpgibns as being important new markets, which
could complement their existing HVDC business. féfe wind DC grids and remote load
feeding require high-power and high-voltage DC-DoDwerters with voltage-conversion ratios
of typically ten or above. The purpose of this egsk work was to investigate different DC-DC
converter topologies and assess their suitabityhfgh-power, high-voltage and high voltage-
conversion ratio applications. This thesis lookeew topologies based on Switched Capacitor

(SC) converters and examines their suitabilityd@-DC conversion in the HVDC area

The remainder of this chapter starts with a brieéreiew of HVDC technology and its
applications. The application of HVDC for the intation of offshore windfarms to offshore DC
grids and remote load feeding through an HVDC lwvikt then be discussed in more detail.
Finally, an outline requirement specification foetbC-DC converter, which covers both these

applications, will be presented at the end of thigpter.

Chapter 2 reviews different DC-DC converter top@sgnd examines their suitability for high-
voltage, high-power and high voltage-conversioiorapplications. Furthermore, an introduction
to the most common SC converter topologies thae limeen proposed over the years and how
these circuits are synthesised from a basic SCGuilélbe discussed in Chapter 2. Chapter 3 then

discusses two popular analysis methods that hame teported in the literature and highlights



their limitations, and proposes a more generaliaiitive approach. Chapter 4 investigates the
effects of circuit parasitic on the operation ahd efficiency of SC converters. Analysis of
coupled SC converters and the effects of couplimghe operation of SC converters will be
discussed in Chapter 5. In Chapter 6, four SC sgishtechniques will be introduced and new
topologies will be derived based on these synthesibniques and will be compared with
conventional SC topologies. The design and experiaheesults from a 1 kW scaled, prototype
of this new topology are presented in Chapter 7alfi, Chapter 8 will include conclusions and

discuss future work.

1.1 HVDC Technology and Applications

HVDC has been primarily used for bulk power trarssian over long distance overhead lines
and underground cables and the interconnectionsghcaronous systems. The line and
transmission losses for HVDC is less than AC fer shme power capacity [14]; however, the
additional cost of the AC-DC and DC-AC power cortees required at both ends of the HVDC
line is high when compared to an AC substation @mlgl over a certain transmission distance,
the so called “break-even distance”, does the H\d&ide economical alternative to AC
transmission. The break-even distance, as showigure 1-1 depends on several factors. For
example, the break-even point for overhead lindggally 600-800 km but it is only around
90 km for underground cables [15]. This is due ightelectrical capacitance of cables when

compared to overhead lines, which leads to a heghtive current in the line.

Total Cost
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Figure 1-1. HVDC vs. AC Transmission Cost

To date there are two basic converter topologiat éRist for AC-DC / DC-AC conversion in

modern HVDC transmission systems, namely conveatibime Commuted Converters (LCC)



and newer self-commuted Voltage Source Conveté8€6€) [14, 16]. LCC is based on thyristor
valves and is the most cost-effective technologyptdk power transmission over long distances,
with the capability of up to 7.2 GW at voltagestoB00 kV [17]. Thyristors rely on a reversal
of the anode/cathode current to turn-off, therdéier LCC converter needs to be connected to a
strong AC network to ensure commutation of theithgr valves. Furthermore LCC converters
operate at poor power factor due to the high harcrmmtent of the current as well as its lagging
fundamental. An LCC HVDC station therefore needmificant compensation and filtering at

both the sending and receiving ends.

HVDC transmission with VSC is a new technology, ethis based on self-commuted devices
such as Isolated Gate Bipolar Transistors (IGBVSC HVDC offers several advantages over
conventional LCC technology. VSC technology cantiamrboth the active and reactive power
flows independently. It can even inject reactivavppinto a weak grid for compensation. In
addition it can supply a passive grid or blackistaractive system. Furthermore VSC converters
operate with close to sinusoidal current so thatrtbed for external harmonic filter is almost
negligible. Therefore the overall size of the HVBG@tion is dramatically reduced. One other
significant advantage that VSC has over LCC is thedverses the DC current rather than the
voltage to change the power direction; thereforegrareversals are much quicker and XLPE

cables can be used instead of more expensive massgnated cables.

The first generation of VSC HVDC was based on # dr three level Pulse Width Modulation
(PWM) converter, first developed by ABB, known a¥B{ Light, in the late 1990s [18]. A
series connection of switching devices is requimnetthis configuration to achieve a high voltage
capability. IGBTs, which are commonly employed i'8& converters, have fast switching
transitions and sharing of the voltage across iddad devices during switching is very difficult
in this type of converter. Voltage sharing is aghitusing complex active gate-drive control and
requires IGBTs having closely matched parameteBB,Avho are an IGBT manufacture, can
select device appropriately and this is the mdstli reason that they have been the only

company to make this technology a commercial sscces

A more recent technology for VSC HVDC using a Maltel Modular Converter (MMC)
topology, commercially known as “HVDC PLUS”, wastroduced in 2007 [19]. In this
technology, the AC voltage is synthesised from s#véevels of DC capacitor voltages,
producing a waveform with a large number of stegsch approximates a sinusoidal wave with
minimum harmonic distortion [19, 20]. With a modu&iructure any number of modules can be
added in series in order to reach a high voltagalaidity. For example, this technology has been
practically implemented in the INELFE France-Spaiterconnector, which consist of two
independent 2000MW bipolar HYDC links using VSC verters operating at +320 K\21].



Because of the need for self-commutated switchek ag IGBTs, VSC currently has a much
lower rating than thyristor based LCC convertetds Itherefore not suitable for bulk power

transmission, but is instead used for lower povpgtieations such as offshore wind farms, and
smaller submarine connections. In particular, bseaf its unipolar DC voltage, VSCs can be
connected in parallel allowing the interconnectduifferent links. This enables the concept of
a DC-grid to be realised, such as the couplingiféérént off-shore submarine links. However,

this would require a DC-DC converter to connectetbgr systems that typically operate at
different voltage levels — the same function thaasformer has in an AC system. The differing
voltage levels arise because most of the HVDC selerarrently considered or already built are
of point-to-point type and are developed and seppby different manufacturers. Due to the

absence of a common DC grid code, the voltage edrebly chosen by the manufacturer.

The interconnection of bulk point-to-point HVYDC syis would require a high voltage, high
power DC-DC converter having a low voltage-convarsatio less than 3 [13]. This application
is currently being considered by Alstom Grid inlabbration with Imperial College London and

is therefore outside the scope of this thesis.

Two other applications for DC-DC converters thastdin Grid are interested in, which have a

lower power requirement are:

1) The connection of individual turbines or turbineags to a central off-shore collector,
or the connection of the collector back to shore.

2) Feeding electrical power to small, remote commasitFor example, this can be done
by long-distance HVDC transmission or tapping offii an existing bulk DC power
transmission link. The voltage at the DC line isrtlstepped down using a high voltage-

conversion ratio DC-DC converter followed by lowhame DC-AC conversion.

Unlike the interconnection of DC bulk transmissiores these two applications require high
step-up voltage-conversion ratios with typical eswf greater than 10 compared with 1.5t0 5

for bulk transmission.

The two applications described above were thoseMlstom Grid decided would be the main

focus of the project and these are discussed i ahetails in the following sections.
1.2 HVDC Applications of DC-DC Converter Considered in This Work

1.2.1 Interconnection of Offshore Windfarms
Electric power generated by offshore wind farmsn@v starting to make an important

contribution to the world’s electric energy prodant Installed wind turbine capacity by the end



of 2012 in Europe was 5 GW and this will be incesh® 40 GW by 2020 and 150 GW by 2030

in order to meet 14% of EU electricity demand [22].

Offshore wind farms are receiving more attentiantbnshore wind farms because of the more
consistent winds that can be found over the ocdareddition, they can generate substantially
more energy than their onshore counterfgdafs23]. In addition, locating wind turbines oftsie

overcomes the problems of acoustic noise thatraneafent with onshore turbines [24].

However offshore windfarms are considerably mongeesive to build than on-shore. Offshore
wind turbines require complex structures which maminted on the ocean floor to support the
turbine above the water. The construction coshe$é¢ supports, which depends considerably on
the weight of the turbine, contributes to more t28A%6 of the cost of offshore facilities [25].
Research and development projects are therefoieg@tmreduce the weight of turbine materials
and equipment since larger wind turbines with iasegl generation capacity are needed in order
to meet rising energy demand. For example turhipe® 8 MW such as the Vestas V164 have

now been developed and commercialised.

Almost all wind turbines use AC generators to cohweechanical power into electric power.
Variable speed wind turbine technology is useddipower, off-shore applications in order to
utilise a wider range of wind speed and maximigeddptured energy. However, variable speed

wind turbines require a power electronic converitarface in order to connect to the grid.

The most commonly used variable speed wind turbysgems are the Doubly Fed Induction
Generator (DFIG) and Full-Power Rated Convertemetogies. In a DFIG system, the stator is
directly connected to the grid and a back-to-bamker electronic converter connects the grid to
the turbine rotor through slip rings in order totrol the slip frequency, Figure 1-2(a). The power
electronic converter, which is typically rated ®% of the nominal turbine power, allows a +40
% speed variation around synchronous speed. Wilxihts manufactures, Senvion’s Senvion
6.XM, formerly REpower Systems, and Guodian Unitever's UP6000-136, with an output

voltage 6.6 kV, employ a DFIG arrangement.

In a Full-Power Rated Convertor system, the siatoonnected to the grid through a fully rated,
back-to-back voltage source converter to allow aldld speed operation, as shown in
Figure 1-2(b). Normally a Permanent Magnet SyncbusrGenerator (PMSG) or a Squirrel Cage
Induction Generator (SCIG) is employed in this agumfation. The full-rated converter system
offers more flexibility for grid connection; howeavie is more costly than a DFIG as it requires a
fully-rated power electronic converter. Wind turbimanufactures such as Vestas (V164-8.0),
Alstom Power (Haliade 150-6MW), Siemens (SWT-6.8)155E (GE 4.1-113), Goldwind,
Guodian United Power (SCD 6MW), Gamesa, Dongfang) lingYang employ permanent



magnet synchronous generator and Sinovel (SL600Pg's a squirrel cage induction generator

in their latest products [26].

A typical output voltage from a wind turbine maahiis around 400-690 V. However, higher
voltage wind generators such as the ACCIONA AW3[EX) have recently come to the market
with an output voltage of 12 kV. The company clathmet this higher voltage means that a bulky
step-up transformer is not required. However, trdssion voltages would then be limited to 12
kV. Since this project investigates the use of HVD&hsmission systems, which inherently
require power electronic converters for voltage stp, then interfacing to such HV generators
would require very expensive high-voltage ratedveoters, such as multi-level circuits. An AC

transformer could be used to step-up the voltaga ¥SC AC-DC converter; however this

nullifies the claimed advantage of the HV machindhat it does not require a transformer.

Therefore only machines having an output voltagepotfo 1kV are considered in this thesis.

A major challenge regarding offshore wind farmsoi®fficiently transmit the power generated
from individual turbine machines through to finatdgration into the onshore AC system. For
large offshore wind farms located far from shoreH¥DC transmission system may provide an
economical solution for bringing the power backhe grid compared with its AC counterpart
due to the cost breakeven point discussed preyi¢Ls| 23]. Furthermore, in order to increase
the stability and security of the offshore grigitnore efficient and cost effective to intercortnec
different offshore wind farms, which can shareragks transmission line to bring the power to
shore [23].
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Figure 1-2. Large offshore Wind turbine configuaais (a) Variable speed doubly-fed
induction generation (DFIG) (b) Variable speed 3meliCage Induction Generator or
Permanent Magnet Synchronous Generator with flespower electronic converter[28]

HVAC systems

Different scenarios and solutions have been adoftedAC based windfarm-to-shore
connections [15, 23]. For small windfarms locatgpidally less than 10 km from shore, the
voltage generated by each wind turbine is increéséypically 33 kV by a transformer located
in the tower of the wind turbine. The outputs dliiidual turbine transformers are connected
together and the power is transmitted to shorea\dingle medium voltage submarine cable as
shown inFigure 1-3(a). The Kentish Flats offshore windfarm in UKdbed 9 km off the coast
of Kent is an example for this layout. It is caabl 90 MW generated power using 30 Turbines.
Each 3 MW turbine is connected together locally #ash transmitted to shore via an individual
3-core medium voltage submarine cable. A shuntioeads required at the receiving end of the

transmission line in order to compensate for th@ecaapacitance.

Larger wind farms with power rating of hundredsrafgawatts are typically located further from
shore due to better wind profiles and the largexilability of space. In this case an offshore
transformer substation is required, which acts @mamon connection point for the turbines and
steps up the voltage to transmission levels, tYlpid®Hb0 kV. A high transmission voltage is
needed in order to reduce the conduction loss#eeitables over the long distance to shore. A
typical layout for this configuration is illustraten Figure 1-3(b). Individual offshore wind
turbines are connected together at a 33/150 k\é¢fmamer, which is mounted on its own offshore

platform. This connection node is known as a “aiten point” or “collector”. The collector is



then connected to shore using a single 150 kV catdeagain a shunt reactor is required at the
receiving end of the line. The London Array and @reater Gabbard offshore windfarms are

examples of this layout.

Main AC
MVAC (33 kV) | Grid
Subsea Cable

Shunt
Reactor

(a)

6908

VAC
% Main AC

HVAC (150 kV) | Grid
_ Subsea Cable i |
MVA
/ Shunt
MVAC
. 1:33 kV Step-up
®) 5MW
33:160 kV Step-up
@ High Power

Reactor
Figure 1-3 AC connection of offshore windfarms (a) withoahsformer substation (b) with
transformer substation

Other examples of the layout shown in Figure 1-3i® firstly the London Array offshore
windfarm, which had its first phase completed il20and is located 20km off the North
Foreland on the Kent coast in United Kingdom. Tlirdfiarm has 175 turbines and a total power
rating of 630 MW. The turbines are connected togett two off-shore collector substations
using 210 km of 33 kV cable. The two collector gabens are connected to an onshore
substation by four 150 kV AC subsea cables, hasrigtal length of 220 km. Secondly, the
Greater Gabbard windfarm is rated at 504 MW andasastructed in 2012 and is located 23 km
off the coast of Suffolk in England. A 33/132kV lealtor with three 180 MVA transformers is
used to transmit power to shore using three, thhesse 132 kV XLPE submarine cables.

HVDC systems
As the power rating of windfarms has gradually @ased over the years and they are located
further offshore in order to exploit higher, momnsistent wind energy, HVDC transmission has



offered a better performance and lower cost thantra@smission system due to the longer
transmission distance involved and the correspgnditonomic break-even point discussed

previously. A typical HYDC transmission schemedifshore windfarms is shown in Figure 1-4.

(33 kV)
D av HVDC £ 150 kV W3 Grid
: = Subsea Cable =

@ @ @ @ — AC . 1:33 kV Step-up
5 MW
) . Eas —— DC @ 33:160 kV Step-up
. High Power

Figure 1-4. A typical HVDC transmission systemdfishore windfarm

MVAC

In this configuration each individual turbine hasransformer to step up the wind generator
voltage to a medium AC voltage of typically 25-4@.kA medium voltage submarine cable is
used to interconnect the array of wind turbinea tocal collector where a step-up transformer
and a VSC HVDC converter is used to convert theiomdoltage AC voltage to high voltage

DC for the transmission of power back to shore.thapHVDC converter is required at on-shore

to convert the DC back to AC for grid connection.

An example of this scheme is BorWinl, which is tech130 km off the German coast in the
North Sea, and consists of 80 wind turbines witlvgroratings of 5 MW, and was the first VSC
HVDC scheme for offshore wind farms. Generatedtetsd power is collected at 36 kV on an
offshore platform, where it is stepped up to aroli6@d kV using a transformer. An HVDC VSC
converter station is located on the same platfarocdnvert the power to DC. The power is
transmitted through two 150 kV HVDC submarine eablo an onshore converter station at
Diele, where it is integrated in to the German B8Qgrid. Another example is Helwinl, which
is located in the North Sea and has a 576 MW oftshollector platform using a 130 km bipolar
cables operating at 250 kV DC to feed the Germd@nk88AC grid.

So far, AC systems have been used to connect therajed power from the offshore wind
turbines to the local collector. However, the fbaisy of a DC collection system was studied in
[23]. Along with all the advantages that DC offenger AC for submarine cables, it can also

significantly reduce the construction cost of thiadmurbine.



For a DC collection system the arrangement of tmegp electronic converters needs to be
changed within the wind turbine as shown in Figli® For a DFIG type system whilst there is
no need for the AC-DC converter in the rotor citcan additional fully rated DC to AC converter
is needed in the stator circuit. Therefore for a &llection system the DFIG type generator
would not be the most appropriate arrangementalh&h cost and therefore it is not considered
further in this thesis. However, for the full schlype PM wind turbine system the AC-DC-AC
converter that is used in an AC system is reducgdst an AC-DC converter, which makes it
far more cost effective than the DFIG arrangemititel DC voltages on the rotor and stator are

similar.

Therefore by using a DC collection system the cdevaequirements within the turbine are
significantly reduced. In addition there is no némdhe bulky and heavy AC transformer which
is installed in the tower of wind turbine of an A§{stem to step-up the voltage to distribution
level for collection. However, whilst an additior@mpact low-weight DC-DC converter is then
needed for voltage step-up in the DC system, tiéagement can significantly reduce the cost

of the offshore wind turbine system.

Induction Induction or PM
Generator Generator
WA N
= (a) (b) — AC
e — DC

Figure 1-5. Large offshore Wind turbine configuoets to interface with DC collection system
(a) Variable speed doubly-fed induction generafibRIG) (b) Variable speed Squirrel Cage
Induction Generator or Permanent Magnet Synchror®aserator

By using DC collection, different schemes can besatered to bring the generated power from
wind farm to shore as shown by the examples inrgidu6. In the first configuration shown in

Figure 1-6(a), low voltage DC is used to connechearbine to the collector where a single
high-power step-up converter with a high voltagavarsion ratio (greater than 10) is used to
generate the transmission voltage to connect trestsince the power rating of the converter is
high, the converter is optimised to operate at Hffltiency. However, this configuration has
high losses in the collection system since theildigion voltage level is limited by the wind

generator, which is typically 5 kV. This configuicat may be suitable for small wind farms where

the losses in the collection system are low dubdchort cable lengths.

The second configuration shown in Figure 1-6(b)sus® stages of DC-DC conversion. The

first DC-DC converter has a low power rating antbisated within each turbine and is used to

10



increase the output voltage of the turbine genetatdistribution levels, typically 25-40 kV. The
second converter, which is located at the collectioint has a high power rating and increases
the voltage to transmission level. This configunatis suitable for large offshore windfarms
where the cable length to the collection systehigh. However this scheme requires separate

DC-DC converters for individual wind turbines.

The third configuration shown in Figure 1-6(c) iisgle stage DC-DC conversion at the turbine.
The DC-DC converter needs to be designed for vigly toltage-conversion ratio as it should
be connected directly to the transmission netwbdgyever the power rating is quite low (1-6
MW) which may reduce the efficiency of the convedee to poor utilisation of components
[23]. However, a number of turbines can be conmkict@arallel for better utilisation of the DC-
DC converter. This scheme has lower cable lossepared to the other schemes due to its higher
overall system voltage. The major advantage is ttixie is no need for an offshore collector
platform as each turbine or couple of turbinesnsatly connected to the HVDC line through the
DC-DC converter.

The advantages and disadvantages of the three D€t scenarios are summarised in
Table 1-1.
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Figure 1-6. DC offshore schemes (a) Collection-stpfb) Two-stage step-up (c) Turbine

step-up

Table 1-1. Summary of advantages and disadvantafgdifferent offshore DC collection

systems

Advantages Disadvantages

Collection
point step-up,
Figure 1-6(a)

-High cable losses at the distributi
level
-Need for additional offshore
platform for the DC-DC converten

-Minimum number of DC-DC
converters required
-High converter efficiency
-Low converter losses

Two stages | -Low cable losses at the distribution -High converter losses
step-up, level -Need for additional offshore
Figure 1-6(b) -Individual voltage control platform for the DC-DC convertet
Turbine -Lowest cable losses -Need a low power and very high
step-up, -No need for offshore platform voltage-conversion ratio DC-DC

Figure 1-6(c)

converter
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In [29-31] another configuration has been propdsedffshore DC grid application and is shown

in Figure 1-7. In this structure each converteritaswn isolated DC-DC converter. The output

voltages of individual converters are connectedeéries to sum to the transmission voltage.
Therefore, there is no need for an offshore catlagblatform and its associated high-power DC-
DC converter to step-up the voltage to transmiskiwal. However, the disadvantages for this
configuration are the need for an isolated DC-D@vester and a complex control system to

ensure equal sharing of the HVDC bus voltage adiessonverters. Due to difference in the

output power of wind turbines, which may be up @8@in adjacent turbines, and because the
secondary-side current of each converter must bestime, the DC-DC converters in this

configuration requires voltage control capabilityepa wide range in order to control the power
through each converter. The requirement for vagiabltage operation can reduce the efficiency
of the converters, for example series-resonant [MCeDnverters have a reduced efficiency at
light load.

In the configurations shown in Figure 1-6, a coliedbrectifier can be used to control the DC
voltage on the input terminal of the DC-DC convesds the output power of the wind turbine
generator changes. Furthermore, the DC-DC convereds to have a voltage regulation
capability in a narrow range in order to contra fsower flow in the DC Grid. However if the

DC-DC converter has fix conversion ratio the outpoitage of the DC-DC converter can be
controlled from its input terminal via the contedll rectifier or an additional low power isolated

DC-DC converter can be connected in series withrifaegn DC-DC converter for voltage

regulation.

q q f:v;c line

CREE COPE :‘
A

AC Isolated DC-DC
— DC converter

Figure 1-7. DC offshore scheme using series cordecdolated DC-DC converters

A furthermore significant disadvantage of this sokas the need for isolation. This is achieved
using a high frequency transformer embedded witienDC-DC converter which will minimise
the size and weight of the unit. However as disedidselow, high-voltage, high frequency

transformers are not commercially available atrtttenent with megawatt ratings. In addition,
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whilst with a large number of series turbines tie@<4ip ratio of each individual transformer does
not have to be very high, the primary-secondariatiamn voltage would have to be rated at the
transmission voltage level. However, different egsh groups are working to develop a medium
frequency transformer for this type of applicatibigure 1-8 summarises recent achievements
from different research groups in this area. Thetrpoomising work is from ETH University in
Switzerland where they have developed 166 kW/20 tkitzsformer employed in a 400:2000 V
DC-DC converter. The aim of this work is to devethigh-step up ratio, high power converter
by series connection of the converter modules erhifh voltage side, and a parallel connection
on the low voltage side [32]. But again, the isolatvoltage of the transformer must be rated to

the total series voltage on the secondary side.
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24KV to 0.75kV | 12kV 10 LIKV /-
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"""" 3kV to 33kV )~
10° . - : ;
3 4
10 10° 10

Power (kW)

Figure 1-8. Volume and power reached by differestearch groups for medium frequency
transformers [33]

At the moment all offshore wind schemes are pamntdint, windfarm-to-shore connections.
However, with an increasing number of offshore amohs being installed; interconnection of
HVDC lines in DC schemes has the potential to iaseesystem reliability, transmission capacity
and open up new electricity market opportunitinsaddition, offshore oil and gas platforms can

benefit from this technology allowing them to taptd an existing HVYDC line by means of a
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DC-DC converter. A typical arrangement for suchadfshore DC power grid is shown in

Figure 1-9. An HVDC meshed network provides a tmission backbone to interconnect
different offshore windfarms and integrate with th€ grid on shore. AC clusters can connect
to this HVDC grid through an HVDC converter. DC stiers which may have one of the
configurations shown in Figure 1-6 can be connediesttly to the HVDC grid through DC-DC

converters. Furthermore, the HVDC grid can be a¢dnto tap to remote renewable energy
sources on shore. For example the HVDC grid wilhkeded in near future in Europe, where
there are a lot of different renewable sourcesifiiergnt places, for example Hydro power in
Scandinavia and the Alps, wind in the North Seasoldr energy in the South, and in order to
optimise the use of these energy sources an HVRGAgiuld be the best solution. Again, a key

component in such a scheme is a DC-DC convertéravitigh voltage-conversion ratio.

The aim of this project is therefore to design dadelop a modular DC-DC converter with high
voltage-conversion ratios to connect offshore wviintdines to an offshore DC collection grid as
shown in Figure 1-6(c). This converter would alscalmajor component within future off-shore
DC grids as shown in Figure 1-9. However with a mladdesign the converter can be modified

to suit the two stage step-up scheme shown in Eié(b).

The second application considered in this thesien®ote load feeding through HVDC line and

will be discussed in following section.
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Figure 1-9. Typical configuration for future offsledDC Grid concept

1.2.2 Remote Load Feeding Through an HVDC Line

There are some areas where communities are sepdnateong distances from a source of
electrical power. There are different solutionetergise these communities; the most common
approach is the use of a local diesel electric pgMant. However, diesel electric power plants
have high capital and operating cost and the dodiesel fuel is high for remote areas due to
high transportation and storage costs. A numbeidtefnative approaches have been discussed

in the literature as follows:
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a)

b)

c)

d)

Many communities can use local energy resourcds asitiydro, wind, solar, coal, gas,
biomass or other locally available resources ineprtb generate electric power.
However, even if local resources are availablemwst cases these alternatives are
extremely costly and cannot be economically juestifior small sized communities.

For small communities the high-cost of a) above bwpvercome by using an electrical
intertie to connect a number of widely spread g#la together, so that the sharing of
alternative energy resources may be economicallstifipd. Furthermore, the
interconnection can lower the cost of diesel geimraby consolidating small diesel
power plants and provide a bulk fuel facility. ] a scheme for supplying remote loads
has been presented, where the transmission valdsfe kV, and in [30] which uses a
higher voltage of 100 kV. Taking this concept fertlit is possible to connect a single
remote community, or a number of communities lat@leng a narrow corridor using a
dedicated long-distance transmission line to diyecbnnect into an established AC

transmission network that may be located farawamfthese communities,.

The problem with this solution is that the insttidla cost for such a conventional AC
intertie system is high in remote rural areas.@@mple it can range from $140,000 to
over $400,000 per mile for rural Alaska and many iAtertie systems may not be cost

effective at this price [10].

A monopole HVDC link using a single wire earth et(SWER) can significantly lower
the cost of the long-distance AC transmission diesdrin b) above as it only needs a
single wire to transmit power, which dramaticaliyplify the design of the transmission
line [10]. A medium voltage, monopole HVDC systenihwa ground return, using a
single-wire has been proposed in [10]. A SWER HVBdhfiguration offers several
advantages over a conventional AC intertie systemthis application. First of all, the
installation cost for an overhead transmission foreSWER is much less than for a 3-
or 4-wire AC system. Furthermore, DC transmissioesdnot suffer from the cable
capacitance and reactive charging current anddpseethat power can be transmitted
over long distances without any need for reactivesgr compensation. However, in
some areas where SWER HVDC is not appropriate cavtite monopole HVDC line
can still offer a cost effective solution compatea conventional AC intertie [10].
Tapping into an existing, local bulk-transmissimelcan be a cost effective approach to
energise a remote community [12]. For example thame many long-distance,
trans-continental HVDC links that pass through reaseas of the world such as South-
America, Africa and China. Tapping of the HVDC lioean be achieved by means of a

low-power, high-voltage, high voltage-conversiotiaastep-down, HVDC converter.
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There are two alternatives for tapping into thisb{¥line: 1) convert the DC voltage to
AC by a high voltage, low power inverter and th@éapsdown the voltage by a
line-frequency transformer, 2) taking the voltagess by a high voltage-conversion
ratio, step-down DC-DC converter and then aseommercially available DC-AC

inverter to supply the village AC grid. The seconethod is a more economical solution

for stepping-down the DC voltage as it requiresveelr number of devices.

Alstom Grid is interested in DC schemes such aaifd)(d) above, which require the same high
voltage-conversion ratio DC-DC converter that velntified for the wind-turbine application in
the previous section. For the purposes of thisgteesemote-load transmission voltage of 50kV
has been decided and a load power of 1MW is toobsidered, with the option that either the
voltage and/or the power can be scaled to highesldeat a later date. Furthermore a remote
community may have embedded generation capabilith s solar arrays, wind turbines, in

which case a bidirectional converter capability raésp be desirable.

The next section outlines a specification for sacleonverter that would ideally meet the

requirements of remote-load feeding as well as simdine applications.

1.3 DC-DC Converter Requirements Specifications
a) High voltage side:

- Connection of offshore wind turbine to DC grid

The high voltage side of the DC-DC converter fa thrbine step-up scheme shown in
Figure 1-6(c) is connected to the HVDC transmisgina which is typically 150 kV.
However if the two stage step-up scheme shown gurEi 1-6(b) is considered the

voltage is distribution level and suggested typicdlies is 25-40 kV.
- Remote load feeding

The high voltage side of the DC-DC converter isramied to the HVDC line. The
voltage of the HVDC line has a significant effect the cable loss and the size of the
power electronics converters. In [10] a schemestipplying remote loads only has been
presented, where the transmission voltage is chexsB0 kV considering the cable losses
and the size and losses in power electronics ctargerand [30] where the voltage is
higher at 100 kV.
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b) Low voltage side:

- Connection of offshore wind turbine to DC grid

The input voltage of the DC-DC converter is defifgdthe output voltage of the wind

turbine generator. Most of the wind generators ajay today have an output voltage of
typically 400-690 V. In this research work the lgaltage side for this application is set
to 1 kV.

- Remote load feeding

The stress of the voltage in the HVDC line will tag&en by the DC-DC converter at a
convenient point where a standard DC/AC invertefomsated to interface with the
communities’ three-phase power grid. Medium voltB§&AC converters with voltage
rating of up to 13.8 kV are available from differ@manufactures. The output voltage of
the DC/DC converter can be chosen freely as tharA@sformer at the front end can
adjust the voltage to interface with village ACdyrHere the output voltage of the
DC-DC converter is set to 1 kV.

c) Power rating:

- Connection of offshore wind turbine to DC grid

A typical power rating for modern wind turbine gesters is around 5 MW. However
higher power wind turbine generators up to 8 MW rsoer becoming available. Some
examples for recent wind generators are Multibir6lOB0 from AREVA with a power
rating of 5 MW and output voltage 3.3 kV, Haliadg0¥rom Alstom Power has a power
rating of 6 MW and an output voltage of 900 V, SW.0-120 from SIEMENS is 6 MW
and V164/8000 is an 8 MW wind generator from Vestas

In this work a power rating of 5 MW is considered the DC-DC converter keeping in
mind that the power rating can be scaled up to Y@ fd meet the requirement for large

wind turbines.
- Remote load feeding

The power consumed by communities varies over a wadge depending on the size of
the village. Typical loads of 200 kW to 2 MW arenuoon. For the purposes of this
thesis a load power of 1 MW has been decided, thithoption that the power can be

scaled to higher levels at a later date.

19



d) Bidirectional capability:

1.4

Connection of offshore wind turbine to a DC grid

During normal operation of an offshore platform gmaver is transferred from the wind
turbine to shore. However during periods wherewimed is not blowing or the wind

speed is below the turn-on speed of wind turbihe,lbads associated with the wind
turbines such as the control system need to bdiedfyy the DC grid, which could then
require a bidirectional DC-DC converter. Howeves tload is a low percentage of the
nominal power of wind turbine and can be suppligchb additional low power step-
down DC-DC converter or an AC line which runs platalvith the high power DC

connection.
Remote load feeding

As discussed earlier some communities may have @aalolegeneration capability such
as solar arrays, wind turbines, in which case aditional converter capability would
then be desirable.

Converter Specification Summary

Table 1-2 summarises the specification requirerfarthe DC-DC converter for both off-shore

wind turbine interfacing and remote load feedinglaations:

Table 1-2. Requirements of DC-DC converter for renfieeding and offshore interface

Application

applications

Specification

Input Output Power Bidirectional Conversion
voltage voltage Capability ratio

Off-shore 1 kV- 1MW - e

interface 6.6 kV 150 kV 10 MW Asymmetrical > 10
Power
Yes (if the village
| S0 kv - 200 kW
Remote feeding 100 KV 1-10kv  ~ > MW has embedded > 10

generator)

It can be seen from this table that a high voltegeversion ratio DC-DC converter is required,

with a low power rating (< 10 MW). Ideally the camrter would be modular, allowing different

voltage-conversion ratios and power levels of kbt wind-turbine and remote load feeding

applications to be accommodated. The aim of thésithis therefore to evaluate different

topologies of DC-DC converters and develop a hifficiency, high-power DC-DC converter

that meets all of the above requirements.
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In the next chapter different DC-DC converters togies will be examined in more detail and
their suitability for implementation in high voltagonversion ratio, megawatt range applications
will be evaluated. This evaluation will be basedim&need to build the converter using existing
power electronic component technologies availabiie the market. Emerging switched

technologies such as wide band-gap devices willd® considered in this evaluation.
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2. Overview of DC-DC Converters and Suitability for High-Power

and High-Voltage Applications

2.1 Introduction

The aim of this chapter is to review existing swithode DC-DC converter topologies and

identify their suitability for use in high-voltagad high-power applications.

Switch-mode DC-DC converters have been widely usddC energy conversion systems for
several decades. These converters are primarily iesstep up/down voltage and generate a
regulated DC voltage from an unregulated DC powppb/ with very high efficiency. They are
also used in applications where a variable DC gelia required such as DC motor servo drives.
Applications for DC-DC converters can range fromvesal milliwatts in integrated circuits

applications to several hundred megawatts in D@strassion applications.

Conventional PWM DC-DC converters such as BuckBmast converters — step-down and step-
up respectively - are one of the most widely uspologies and have been extensively used in
low-voltage and low-power applications [34]. SeVevariations of these classical DC-DC
converters as well as new topologies have beenopeapin order to improve the efficiency,

power density and power rating of these circuits38].

High-voltage and low-power DC-DC converters alsawendeen proposed for, for example
medical X-ray, food processing, water treatmemgh limtensity discharge lamps, radio-frequency
generation, exhaust gas treatment, ozone genertatorlling-wave tubes, engine ignition and

ion implantation [37-40].

High-power and high-voltage DC-DC converters arecoonmercially available in the market at
present; however, due to the need for this typeoof/erter in the near future, particularly for
offshore windfarms applications, several researolgs all over the world are trying to develop
a practical, high-power and high-voltage DC-DC amter with a megawatt power range [29,
41-47].

The next section describes the basic energy caowversechanism in switch mode DC-DC
converters, which gives an insight into the operatdf DC-DC converters and hence the issues

around using them for high-power and high-voltagliaations.

2.2 Switched DC-DC Converters

In switch mode DC-DC converters, one or more cogieerstages shown in Figure 2-1 may be

required in order to change an input DC voltagesnirto an output DC voltage/current.
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Converter Converter Converter Converter
Vi | . I I V I I
V-V V —1 I—V I—I

(a) (b) (©) )
Figure 2-1. Conversion stages of DC-DC converters

Usually the aim of voltage-to-voltage or currentstarent conversion shown in Figure 2-1(a)
and (d) is to change the voltage or current lelbetaieen the input and the output. In general step
up/down operation in switch-mode DC-DC converteradhieved by temporarily storing energy
from the input and releasing it to the output different voltage or current level. The energy can

be stored either in the magnetic field of an induot the electric field of a capacitor.

Here we define a voltage-to-voltage or currentdo-ent convertor, Figure 2-1(a) and (d) as a
transformerand a voltage-to-current or current-to-voltagevestor, Figure 2-1(b) and (c) as a

gyrator [48].

We can specify two ways in which these circuits lsamsed to achieve a voltage or current step-

up or step-down function:

1) The cascade of two gyrators, converters (b) andofcyoltage-to-voltage conversion
and (c) and (b) for current-to-current conversidhis will be denoted as an Indirect
method.

2) The individual use of converter (a) or (d). Thidlwe denoted as a Direct method.

It should be noted that a similar function can bhieved using a wound transformer based
conversion where the conversion stages are—BC—wound-transformerAC—DC.
However, in general for voltage-to-voltage convamsihis method is usually incorporated into

(1) to optimise the utilisation of components ie ttonverter and/or provide galvanic isolation.
The following section discusses the Indirect angk&iconversion methods in more detail.

2.2.1 Indirect Conversion
For voltage-voltage conversion this method uses#iseade of two gyrators, converters (b) and

(c) as shown in Figure 2-2, and (c) and (b) forenirconversion as shown in Figure 2-3.

Converter Converter Converter Converter
I+ I Vo ),
g VI I—V Vin V1 IV Vou

Figure 2-2. Indirect voltage-voltage conversion
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Converter Converter Converter Converter
1 V + V I —> lin I —V ]uut
IV | Kol

Figure 2-3. Indirect current-current conversion

The Indirect method uses an intermediate sour@nefgy which can be a current source or a
voltage source or in some cases a combinationeskthwo. The intermediate energy source for
voltage-voltage conversion is a current sourcecliig implemented by the application of a

high-frequency AC voltage waveform across an inoludthe current source then feeds the load,
where the magnitude of both the current and loaerohénes the output voltage of the converter.
A general circuit for such an inductor based coterewhich can step up/down a DC voltage is

shown in Figure 2-4. In Boost mod&oostcontinuously switches between the up and down

states, whereas tISg;cx switch is permanently in the up position.

o~

Vin C) P RLI:I

Figure 2-4. Indirect Buck/Boost voltage converter

In Buck mode, switctSgycx switches between the up and down positions Sgposr IS

permanently in the up position.

If all the components are lossless then both thesBand Buck conversion processes are 100 %
efficient. In addition, continuous control of thetput voltage magnitude is possible by means of

adjusting the duty-cycle of the active switch.

Assuming the inductor current is continuous, tharitie Buck converter the inductor current has
a DC component which is given IV;,,D/R, whereV,, is the converter input voltagD, the
switch duty cycle aniR the load resistance. The inductor can thereforeepeesented as two

averaged current sources as shown in Figure 2-5.
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Figure 2-5. Average model of indirect buck voltagaverter

The above figure highlights that the converter @iasof two cascade gyrator stages. The
magnitude of the right-hand currents source isrotlatl by the duty cycle D, and this source can
be used to set the output voltage to any value dmtvB-V;,. It is the initial conversion of

voltage-to-current that is therefore fundamentéhtes Indirect process of changing the voltage
levels between input and output in a lossless nramasimilar averaged circuit can also be

derived for the Boost converter.

The circuit for Indirect, Buck and Boost currents@nt conversion is shown in Figure 2-6. Here
a capacitor is used as an intermediate voltageceoun Boost modeSsoost continuously
switches between the up and down states, whereiSg,cx Switch is permanently in the up
position. In Buck mode, switcSg,cx Switches between the up and down positionsSggost

is permanently in the up position.

Figure 2-6. Indirect Buck/Boost voltage converter

Continuous control of the output current is possiy means of adjusting the duty-cycle of the
active switch. Again if all the components are less then both the Boost and Buck conversion
processes are 100% efficient. In addition, the ayed circuit is represented by the cascade of

current-to-voltage followed by voltage-to-curregtators.

2.2.2 Direct Conversion

Direct converters do not have an intermediate geleurrent or current-voltage gyrator stage to
step up/down a voltage or current. The conversiealranism in Direct conversion method is

completely different from that in the Indirect of@r capacitor based voltage conversion, during

part of the switching cycle the energy from theunpPC source is transferred to a number of
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intermediate capacitors. For the remainder of witching cycle the topological re-arrangement
of the voltage on these capacitors is used to mktai desired output voltage. Therefore in Direct

conversion method only quantised conversion ratwsbe attained.

Figure 2-7 shows a simple direct voltage convemntegre the output voltacl, is twice the input
voltagel/;,,, this converter is commonly known as a Doublesidtr The switches operate with a
fixed duty cycle of 50 %. WhesS; is in the down position arS, in the up position, capacit@

is charged by the supply voltageV;,,. Whens; is in the up position arsS, in the down position,
the supply and capacitor C are connected in sadesss the output capaciC, and loadR. so
thatl, = 2V;,,. The input voltage is therefore boosted by a faot@. If the output capacitor and
load resistor are interchanged with the supplyagaf then the circuit operates in Buck mode

where the input voltage is reduced by a factor/af 1

o~

Vin C’D B RLI:I

..............................

Figure 2-7. Direct voltage Doubler

A similar circuit for direct current conversion seiown in Figure 2-8, which boosts the input
current by the factor of 2. In this case, when &S, is in up position ans, is in down position,
the inductor is immediately charged to the suppiyrent/;,,. Whens; is in the down position
ands, is in the up position, the supply current souscednnected in parallel with the inductor

and energy is transferred to the output filter stduand the load so thi, = 21;,.

Figure 2-8. Direct current Doubler

Unlike the Indirect conversion method, the energgversion process in the Direct method is

inherently lossy even if the components are idda proof of this can be shown by considering
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the energy stored in the capacitC;sandC, shown in Figure 2-9, before and after the swich

operates.

o

G~V G

Figure 2-9. Connection of two capacitors with diéfiet voltages

If the initial voltage on capacitoC; andC, isV; andV, respectively, then the total chaiQ;,;

and stored ener¢lJ before the switch operates is given by

Qtor = C1V1 + G5V,

11 (2-1)
U = EClVI +562V2
After switchS closes, the total charge and stored energy isdiye
Qtor = (C1 + C)V
(2-2)

1
U = E(Cl + Cz)VZ

whereV is the new steady-state voltage on the capacfoomn charge conservation, the total
charge on the capacitoQ;,; before and after the switch operates must be espéhat from
equations (2-1) and (2-2),

GV + GV,

Ci+C, (2-3)

The energy lost in the circlAU is the difference in the capacitor stored eneriggfsre and after
the switch has closed, so that from (2-1) and (2-3)

1 CC,

W=7+ 6

V1= V3)? (2-4)

which shows that if the capacitors voltages betmé after the switch is closed are different,
then energy is lost during the energy transfer ggscwhich is proportional to the square of
difference in the voltage of capacitors before slwitperates. The finite energy loss predicted by
this equation is counter-intuitive since the conmgias were assumed ideal and the losses would
therefore be expected to be zero. However, whatsiglly overlooked when making this
assumption is the radiated loss due to the floauafent around the circuit. This effect is always

present; however it is usually small compared il resistive losses that usually dominate.
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Whether radiated or resistive losses are the nm@ss Imechanism, or the two losses are

comparable, the total loss is always equal toghan by equation (2-4) [49].

A similar result regarding losses can be deriveagu#ux conservation for Direct current-current

conversion where two inductors with different iaitcurrents are connected in series.

Whilst the above discussion has considered Dir€G{T voltage conversion by capacitors, as
mentioned previously D&AC—wound-transformerAC—DC stages can also be used to
perform this function. Here high-frequency switchresrking with a fixed 50% duty cycle are

used to synthesis the AC waveforms. Just like #ygacitor voltage conversion method the

conversion ratio is fixed, and is determined byttiras-ratio of the transformer.

2.3 Comparison of Direct and Indirect Methods for High-Power, High-

Voltage and High Voltage-Conversion Ratio Applications
The Indirect and Direct conversion methods are @magbhere in order to assess their suitability
for the high-power, high-voltage and high voltagereersion ratio applications, namely off-
shore wind farms and remote load feeding that wWeseussed in Chapter 1. This comparison is
based on the rating and utilisation of the switehich is commonly the most critical component
in HVYDC applications. As an example, the converdl@doost converter shown in Figure 2-10(a)
which is an Indirect conversion method is compagainst the Direct conversion Doubler circuit

shown in Figure 2-10(b).
&5
S i} )%Lw J_Lw %
L AV &
+ + |
I/in - Cu__ RJ
w® s G R|% O o T 3k

(a) (b)
Figure 2-10. (a) Boost converter — Indirect metlamdl (b) Voltage doubler - Direct method

A comparison of the peak voltage and current ofstigches for each converter are shown in
Table 2-1, where the Boost converter operates dlitly cycle 0.5 to achieve a voltage step-up
ratio of 2. Also shown is the VA rating of the sstif which is the product of the peak voltage
and current. Note that if this VA rating is nornsald to the converter input power it corresponds

to “switch utilisation” as defined for example iB4].
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Table 2-1. Peak voltage, current and VA ratingdemiconductor devices for conventional
Boost converter and the voltage Doubler

Conventional boost converter Direct voltage doubler

Peak . Peak VA
current \i current
. Iin : Vin . Iin Vinlin
Total Switch VA 4V, 1;, Total Switch VA 4V,.1;,

The Boost converter has two switches both withagstratings c2V;,, and current ratings ;,,.
Therefore the total VA rating of the switche4V;, I;,,. The voltage Doubler requires 4 switches
all with voltage rating ol;,, and current rating d;,, and therefore it also has a total VA rating
of 4V;,I;,. In summary, whilst the Boost converter requiredividual switches with a higher
voltage rating both the converters need the satakdwerall switch VA 0@V, I;,, to achieve a

voltage step-up of 2.

For higher conversion ratios the duty cycle of Buost converter is reduced, whereas, for the
Direct convertor, additional intermediate switclpaeitor stages are required. However, the
switch VA rating of the Boost converter becomes mhigher than that for the Direct converter.

For example, if the voltage conversion ratio is nogveased to 8, the Boost converter duty cycle
is reduced to 0.125, whereas the Direct convedltgyy requires two additional cascaded stages

and becomes Figure 2-11.
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Figure 2-11. Cascaded Doubler with voltage gai8gect method

A comparison of switch ratings for the two convestier a voltage conversion ratio of 8 is shown
in Table 2-2.

Table 2-2. Peak voltage, current and VA ratingdemiconductor devices for direct voltage
Doubler and the conventional Boost converter

Conventional boost converter Direct voltage doubler
Device Peak Peak VA Device Peak Peak VA
voltage current voltage current
Sl 'SZ 8Vin Iin 8Vin1in Sl 'S4 Vin Iin VinIin
S5-Sg 2Vin lin/2 Vinlin
S9-S12 4Vin Iin/4 Vinlin
Total Switch VA 16V, lin Total Switch VA 12V;,1;,
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It can be seen that whilst the Boost converter sié@d switches with individual voltage ratings
that are at least twice the rating of the casc&tmabler converter, its overall switch VA rating
is now 30% higher. As the voltage conversion retimcreased further so does the difference in
the total VA rating of switches. In [50], a similaobmparison is made, but based on switch
conduction losses for the two converters. Howelveir ttonclusion remains the same in that the
switch VA rating of a Boost converter becomes mbayher than Direct conversion as the

voltage-conversion ratio is increased.

The expression for the total switch VA rating forBamost converter to achieve a voltage

conversion ratio ofi can be calculated as:

Total switch VA rating = z Vswiterd switch = 20V inlin (2-5)

Switches

WhereV,,;:cn andlg,,;:cn, are the peak voltage and peak current of switspeetively and the

number ofSwitches= 2.

The total switch VA rating for the cascaded Doulsl@nverter to obtain a voltage gauns;

Total switch VA rating = Z Vswitchsswitech = 4Vinlinlog, n (2-6)

Switches

where the number cSwitches = log, n.

Comparison of the total switch VA rating of thesaeerters in terms of voltage conversion ratio
is plotted in Figure 2-12, where the VA rating bh@en normalised to the converter input power.
It can be seen that for conversion ratios greagen tiround 10, the total VA rating for the Boost
converter becomes significantly larger than thatlie cascaded Doubler circuit, which makes it
unsuitable for applications requiring a high voéiagpnversion ratio. It should be noted that the
VA switch rating of the Boost converter can be gigantly reduced by exploiting the AC nature
of some of the intermediate conversion stages ddihg a wound high-frequency transformer
to the circuit to provide the necessary voltage-sig or step-down, for example a Forward
converter. However, as already discussed in Chagtagh-power, high-voltage, high-frequency

transformer technology is not commercially avaidasl present.
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Figure 2-12. Normalised total VA rating of switcties Boost converter and cascaded Doubler
circuit

In practice, there are much more suitable circigitshigh voltage-conversion ratios than the
Boost and Cascaded Doubler circuit used in thisgka, as will be discussed in the next section.
However, the same conclusion remains: Direct caiwrris better than Indirect conversion for
high-power, high-voltage and high voltage-conversiatio applications because for step-up

conversion,

* Indirect method: without a transformemll the switches for an Indirect converter are
exposed to both the pehlgh voltage of the output and pehigh current of the input.

» Direct method: a number of capacitors supports the voltage rdiffee between the input
and output of the converter. In certain topolodfes switches are only exposed to the
low voltage of the input and thew current of the output. The same conclusion can be

made for Direct wound transformer based converters.

2.4 Discussion and Overview of Existing Indirect DC-DC Converter
Topologies
This section considers only voltage-to-voltage DC-Donverters rather than for example

current-to-current, since voltage-to-voltage cosimr is needed for the wind-turbine and

remote-load feeding applications that were disaligs€hapter 1.

Switch-mode DC-DC converters have been widely usedifferent applications. Different
topologies have been proposed for this family ofivesters. However, as discussed in the
previous section all of these topologies can baldi/in to either Indirect or Direct categories,

based on the way the input energy is transferréliettoad. Most of the topologies use an Indirect
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method in order to buck/boost the input voltagdiasussed in section 2.2 and some of them can
be modified to utilise a high-frequency transforrmereduce the component voltage and current

stress between the high voltage and the low volsadgs.

In the following sections different types of exig}iDC-DC converters will be reviewed in more

detail and their suitability for high-power and Ingoltage applications will be investigated.

2.4.1 Classical PWM DC-DC Converters

Classical inductor based DC-DC converters are thetrmmommonly used topologies to step

up/down an input DC voltage in low power applicaio These topologies use the Indirect
method in order to buck/boost the input voltagelich the input DC voltage source is converted
to a current source using an intermediate induaaoris converted back again to voltage at the
output of the converter. This conversion mechangessential in order to change the voltage
level between input and output in these types aleder. The Buck and Boost converters are
the basic classical DC-DC converters, whereas dtdmmlogies such as Buck-Boost and Cuk
converters are the combination or a derivationhafsé basic circuits. The Buck and Boost
converters mostly use one controlled switch anduwmentrolled switch and due to their simple

structure they have been widely used in variouspower applications. In the simple Buck and

Boost converters, the inductor acts as a curramiceadrawing power at one voltage level and
releasing the power at another voltage level. Déipgnon the topology and the location of the

inductor the output DC voltage can be higher ordothan the input DC voltage. The output

voltage in these types of converters can be cdatrabntinuously by adjusting the duty cycle of

the active switch.

Figure 2-13 shows the circuit diagram of the Baustverter. In this converter the output voltage
is always greater than the input voltage. In theoty voltage gain can be achieved based on the
theoretical voltage conversion ratio of the corsegiven in equation (2-7) below. However due
to the high losses in the components with high eosien ratios, and since the switches are
exposed to the high current at the input and hajtage at the output, practical conversion ratios

are limited to typically less than 10.
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Figure 2-13. Conventional Boost converter

There are also some classical converters whichboetle an inductor and capacitor as the
intermediate energy transferring devices. For exantpe Cuk and SEPIC converters, as shown
in Figure 2-14, consist of four gyrator stagesltage-to-current, current-to-voltage, voltage-to-
current and current-to-voltage. However the opematinechanism is the same as the basic

inductor based circuits.
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Figure 2-14.Classical inductor based DC-DC convesteith intermediate capacitor (a) Cuk
converter (b) SEPIC converter

DC-DC topologies such as the Boost converter hgp@a efficiency when operating at extreme
duty cycle in order to achieve high voltage gainisTis because components such as the inductor
and the switch need to be rated at the high vols&ageand high current side as discussed in the
previous section. This causes excessive lossé® ipdrasitic resistance of the inductor and the
switch and excessive reverse recovery losses dlitide. Some techniques have been developed
with the aim of increasing the efficiency of thengentional Boost converter to achieve a high
voltage conversion ratio without using an extremagy atycle [51, 52]. For example cascading
two converter stages may be considered to incthassonversion ratio. However this increases
the complexity and synchronisation of the contrsllan the two stages and the stability is a
concern. Furthermore, the diode on the high-voltsige has severe reverse recovery losses

which degrades the efficiency and generates highrigises.

Since the voltage rating of these switches in tiygses of converter needs to be rated to the high
voltage side and the current rating to the highenitrside, a series and parallel connection of the
active switches is required for high-power and higtltage applications. However, the series
connection of active switches such as IGBTs and FEXS is very difficult to implement as it
requires a complex active gate control system amfegtly matched switch characteristics are

needed to ensure equal voltage sharing duringdwitching and the steady state.

In summary, classical converters have been edtaloliand are well developed in low to medium
power and voltage applications. However, the extensf their applications to high-power, high-

voltage and high voltage-conversion ratios is matfical.
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2.4.2 Transformer Based DC-DC Converters
Different topologies of DC-DC converters based mngformers have been proposed. This

section provides a brief review of basic transfartresed DC-DC converters.

2.4.2.1 Galvanic Isolated Classical DC-DC Converters

A high-frequency transformer can be incorporated aswitch-mode converter to achieve high
conversion ratios and provide galvanic isolatioighHvoltage or current gains can be achieved
by adjusting the turns-ratio of the transformer. é&xample for this type of converter is the
Forward DC-DC converter shown in Figure 2-15(a) akhis derived from the classical Buck
converter. A third demagnetizing winding is reqdiie this configuration in order to reduce the
transformer core flux to zero and ensure volt-sddmdance in each cycle. The energy stored in
the core when the switch is on is restored to tipaiti source through the third magnetising

winding N; when the switch is turned off.

Unlike the Forward converter, the Flyback convedlown in Figure 2-15(b) interrupts the
magnetising current when the switch turns-off. Tlae of magnetising current then transfers to

the secondary winding and the energy stored icdhe is transferred to the load.

D, L D
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Figure 2-15. Forward DC-DC converter derived fromradg converter

The Forward and Flyback topologies are commonly uiséow power DC-DC applications and

have unidirectional power transfer capability [53].

Some major issues regarding these topologies fgh-pdwer, high-voltage and high

voltage-conversion ratio applications are:

* The active switch suffers high switching loss daethie leakage inductance of the
transformer.
« A high frequency transformer with high conversiatio is required which is not

commercially available at present.

34



2.4.2.2 Phase-Shifted Full-Bridge DC-DC Converter

The circuit diagram for the phase-shifted full lgegdDC-DC converter is shown in Figure 2-16.
The high frequency AC voltagV,; generated by the full-bridge is passed throughga h
frequency transformer and rectified and then snebthy a LC filter to produce the output DC
voltage. Capacitors are connected in parallel thighswitches which are required to achieve soft
switching in conjunction with the inductor. Theastrinductance of the transformer, shown by
inductor L, in the figure, plays an important role in the @tiem of the converter. The high
frequency quasi square AC voltaV,g, is produced by phase shifting between leg A egd8

of the full-bridge shown in Figure 2-16. Switche®ach leg operate in antiphase mode with duty
cycle of 50 % and the voltage generated at thepuidt of each lel/, andV have rectangular
waveform as shown in Figure 2-16. Switches in legr8 delayed behind that in leg A by the
phase variablg. Whenpg = 0, V,5 and the transferred power is zero, and \§ = m, Vyp
becomes square wave and maximum power is trandferrae output. The frequencyV,; is
fixed and is equal to the switching frequency ef¢bnverter. The presencelfhas a significant
effect on the operation of the converter, whichvpras the instantaneously reversal of inverter
output currenfi,. During the periocx, when the current reversal occur, all diodes itpou
rectifier are conducting and therefore the phenamas known as overlap. The output voltage

can be derived by taking the average of the ouwtpliige of the rectifielV,p, as follow

Min g g (2-8)

Vo=—

wheren is the voltage-conversion ratio of the transforeneda can be calculated as

_nl,Ls

a= T (2-9)

wheref; is the switching frequency ail lis the average output current.

The minimum load restriction for soft switching oagton of the converter can be calculated as

follows,
I >— (2-10)

where Z = ,/L;/2C,. Therefore during light loads the converter may operate in soft

switching.
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Figure 2-16. Circuit diagram and idealised circwaveforms for phase-shifted full bridge

DC-DC converter
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2.4.2.3 Single Active Bridge (SAB) Converter
Transferring the output filter inductor of the paashifted, full-bridge converter to the AC side
of the rectifier changes the operation charactesi$86], and this converter is known as a Single
Active Bridge (SAB). Figure 2-17 shows the cirdaipology of the SAB converter. Similar to
the phase-shifted, full-bridge converter the inp@ voltage is inverted to a quasi-square AC
voltage. This voltage drives the high-frequencysfarmer which steps up/down the voltage to
the desired value. An energy-storage inductoriigmeoted on the primary side of the transformer,
which may utilise the leakage inductance of thadfarmer. The voltage at the secondary side
of the transformer is converted back to DC usidgde rectifier and further filtering is provided
by the capacitor. The idealised operating wavefdonghis converter are shown in Figure 2-17.
Soft switching is achieved by ensuring that theickeantiparallel diode is conducting when the
device turns on. The DC voltage conversion ratithefconverter is given by,

V, B-2¢

= 2-11
- - (2-11)

In (2-11) V; is the output DC voltage of the converter refertedhe primary side of the
transformer whern is the turns-ratio of the transformer agds rectifier overlap angle defined

in Figure 2-17.
Soft switching operation is achieved when,

B—dr>0 (2-12)
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Figure 2-17. Circuit topology of single active by converter

2.4.3 Dual Active Bridge Converter

The circuit topology of a Dual Active Bridge (DARpnverter is shown in Figure 2-18. The
output diode rectifier that appears in the SABeiglaced by an active bridge in this converter.
This gives several advantages over the SAB convektphase-shifyp between the switching
waveforms of the input and output bridges on theary and secondary sides of the transformer
as shown in Figure 2-18, is used to control theveder power flow and output voltage

regulation. Furthermore this converter does ndestifom the diode reverse recovery losses as
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occurs in the output rectifier of the SAB convertefhe output power equation

P, for the DAB converter is given by,

n
P, =

VinVo QD
1—— 2-13
PR 1 (2-13)

From which an expression for the converter outpmtlze obtained,

ViR
e (2-14)

wlLg s

A plot of the output power of the converP,; which has been normalised V2 /Lsw and is

denoted b\P,(p.u.), as a function of phase sk¢tis shown in Figure 2-19.

The DAB converter utilises the inductarLgzand the parasitic output capacitance of the segtch
[29, 36, 54, 55] for soft-switching. Again, as witie SAB, one of the major disadvantages of
the DAB is that soft switching operation is not i@sfable for the entire control range as shown
in Figure 2-19, which is restricted by the voltagaversion ratio [56]. The soft-switching region

is constrained by the following equations,

T 1
Q== (1 - —) Input bridge constraints

2 d

- (2-15)
Q= 5 (1 —d) Output bridge constraints

Different PWM control techniques have been proposeéxtend the soft-switching control
region of the converter [57-59]. However these namphes are complex and need an optimisation

procedure to define duty cycles and the phasedséifveen the bridges.
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2.4.4 Discussion of Phase-Shifted, Full-Bridge, SAB and DAB Converters

In terms of the wind-turbine and remote load fegdipplications that are the main objectives
this project, then the phase-shifted, full-brid@\B and DAB converters suffer from the
characteristic that soft-switching is not achiewedr the complete range from zero to full-load.
In particular the SAB and DAB have very narrow siiitching ranges, making them unsuitable
for the wind-turbine applications. This is a sedadisadvantage for high power converters
operating at medium to high switching frequendiegaddition, the phase-shifted, full-bridge and
SAB require a medium to high-frequency transfortoestep-up the voltage and these types of
transformers are not commercially available atgmed/Vhilst in theory the DAB doesn'’t require
a transformer for voltage step-up, at high voltagaversion ratios, for exampd > 10, the
operating range for soft-switching of the inputdige approaches zero. Furthermore, since the
DAB is an Indirect converter, the input and outpwitches are exposed to both the pkiah

voltage of the output and pehlgh current of the input.

2.4.5 Resonant DC-DC Converters

Resonant converters can operate at high switchaggéncies due to the inherent soft-switching
operation of the circuit. In these converters alaip square-wave voltage is produced by a half
bridge or full bridge converter, and this wavefasihen applied to a low-pass filter resonant
LC network, known as a tank circuit, and a sinuabairrent is then drawn from the bridge. A

high-frequency transformer can be inserted afterlii tank to step up/down the voltage level

and provide galvanic isolation. Soft-switching &k the converter to operate at very high

frequency so that the size of the transformer aheéroreactive components can be reduced

considerably. Output voltage control is achievediégying the converter switching frequency.

Resonant converters are generally classified hriettypes based on the resonant tank network:
the Series Resonant Converters (SRC), Parallel r@esaConverters (PRC) and the Series

Parallel Resonant Converters (SPRC).

A resonant converter topology is very similar te #AB converter. However there is a resonant
capacitor connected either in series or parall¢h wie high-frequency link transformer. The
switching frequency of the converter is set clasthe resonant frequency of the LC tank. This
results in a sinusoidal current waveform flowingotigh the switches and the transformer. The
advantages of using a sinusoidal current when ao&apto other converters is that the losses in
the transformer are reduced since high frequenoguharmonics are eliminated, which can
cause additional copper and core losses. More tapiy, by operating the converter above
resonance, a phase angle is established betweswitbk voltage and current waveforms, which
ensures natural soft-turn-on of the transistor switl turn-off the opposing anti-parallel diode.

However, the switch turns-off with a large curreatising losses and unconstraiidi/dt and
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dv/dt. This can be overcome by placing a simple capasitobber across the transistor, where
the energy stored in this capacitor is recovered matural, lossless manner just prior to when

the device turns on again.

2.4.5.1 Series Resonant Converter

With the SRC converter shown in Figure. 2-20, thieent in the power devices decreases as the
load decreases. The output DC voltage is obtaiyerettifying and smoothing the resonant
voltage using a filter capacitor. A transformenéeded to step-up the voltage as the maximum
voltage-conversion ratio without a transformer.B. @ith the SRC the stray inductance of the
transformer can form part of the resonant tank amike the SAB and DAB converters, the
maximum power transfer capability is limited by therent rating of the devices only. The SRC
converter is more suitable for high voltage appiaes than the parallel resonant converter, since
the rectifier off-state voltages are clamped to theput voltage,l,. One of the major
disadvantages of the SRC converter for high poypli@ation is that a large filter capacitor is
required in order to filter the high current rippfnother disadvantage is that the output voltage
cannot be controlled at light to zero load, makiing possible disadvantage for wind turbine
applications. However, the main problem with thigsneerter, which discounts it from further
study is the need for a high-frequency, high-potvansformer, which is not commercially

available at present.
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Figure. 2-20. Series resonant converter
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2.4.5.2 Parallel Resonant Converter

The circuit topology for the Parallel Load Reson@RC) converter is shown in Figure 2-21.
The main disadvantage of this converter is that dheent through the power devices is
approximately independent from the load and thasfficiency of the converter is poor for light
loads. The output DC voltage is obtained by reitgythe sinusoidal capacitor voltage and
smoothing by a LC filter. This converter is sul@afor high output current since the current is

smoothed by the filter inductor which limits theple current in the filter capacitor.
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The maximum voltage-conversion ratio of the corefedt resonance is equal to the half the
guality factorQ, of the LC tank. However for the voltage-convensiatios required for the

applications considered in this thesis, typicall{G; this leads to impractically high values of
Q> 20 and a medium to high-frequency transformendsded to achieve voltage step-up.
Furthermore, since the PRC is an Indirect convewghout a transformer the input and output
switches would be exposed to both kigh voltage of the output artdgh current of the input.

Furthermore, this converter is not suitable forhhigltage applications, since the rectifier
off-state voltages can exceed the output voltage w@upresence of the transformer stray

inductance. The PRC is therefore neglected fromnéurinvestigation.

2.4.5.3 Series Parallel Resonant Converter

The Series-parallel resonant converter is the coation of series and parallel resonant
converters which takes the advantages of bothitsrfs0-62]. By appropriate selection of the

resonant components it is possible to control thput voltage at no-load as with the parallel
load resonant converter. In addition, the currantied by power components will be reduced at
low-load as with series resonant converter. Theswarters are generally classified into LLC

and LCC converters based on the number of resawmponents and circuit configuration.

Figure 2-22(a) shows the structure of an LCC resboanverter.
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Figure 2-22. . LCC Series-Parallel resonant congert
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Whilst the series-parallel converter overcomes n@e problems associated with the series
and parallel resonant converters, this is not endogvercome the problems associated with the

need for a medium to high-frequency, high-powengfarmer.

2.4.6 Isolated Series-Parallel DC-DC Converters
In order to achieve high-power, high-voltage arghtéonversion-ratio DC-DC conversion, it is
possible to connect the converters discussed iprthe@ous sections in parallel on the low voltage

side and in series in high voltage side as shovifigare 2-23.
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Figure 2-23. Input-parallel output-series DC-DC digiuration
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This arrangement reduces the voltage and curnezssson the switches and offers several other
advantages over a single converter structure.negg, low-voltage and low-power modules can
be connected in any series or parallel combinatioorder to achieve the required input and
output voltage and current ratings. Furthermoreumneancy can be added to improve the
reliability of the converter. However the main dimgk of this configuration is that it requires
galvanically isolated DC-DC converter modules. \Wtibr a converter with n sub-converters the
power rating of each sub-converter transformetust 1/n of the overall rating, the voltage
isolation between the primary and secondary wirglimgst be rated at the high-voltage side of
the converter. Such a high-frequency, high-voltagesformer does not exist at the moment for
HVDC voltage range applications. The converterrageament shown in Figure 2-23 has been
proposed in [29, 32] and a single module was desigmd experimentally tested using a 20 kHz
and 166 kW isolating transformer. However the tfamser isolation voltage requirement was
not included in the design.
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2.5 Direct Conversion DC-DC Topologies

The family of converters that use a Direct conwersmethod for DC to DC voltage
transformation are known as Switched Capacitor (@@)erters. These converters do not rely
on intermediate voltage to current gyrator stages change the voltage level. For
voltage-to-voltage conversion this means that gsrnmediate inductor is not needed to increase
or reduce the input DC voltage. However, inductoesy be included in the structure of these
converters for soft switching operation which amowkn as resonant switched capacitor
converters. Unlike Indirect conversion where thduictor is used to store the energy in one
switching cycle and release that energy to the bdaal different voltage level, in resonant SC
converters there is no stored energy in the indwttthe beginning and the end of each switching

cycle.

2.5.1 LCLDC-DC Converter

Recently a new DC-DC converter topology was progdsemegawatt range power applications
[63, 64], using a so-called rotating capacitor rodtlior voltage step-up. The converter uses
thyristors as active switches as shown in Figugd 2which has the advantage that they can be
directly connected in series to form a single hightage valve. Also all the switches operate
under zero current switching, so the switching ésssf this converter are low. The energy is
transferred to an intermediate capacC,rusing the resonant circuit formed with inducL ¢
switchesT,; andT, are then used to reverse the polarity of the dapaiw receive the next
resonant charge. Rectifier diocD;; andD, are used to rectify the capacitor voltage, whih i

filtered by capacitoC,, which supplies a l0aR, 4.

L. LV side HV side

T, T, AND: AD;
HV bus

V() +Cr =G SR,

Tz‘[\ T* AD, AD

Figure 2-24. Unidirectional hybrid resonant step-cgnverter proposed in [63] (¥V>).

Figure. 2-25(a) shows the equivalent circuit ofstbhbnverter in each switching cycle. The
equivalent circuit is a simple LC resonant cirauith negative initial voltage for the capacitor

Ver,- Current and voltage waveforms for the circuitrenti;, and the capacitor voltaqr, are

shown in Figure. 2-25(b). fwt = m the inductor current become zero and the thyrishocks
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the current to flow in the reverse direction and ttapacitor voltage is increased 2V,

regardless of its polarity.

_Vcrg +2W -, e

|
|
- |
Iin I
|
|

.
I,
3
\
.

Charging Period | ™, .
|74 IO a1
(a) crp ==

(b)

Figure. 2-25. (a) Equivalent circuit for each swviiieg cycle of LCL converter (b) Current and
voltage waveforms

By rotating the capacitor using a bridge the samegss can be repeated and the voltage can be
increased again k2V;, and by continuous rotation of the capacitor vargé step-up voltages

can be achieved.

For accurate operation of this circuit, the swiklshould have a reverse blocking capability,
however a turn-off capability is not required ahdg thyristors can be used. The capaiC,as

rotated by sequentially firing ttT; andT, pair with a 50% duty cycle.

For no-load operation, the voltage on the capacC,aand the output voltage are increased by
2V, in each switching period. However by connectirigaal the main design equation of this
converter in steady-state which can be derived ttwrtransferred energy through the converter
and assuming lossless converter is,

Io (Vo - Vm)
V;

= 20, (2-16)

Wherel,,; is the high voltage side average curri;,,,andV, are the DC voltages at the low
voltage and the high voltage sides respectivelyf,isithe switching frequency. This equation

also shows the controllability of the converteotigh the switching frequentf;.

The voltage gain of the converter for high convarsatic (V;,, < V,) can be obtained as follow:

v,
V—f’ =2R,C,f: (2-17)
m

One of the most significant disadvantages of thi®logy is that the thyristors in the low voltage
side, which carry a high currerl;,, = nl,,,;, wheren is DC conversion ratio), should have a

capability to withstand the resonant capacitor'akpeoltage, which is approximately equal to
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the high voltage side DC level. Therefore high @sion ratios cannot be realised with this

converter because of the very high conduction oaséhe low voltage side switches.

A bidirectional variation of this converter is algmposed in [64]. Two hybrid resonant circuits
with bidirectional switches sharing a common cajoacire connected back-to-back to form the
circuit shown in Figure 2-26, wheV/; is the primary side DC voltagV, is the secondary side
DC voltage Ly andCy are filter inductor and capacitor respectively L,ydndC, are the resonant
components. However, again the bidirectional camégon suffers from high switch conduction
losses on the low voltage side and as the conversitio increases, the converter efficiency

decreases significantly.

I-fl/Z ’-rl/z erlz LfZIZ
YY) Y Y Y

Ta\L kri Ta J!\T2 Ts\L kr, TQL Jy\r,, |
Vi/2 (_D T ek a2

==2C, 2C,

2C, 2C, ——

—_—2C;
vi/2 C_D f T (:) Va/2
AT S & S § S & S

Figure 2-26. Bidirectional step up/down LCL resonB&-DC converter proposed in [64]

2.6 Summary of Suitability of Existing Circuits for High Voltage
Conversion Ratio, High-Voltage and High-Power Applications

In summary, none of the Indirect topologies disedss 2.4 are suitable for high voltage-

conversion ratio, high-voltage and high-power aggilons for the following reasons:

* Non-isolated Indirect based topologies require higltage and high-power switches on
the low and high voltage sides of the converterctviéads to poor switch utilisation and
poor conversion efficiency for high voltage-convensratios.

» The practical implementation of a single high-vgéahigh-power switch through the
series connection of lower voltage devices is w#allenging especially for IGBTs, and
leads to increased switching losses.

* Many of the circuits require a medium to high-fregay transformers to either step
up/down the voltage or improve the switch utilieatiHowever, the practical design of
these transformers in megawatt range applicatieres ¢hallenging issue and no such
components are available commercially or have Iseecessfully demonstrated in the

literature.
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Whilst the so-called Direct, rotating capacitordtmgy described in the previous section has a
number of drawbacks for HVDC applications, nevdebe it does offer several significant
advantages compared with the Indirect circuits. e\mv, Alstom Grid has already been in
discussion with Dr. Dragan Jovcic at Aberdeen Umsitg, UK, who was responsible for

developing this circuit, and further investigatisroutside the scope of this thesis.

Switched Capacitor (SC) converters, which will becdssed in the remainder of this thesis,
promise to overcome the problems around Indiresteders and the Direct rotating capacitor
converter. The voltage stress between the low agl Yoltage sides of a SC converter is
achieved using a network of low-power and low-vgpitaswitches and capacitors, which
inherently share the voltage between individual ponents. This is a significant advantage for

high voltage-conversion ratio, high-voltage andhkhigpwer applications.
2.7 Switched Capacitor Converters

2.7.1 Introduction

Switched capacitor converters have been widely ursedtegrated circuits to change voltage
levels without using an intermediate inductor ansformer [65, 66]. These converters use the
Direct conversion method to step-up/down the iripdtvoltage. As discussed in section 2.2.2
voltage conversion in the Direct method is achiewre@ different manner compared to the
Indirect method and there is no need for voltageuwent conversion in order to boost the
voltage. Unlike inductors, capacitors can be irdegt in silicon, which is the reason most
on-chip, low-power DC-DC conversion in integrat@d it applications uses SC converters. The
energy density of a capacitor is higher than andtar which makes SC converters an attractive
alternative to inductor based converters wheresthe and the weight of the converter is the
limiting factor. They therefore offer a more powdgnse solution and compact design than
inductor based circuits, which is highly-desiralite low-weight EVs or off-shore HVDC
collector platforms [43, 47, 67].

The operation of an SC converter is best explairsidg a simple example: the SC switching
period is split into two phases, in the first phaseimber of capacitors are connected in parallel
and charged from an input voltage solV;,2 In the second phase the capacitors are re-cathect
in series by means of a switched network so thavtitage that appears across themV;,.
Since this voltage conversion can be achieved wittetwork of low-power and low-voltage
switches instead of a number of single, high-poavet high-voltage switches, this makes them

very desirable in high-power, high voltage-convamsiatio applications.

The switching period of an SC converter is splib itwo phases. Switches are grouped into two

switch banks, which are operated in anti-phaséaw1s by the gate signals in Figure 2-27, with
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a small dead-band to prevent shoot-through betweegwitches in each bank. Capacitors can
be reconfigured in any desired series/parallel doation to produce the required output voltage,

which is therefore quantised as an integer multipldivisor of the input voltage.

.~ Dead-band
e

A A

A B

Figure 2-27. Gate signals for switch banks in S@veoters

Different topologies have been proposed so faBforDC-DC converters. It will be shown that
all SC topologies can be built from the same besic[68], which will be presented in the next

section.

2.7.2 Basic Cell, Well Known SC Topologies and Suitability for Medium/High Power
Applications

2.7.2.1 Basic Switched Capacitor Cell

It is proposed that all SC topologies can be ddrfvem the basic cell shown in Figure 2-28. The
cell is a network of four switches two of which aentrolled independently and the remaining
two are controlled as a pair. The switches are werS; — S;. The cell also contains one

capacitor and has six terminT; — Ts.

Figure 2-28. Switched Capacitor basic cell

With appropriate interconnections of a number afsth basic cells a desired step up/down
conversion ratio can be achieved. For example Eige29 shows how simple basic operations
such as addition, subtraction, isolation and inmgrpresented in [68tan be achieved with the

basic cell shown in Figure 2-28. The red switchesilbered 1 operate in anti-phase with the

green switches denoted by 2, and all have a 50ywgute. The internal cell capacitor is denoted
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C: and the output filter capacit@; has an output voltac/,. The voltage addition circuit shown
in Figure 2-29(a) can be found in the structurenost of the well known SC topologies, and
produces an output voltage which is the sum oirtpet voltage sourcel/; andV,. In this circuit
when the switches numbered 1 are on, the inteaaitorCy is charged by the supply voltage
toV;. When switches bank 2 are on, the input volV;yand capacitcCy are connected in series

across the output capaciC, so thatV, = V; + V,.

The voltage doubler circuit shown in Figure 2-29603 derivative of the addition circuit, where
the second input terminal is connected directlthtofirst terminal so the output voltage will be
Vo = Vin +Vin = 2V,

The in-phase isolator circuit shown in Figure 2€d9here the output voltage is equal to the
input voltage, provides isolation between the irgnd output. In the first cycle when the switches
bank 1 are on, the internal capacCyiis charged by the input DC supplyV;,. In second cycle,
the internal capacit(Cr is connected in parallel with the output capaatwd transfers the charge

to this capacitor so thV, = V,.

The inverse-phase cell shown in Figure 2-29(d)vadlohe polarity of the input voltage to be

reversed at the output so tlV, = —V,,.

Subtraction can be achieved by exchanging the owgpacitor and the input volta/; in
Figure 2-29(a) as shown in Figure 2-29(e), wheeedtitput voltage iV, = V; — V5.
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Figure 2-29. Simple SC circuits derived from a Brgasic SC cell (a) voltage addition cell (b)
voltage doubler (c) in-phase isolator (d) inversegpe (e) voltage subtraction

2.7.2.2 Traditional Switched Capacitor Converters

This section reviews the traditional SC convertéirsvill be shown how these topologies are
synthesised from some of the basic functions shiowigure 2-29 of the previous section. These
topologies will be compared in terms of their shility for high voltage-conversion ratio, high-
voltage, high-power applications. Only the steprapsions of the topologies are considered, but
the topologies can operate equally well in step+ilas/long as bi-directional switches are used.

The first topology is considered the so-called Rdxxi circuit.
* Fibonacci SC converter

A 3-stage Fibonacci SC converter is shown in Fig2w80. The output of each cell is the
summation of the voltage of the previous two cdlknce the voltage on each capacitor follows

a Fibonacci series. Therefore this converter carebkised by voltage addition cells. The first
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input terminal of celk is connected to the output of ck — 1 and the second input terminal is
connected to the output terminal of ck —2 as shown in Figure 2-30, therefcV.(k) =
V.(k—1) +V.(k — 2). If the converter consists af, cells then the input to output voltage

conversion ratio is given in terms of binomial dagénts as,

Yo (n - k) (2-18)

Cﬂ;: §RL Vo

Figure 2-30. Voltage addition cells arrangementibonacci circuit

Since the output switch of each c84, is connected to the input switch of the next 8glland
these two switches operate simultaneously, thendheection of switclss, to the node between
SixandSyy can be disconnected and moved forward insideghaied reconnected to the internal

capacitor node as shown in Figure 2-31.

: Q Si 1] ) s
AR
| & T 1] lg, 7
WDl | H AR Zm T
A Y = W T Eiar ™ =T
| / I /
| |
! 1 1
Cell 1 Cell 2

Figure 2-31. Fibonacci circuit re-configuration

Therefore one of the switch&s andS,y are redundant and can be removed and the cir@uait c

be simplified further as shown in Figure 2-32.
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Figure 2-32. Simplified Fibonacci SC converter

Since the voltage rating of the switches in eadhatehis topology depends on the capacitor
voltage of that cell, the switch voltage rating lwiecome prohibitively large for converters
having a high number of cells. For example, forlev/1to 30 kV offshore grid application, the
voltage rating of the first switch will be 1 kV afioe last switch will be 30 kV. The majority of
switches would therefore have to be implementetls®sies connection of devices, which is very

difficult to implement in practise when using hifflequency IGBT/MOSFET semiconductors.

e Series-Parallel SC converter

A 3-stage Series-Parallel converter is shown inuflei2-33. This topology is also constructed

from voltage addition cells. In the capacitor cliaggphase all the capacitors are connected in
parallel to the input source and in the dischargihgse cells are connected in series to achieve
a high-voltage output. Unlike the Fibonacci circait the capacitors in the cells are charged and
discharged simultaneously. Again this topology etsifrom switches that are rated at the output

voltage of the converter and is therefore not bietéor high voltage applications.

Cell 1 Cell 2 Cell 3
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|
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Figure 2-33. Series-Parallel SC converter

If the converter consists 7}, cells then the input to output voltage conversatio is given by,

Vv,
2 =n, (2-19)
Vin
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e Cascaded doubler SC converter

A 3-stage cascaded doubler SC topology is showigure 2-34 and this is a cascade connection
of voltage doubler cells where the voltage on tiygacitor in each cell is twice the voltage of the
capacitor in the previous cell. This topology regsihigh voltage switches to be implemented

and each switch in the cell has the voltage ratipgal to the capacitor voltage of the cell.

Cell 1 Cell 2 Cell 3
r““l—"——2————1r—————————7———1r"——2 __________ |
I ~J ~5 :| ~5 e !I S ~J |
T [ [ ] B[R [ SF [T [
I I I
Vaoex | oex | oex ||
V() | Cars Car| | N 3R
T | L
I L :
I :| |
| | |
! L1

Figure 2-34. Binary SC converter

If the converter consists n; cells then the input to output voltage conversatio is given by,
Yo _ 2ne (2-20)
Vin

+ Ladder SC converter

The circuit topology of a 4-stage Ladder topologyshown in Figure 2-35. This converter is
synthesised from the basic cell shown in Figur@2vihere other than in the last cell, swiS;h

is permanently on. The input to each cell is cotettacross the capacitor of the previous cell so
that the output of each cell is raised by the injulitageV;;,, with respect to the preceding cell. If

the converter consists n; cells then the input to output voltage conversatio is given by,

V, n.+1
7=[ - J+1 (2-21)
Since the voltage of each cell of the Ladder cir&atands” on top of the previous cell — hence
the name Ladder. The voltage rating of all the comemts other than the output capac@aris
equal to the converter input voltaV;,,, which is highly desirable for high-voltage, higblitage-

conversion ratio applications.
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Figure 2-35. Connection arrangements of basic deliform the Ladder topology

This circuit can be simplified as shown in Figur8& Firstly, all of the permanently closed

switchesSix can be removed and replaced by a wire.

X
Axis of rotation R’ ~ Si4 \S44
all
______ ~Cr
Ci S &g;mucz
LoH L<H
__Cf S24/§
T
H T
—c 23
77 f A1
----------- ,\CO

Vﬁ) Sﬂ/lzs

Figure 2-36. Simplified connection arrangementbasic cells for the Ladder topology

Secondly, since switch paiS;;/S;, andSs,/S,, are switched in anti-phase, no;3and4,
are effectively connected permanently togetherwshby the dotted line in Figure 2-36.

Similarly, node<B,/B, and(;/C, are also connected. If these connections are ipecheanent
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using a wire, then a number of switches becomendatht. For example if nocC; is connected
to C,, switchS3, can be removed. By then folding the circuit diagr@round the axis shown in

Figure 2-36 the circuit becomes as shown in FiguB&.

Sa =/ S
%
~Ci

S13
cl_@_

G

B, ."‘--\'Slz S;;"‘-. B,

AY|
/1
i)
|
|
a
&
=
L

Vin%) SwA

Figure 2-37. Simplified circuit configuration aftérst folding of circuit in Figure 2-36

If the switch removal and folding is repeated toe temaining paired nodes, no,#4, and
B;/B,, then this results in the more traditional forntled Ladder circuit shown in Figure 2-38.
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Figure 2-38. Simplified Ladder SC converter

» Dixon Charge Pump SC converter

Another attractive topology for high voltage apgtions is the Dixon Charge Pump (DCP)
structure - a four-cell circuit is shown in Fig€9. The DCP circuit is a variation of so-called
AC/DC voltage multiplier circuits [69, 70].

. CfJ-Tsz |
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Figure 2-39. Connection arrangements of basic delf®rm Dixon Charge Pump SC converter

It can be seen from Figure 2-39 that the DCP dircansists of an initial voltage Doubler
followed by a Ladder topology. The DCP circuit iery popular in hard-switched DC-DC
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conversion for integrated circuit applications hesmof its higher efficiency when compared to
the Ladder circuit. However, unlike the Ladder togy where all the switches have the same
voltage rating oV, in this topology all the switches need to beddte2V, other than in the
first cell where they are rated lat. If the converter consists ng cells then the input to output

voltage conversion ratio is given by,
L =n.+1 (2-22)

Similar to the Ladder circuit, the DCP circuit caro be simplified and this results in the circuit

)
s
Q;:Tna y

shown in Figure 2-40.
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Figure 2-40. Dixon Charge Pump SC converter

2.7.3 Recently Proposed Topologies

New SC topologies have recently been proposed,hadrie suitable for high power applications
[71-73]. Figure 2-41 shows the Multilevel Modula€ Eonverter (MMSCC) proposed in [72].
The topology has a modular structure in that thegraatings of the switches are the same in
each cell. This modularity has the advantage darof§ more cost-effective manufacturing as
well as the potential to bypass faulty modulesrydperation. The maximum voltage rating for
the horizontal switches shown in Figure 2-41 irs tiipology is equal t2V;, and the vertical

switches are rated ¥;,. Again this topology is constructed from the basal shown in
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Figure 2-28, where other than in the last cell sV is permanently closed. The circuit consist
of the cascade connection of voltage addition c#imwn in Figure 2-29(a), where one of the
input terminals to the cell is connected directiytihe input source and the other terminal is

connected to the output of the previous cell.

:(”r"'l)ViJ\ Co
| T

|

|

Cell 1 Cell 2 Cell 3
Figure 2-41. Multilevel Modular SC Converter (MMSCC

If the converter consists 7}, cells then the input to output voltage conversatio is given by,
o _ +1 2-23
Vin =Nc ( - )
The converter can operate with the sign of thetispurce inverted. This is shown in Figure 2-42,
where the circuit is shown flipped over from togbtuitom but the source has remained the same.
In addition if the operation of the switches is madmplementary to those in Figure 2-41 then

the two circuits can be fed from the same sour@esascalled Bi-pole arrangement as shown in
Figure 2-43.

hY |

SN o O s B o W e

gl ol fel ol ... Sl o
Figure 2-42. Complementary circuit arrangementNtultilievel Modular SC Converter
(MMSCCQC)
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Figure 2-43. Bi-pole arrangement of two MultileWdbdular SC Converters (MMSCC)

In the Bi-pole arrangement, each parallel upperlawer converter produces an output voltage
of +n.V;, respectively across the output capacitors in E@u43. The converter output voltage
is then taken between these two outputs giving lteage of 2n.V;,. The Bi-pole method
significantly reduces the number of capacitors rde® achieve a given step-up voltage ratio
when compared with the MMSCC.

A simplification to this circuit can be made by mgt that the mid-point nodes of all the vertical
pairs of switches are at the same potential anefitre these nodes can be connected together
as shown by the dotted lines in the above figdrhid connection is made, then the two red and
green switches to the right of the line become meduat and can be removed from the circuit

giving the simplified topology shown in Figure 2-:44
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Figure 2-44. Symmetrical Multilevel Modular SC Certer (SMMSCC)

The removal of the redundant switches does notceathie overall VA rating of the switches,
since the current rating of the remaining vertgaitches needs to be doubled. However, it does
produce a simpler topology. One disadvantage ofovemg the switches is that unlike the
MMSCC circuit this new topology now becomes coupletiere individual cells interact with
each other in a problematic manner. Coupling isudised in more detail in the next chapter.

This converter has been proposed in [74] and téisied a Symmetrical Modular Multilevel
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Switched Capacitor Converter (SMMSCC). If the cateteconsists afi,. cells then the input to

output voltage conversion ratio is given by,

—° = 2n, (2-24)

The voltage rating of the switches for the SMSCthéssame as those for the MMSCC converter.

Due to the Bi-pole arrangement, the number of asgador an SMMSCC is much less than that

for the MMSCC to achieve same conversion ratios Thbecause,

* By comparing the voltage conversion ratio equati@@g3) and (2-24) the number of
cells required for the SMMSCC is approximately hiéit for the MMSCC.

* With half the number of cells, each cell of the SBEC is equivalent to the even
numbered cells of the MMSCC. On these cells, thpacitor voltages for the MMSCC
converter are twice that of the SMMCC; however@MCC has twice the number of
capacitors. These results in 2:1 cell capacitaegairement for the MMSCC compared
with the SMMCC.

This means the capacitance requirement is fourstiess for SMMSCC converter compared to

MMSCC to achieve the same conversion ratio and sdfivgency.

Another advantage of the SMMSCC over MMSCC is aelowutput voltage ripple. Two

capacitors of each cell in SMMSCC converter aregd@{discharged in complementary phase
so that when one of the capacitors is charged ffmenprevious cell, the other capacitor is
discharged to the next capacitor or load. This eboat the ripple in the output of each cell and
provides an almost ripple free output voltage dratdfore there is no need for a large output

filter capacitor.

However, a significant problem with the SMMSCChattthere is no common ground connection
between the input and output voltages and there gasy way to provide input/output isolation.
This can be a serious issue in power networks whetk the source and load need to be
referenced to earth. Furthermore, if a fault ocdarene pole in the output terminal of the
converter, the voltage of the other pole can jumpoutwice the nominal voltage due to absence

of ground in the mid-point of the output termindiiah require high insulation requirement.

2.8 Summary

This chapter has given an overview of DC-DC coraersttBased on the conversion mechanism
the DC-DC converters are categorised as eithercDirelndirect. Indirect converters consist of

a number of gyrator stages, for example the Buafk Boost converters, whereas Direct
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converters use Direct transformation with no intediate stages, such as switched capacitor

converters.

Indirect converters are found to be unsuitabléhfgh voltage-conversion ratios because of their
poor switch utilisation and the need for high-powad high-voltage switches. In addition, the
switches are exposed to both the high-voltage wittage and the high-current side current. A
wound transformer can be used to ameliorate thes@egms; however to reduce the size and
weight of the converter for off-shore wind platfanthe transformer needs to operate at medium

to high frequencies and no such technology cusremists for megawatt applications.

A Direct LCL, rotating-capacitor topology has beexamined for high-power, high voltage
applications. Unfortunately, the LCL converter suff from the same issue as the Indirect

conversion method since the switch utilisationgsppoor for high voltage gain applications.

Switched capacitor converters which use the Deenversion method, have promising features
for the wind-turbine and remote-load feeding amtlans. A high voltage-conversion ratio and
high-voltage output can be achieved using a simplsvork of low voltage and low power
switches. Common SC topologies have been investigatterms of their suitability for HYDC
applications. The Ladder, Dixon Charge Pump, MMS(d SMMSCC topologies have been
identified as possible candidate topologies fohsagplications. The Ladder topology is the only
topology where all the switches and capacitorsated at the low-voltage side of the converter.
A Bi-pole MMSCC converter can be used to form thepdified Symmetrical MMSCC.
However the symmetrical configuration presentethia chapter is not suitable for the HYDC

applications that need common ground between the #nd the output of converter.

The next chapter will describe analysis and the etimg) techniques for SC converters, which
will then be used to compare the candidate topetogi terms of component requirements and

converter efficiency.
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3. Modelling and Analysis of Switched Capacitor Converters

Switched capacitor converters can be generallysitied into hard-switched and resonant SC
converters. Hard switched SC converters are ontyposed of capacitors and switches whereas
resonant SC circuits include a small inductor. Bugheir inductor less-structure, hard switched
SC circuits are commonly used for power conversiothin integrated circuits where the

capacitors and switches can be directly fabricatesilicon.

The switching period of a SC converter is dividetitwo phases and each capacitor within the
converter will be charging in one phase and diggihgrin another. The converter topology can

be divided into a number of simple circuits for leat these phases, which includes either,

» A capacitor connected to another capacitor
» A capacitor connected to the supply voltage source

* A capacitor connected to the load

For example, for capacitor-to-capacitor energy arge - if the first two capacitoC; andc, of
an SC converter are linked by a swigland the capacitors have initial voltaV; @«andV,, where
V, > V,, the equivalent circuit for the discharging pha$«,, which also represents the the

charging phase («C,, will be as shown in Figure 3-1(a).

S S Ri{mp l'(t) . i(t)

Cl ; ; I/l CZ ; ; VZ A '/I(mp ; ; Cltmp

:

@) (b) (©)

Figure 3-1. (a) Charge transfer circuit (a) chartransfer equivalent circuit (b) typical hard
switched current waveform

In the next phase of the switching cycle for tharaple, bottC;and C, will be individually
connected to different capacitors within the SCverter and the charging and discharging action

of C; andC, will reverse.

Such equivalent circuits can only be derived focwis where the circuit loop formed between
each capacitor pair does not share any commonitdimgquedances with other pairs of capacitors.
The circuit equations for these loops are then detaly independent and these equivalent
circuits have been termed Decoupled sub-circuitghis thesis. Coupled sub-circuits are

discussed in more detail in the next chapter.
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With the switchS closed in Figure 3-1(a), an equivalent circuit d@nderived as shown in
Figure 3-1(b), wherAV,,, = Vi — V3, Cjy0p is the series equivalent capacitanciC;yandC;,
and the resistoR,,,, represents the equivalent on-state resistancéneofswitch plus the
equivalent series resistance (ESR) of the capaciiod any parasitic resistance of circuit wires
and/or connectors. A typical exponential decay vi@we for the circuit currenti(t) in
Figure 3-1(b) for the hard-switched SC converteshiswn in Figure 3-1(c).

In order to reduce the switching losses associaittdthe hard-switched converter, the resonant
SC converter was introduced [75]. By adding indigtmto the SC circuits some attractive
features such as soft switching can be achievedhé&munore the inductor can limit the current
and which occurs in hard switched SC converterswthe ESR of the capacitors are very small.
The charge transfer path in resonant SC conveders the equivalent series RLC circuit as
shown in Figure 3-2(a), wheLzis a small external inductor added in series wiithrge transfer
path. However, in some cases the stray inductaitte @ircuit may be sufficient to operate the
converter in a resonant mode [71, 74]. The swighiraquency of the resonant SC converter is
commonly set to the damped resonant frequencyeoddiuivalent RLC circuit so that the switch
turns on at zero current and switches off wherctiveent re-crosses zero one half-period later.
This results in a soft turn-on and turn-off switglioperation as shown by the switch current

waveform in Figure 3-2(b).

hY Lt’aop R, loop

7 Yio 1o

A thp Cluap
| I - >

S turn-on S turn-off

(a) (b)

\ AnJ

Figure 3-2. Charge transfer equivalent circuit acwatrrent waveform for resonant SC
converters (a) equivalent circuit (b) typical svhitcurrent waveform

Circuit averaging of SC converters results in a ehddat consists of an ideal DC transformer
with turns-ratio In, followed by an output equivalent resistar., as shown in Figure 3-3 [50,
66, 76], the circuit is fed from a DC soulV;,, and supplies a resistive IoR,. The equivalent
resistancer,, aggregates all the losses in the converter atiiisnost important parameter for
SC converters as it fully determines its steadyegp@rformance such as efficiency and output

voltage drop with load.
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Figure 3-3. Equivalent circuit for SC converters

The objective of the analysis of SC circuits islasive an expression fiR,, in terms of other
circuit parameters, in particular switch on-stasistance and capacitor ESR. In recent years,
there has been an increasing amount of literatarthe analysis of SC converters, which has
looked at developing methods to determine the dwgguivalent resistance [50, 66, 76-79]. In
particular the two seminal papers Seeman et al. [0yl Ben-Yaakov et al. [79], provide
extensive work in this area. However, whilst thalgsis technique developed by Seeman applies
to both Coupled and Decoupled converters, it isiotad to the use of the converter at either the
so-called Slow or the Fast Switching Limits (SSELE which correspond to either low or high
switching frequencies when compared to the RC tionestant of the switching cells. Ben-
Yaakov's analysis is less restrictive in termstaf bperation of the converter; on the other hand
the analysis does not apply to Coupled topolofieexample the Ladder circuit. A more general
approach has been developed in this thesis, whoels dot suffer from the limitations of the

aforementioned techniques and is described asasllo

The fundamental approach is to equate the steatly-siss in the output equivalent resistance

R.q, with the sum of the losses in each componenh®f3C converter during each switching

eq:
phase, averaged over a switching period so that,

LT @
k=1i=1 Ts o

wherel, is the average output current of the converter avswitching perioy, E; is the
energy dissipated by tli*" component during thkt" switching phase. The average current is
used because the model is based on averagingc¢hé during two switching periods [80]. There
are two switching phases per switching perk = 1 andk = 2, corresponding to the two states
of the red and green converter switches. Thesestates also correspond to the charging and
discharging phases of individual capacitors. Hemm@mponent will typically be a capacitor,
switch, or the parasitic resistance of a conneatiing or connector. The number of components

in the converter is denoted ‘.

The energy dissipated by conduction loss forit®* @omponent during thk" switching phase

E; ., can also be expressed as,

65



Eix = TsRilims,ix (3-2)

whereRr; ;. is the parasitic resistance of i*™component anl,,,;;  is the RMS current flowing

through the component during phiksélhe RMS current can be found by integration,

1 Tk Ts ’1 Tk
Irms.i,k = \/F (f llz_k(t) -dt + f 0- dt> = Ff llz_k(t) - dt (3'3)
s 0 Tk sJ0

whereT;, is the duration of thk!" phase. Note the current though the component i® sro

for the remainder of the switching periT, — T, since the loss for this component during this
period is calculated using the secck®™” term. The effective instantaneous current waveform
through a component will therefore be as showniguie 3-4 along with typical values for

Lrms,ik @andlgyg; i — the average currely,g ;. Which is also shown in the figure is discussed

below.
A
— i (®) \
I avg,ik
rms,i,k
14
T T,

Figure 3-4. Typical instantaneous, RMS and aver@ageent waveform for componeitturing
phasek, with the remainder of the switching period remt®d by zero current

From (3-1) and (3-2) the output equivalent resistacan now be expressed as,

2 m I
R =) ) (77 @
- o

The average converter output currl,jtcan be eliminated from this equation by substituin
the expression for the average current througit*@mponent during phakzdenotedyyg i k.

where,

N

1 Ty Tk 1 Tk
lovg ik = F(f i (t) - dt + f 0- dt) = Ff ijp(t) - dt (3-5)
0 0 sY0

Again as with the expression for the RMS currestphriod of integration is taken as the whole

switching period, so that the current waveform dgrihis interval is as shown in Figure 3-4.
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From fundamental circuit theory, the average curl,, ;) is proportional to the average

converter output Currello, so that,
Iavg,i,k =ik I, (3'6)

wherea; ; is a constant of proportionality the value of whidepends purely on the circuit
topology [66, 81]. Note that in Seeman’s analys,[ circuit charge is used rather than current
and the coefficiera; , was known as a charge multiplier. Seeman useswdeuof simplifying
assumptions regarding the shape of the currentfaameduring the charging and discharging
periods where the use chargein his analysis is more convenient. However, thalysis
proposed here makes no such assumptions and is geaeral. In this analysis the branch
currentsof the circuit are solved using nodal analysisescribed in Appendix A, — rather than
Seeman’s accumulatetarge— as this is more convenient. The Appendix A idelian example
of how nodal analysis is used to find the valueshefcoefficientsa; ; for the 3-stage Ladder

circuit shown in Figure 3-5.

Sz/

L

S/

Ay
() 1)

o~

Sy
Ay
Sl/zS

Figure 3-5. 3-Stage Ladder circuit used as an eXanpcalculate coefficienta; ;
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Neglecting the parasitic resistance of wires, then3-Stage Ladder contains 9 components with
conduction loss: 3 capacitors and 6 switches, s& m = 9. The nine coefficients; ;,
from Appendix A, are shown in Table 3-1, wheredhgger of the coefficients corresponds to the

arrangement of the components from the bottomeddp of the circuit schematic:
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Table 3-1. Charge multipliers for 3-stage Laddecait shown in Figure 3-5

Switching phasek | Capacitor coefficientsa;_3; | Switch coefficientsay_q i

1 2, -1, 1 0 2 0 -1 0 -1
2 -2, 1, -1 2 0 -1 0 -1 0

The coefficienta; , from equation (3-6) can be used to elimir/,ted'om (3-4) to give,

2 m I 2
Req = z z afi Ry (Irms'l'k) (3-7)
‘ avg,i,k

For most components such as capacitors and thsifi@rasistance of wires and connectors the

resistancer; ; is constant over the two phases and sckthabscript can be removed airR; ;
can be replaced kR; in (3-7). This is not the case for the resistamicgwitches which changes
over the two phases as the switch changes statwew¢o, when the switch turns-off the
coefficienta; , becomes zero so it does not matteR; ; is also replaced kR; for switches. In
addition, the last term in (3-7) can be identifesithe form-factok; ,, of the current flowing

through theit® component, during phakg so that (3-7) becomes,

2 m
Req = Z Z af " Ri - ki (3-8)

The output equivalent resistarR,, can be seen to be the sum of a number of padiavalent

resistanceRr. ; where,

2 m
Req = Z Z Req,i,k (3'9)

Reqik = iy - Ri - ki (3-10)

These partial resistances contribute to I2R power loss of componetit during phasek.
Therefore, each component has two contributiobddotal output equivalent resistance of the
converter, which correspond to the tk = 1 andk = 2 conduction phases. The equivalent

circuit shown in Figure 3-3, then becomes as shioviigure 3-6(a).
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Req. 1,1 Req.i,;’; Req.m,l
Vin ] n RL n Vin RL
(a) (b)

Figure 3-6. Equivalent circuits of SC convertery datailed equivalent circuit and
(b) simplified equivalent circuit

Summing the partial equivalent resistances andsfeanng the supply voltagV;, to the
secondary of the DC transformer yields the finaliegjent circuit shown in Figure 3-6(b). The
switching losses of the converter can also be rated into this equivalent resistance [82], in

which case the resistor can also be used to ctddotdh the conduction losses and the switching

losses of the converter.

By inspecting equation (3-8), it can be seen thatdartial output equivalent resistanR,; .,

are composed of three parameters as shown in F3gdre

+ the coefficienfa; , which is purely defined by the circuit topology.

* R; which is the equivalent or parasitic resistancéhefcomponeritand can be found from
device datasheets or by measurement.

* ki, which is the form-factor of the current flowingdligh the componeiitduring phasik
and defined as the ratio of RMS to average curims term will be discussed in the next

section.
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_ Irms,ik
kije=7—""
avg,ik

Figure 3-7. Dependency R, ; i to the circuit parameters

With the coefficienta; , obtained from the circuit topology and the valoéR; obtained from
datasheets/measurement, the final step of thessadyto find an expression for the form-factor
termsk; ;. In this case expressions for the instantaneousmmuvaveforms need to be calculated
explicitly. In some SC topologies the sub-circoiops formed during charging/discharging do
not share any common impedances and these sulitciconsist of simple RC circuits for hard
switch case circuits as shown in Figure 3-1 or B@ Rircuit for resonant SC converter as shown
in Figure 3-2. In either of these two cases thaasgions for the current waveforms are easily
derived. However, in other topologies, two or moharging/discharging sub-circuits can be
coupled through a common impedance, in which cdairong expressions for the current
waveforms is not simple. In particular, the Ladd8MMSCC and Dixon Charge Pump
topologies are examples of topologies where thevatgsn of full expressions for the current
waveforms is intractable when the number of levslgyreater than two. As an example,
Figure 3-8(a) shows a 3-Stage Ladder topology emdduivalent circuit Figure 3-8(b), where
the odd-numbered, red switch bank is assumed torbed on.
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Figure 3-8. 3-Stage Ladder SC converter and thevatgnt circuit when the odd-numbered
red switches are on (a) circuit diagram (b) equarl circuit during first switching phase

It can be seen that the on-state resistiRy,, ., which represents switcSs, is located in the

common branch of two sub-circuit loops and themftre loop-voltage equations are not

independent.

The analysis technique proposed by Ben Yaakov @8p not consider the effects of common
branches on the output equivalent resistance. Tdrerhis method cannot be directly applied to
Coupled SC converters. However, whilst Seeman’$yaisacan be used for Coupled circuits, it

is restricted to so called Slow and Fast Switchiimifs as discussed in the next section.

3.1 Form-Factor and the Analysis of Hard-Switched SC converters

Hard switched SC converters rely on circuit resisés such as switch on-state resistance to limit
the charging/discharging current of the capacitblsee different operational modes based on
the ratio of the switching period and the RC tirbastant of the sub-circuits can be defined in

hard switched SC converters. Figure 3-2 showsuhet waveforms for different modes during

the charging phase of a capacitor:

» Fast Switching Limit (FSL): When the switching period is much shorter thartithe

constant of the sub-circuit loop, the current wawerf can be considered approximately
constant during this period as shown in Figure&-9This operation mode was defined
as “no charging mode” in [79] and the Fast SwitgHiimit (FSL) mode in [50].
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» Partial Charging: As the switching period is increased with respethe time constant

of the sub-circuit, the shape of the current wanafbecomes more like an exponential
decay as shown in Figure 3-9(b) and is known asgbaharging mode.

» Slow Switching Limit (SSL): When the switching period is much longer than e t

constant of the charge transfer path, the capasitmompletely discharged as shown in
Figure 3-9(c). This mode is known as “complete ghray mode” in [79] and the Slow
Switching Limit (SSL) mode in [50].

Ai(t)
Complete
No Charging . Charging
FSL Partial ssL

Charging

S

(@ - (b) (©

Figure 3-9. Current waveforms for a Hard Switch @@verter (a) no charging [79] or FSL
mode [50], (b) partial charging [79]and (c) compéetharging [79](corresponding to SSL
mode [50])

The form-factork; ;, for the hard switched current waveform can beweerithrough circuit
analysis. For example, for Uncoupled circuits, vehiie sub-circuit loop can be represented by
the simple RC circuit shown in Figure 3-1(b), thetantaneous current for ti®" component

during phasi is given by,

AVipopik —————
M e Rioop,i,kCloop,ik (3_11)
Rloop,i,k

where the subscripisandk have been added to the terms in Figure 3-1(b).

i (t) =

The average and the RMS current can then be densiad (3-3) and (3-5) and (3-11), for phase
periodTy,,

Tk
Iavg,i,k = fsCloop,i,kAVloop,i,k <1 —-e€ Tlooyi”‘) (3'12)

fsCloop ik - ZTk.
L = AV, . = =1 - Tloop,i,k
rms,i,k loop’L’kJZRloop,i,k e (3_13)

where the loop time constant are defined 7;,0pix = Rioop,ikCioop,ik- Therefore the

form-factor squared is,
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Tk
1+ Tloop,ik
2 Irms ik z 1 ( ¢ >
ki = —| = : T (3-14)
' 2fsTloop,i,k ( T k. >
]_ —e loop,i,k

In practice a dead-time is needed between the iwijof the transistors of the first and second

Iavg,i,k

banks of switches. However, assuming this dead-ts@mall compared with the converter
switching period then a duty cycle for the subuirswitch can be defined arbitrarily for say

switching phask = 1 so that,

D =T,/T; (3-15)
whereD is the converter duty cycle. Substituting intal@®-gives,

__ DTy
I 2 1 (1 e Tloop,iJ)
i1
kiﬂ:(rmst) SE - (3-16)
stloop,i,1 (1 _ e_Tloop,i.1>

For switching phask = 2 the equivalent duty cycle would simply be replatgcl — D in

Iavg,i,l

(3-16). Equation (3-16) can be further simplifiesing a hyperbolic substitution and defining the

constanp; ,

(3-17)
The equations for the form-factor for switching pbd and 2 respectively then becomes,

1 .
Kby == fia - coth (%)
) 8 (3-18)
2 —_~ _.p._. Piz
kia=17p P COth( 2 )
Substituting (3-18) into (3-10) and normalising thesulting equation bjRi'aiz’k gives the

normalised partial equivalent resistarR; ; x,

Req,i,k
. q2
Ri-aiy

RZq,i,k = = kiz,k (3-19)

which can be seen to be equal to the form-factamsl. The normalised partial equivalent
resistance (3-19) for phak = 1, can be plotted against the paramp; ,rfor various values of

duty cycleD as shown in Figure 3-10,
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Figure 3-10. Normalised partial equivalent resistair,,, ; , againstf; ; for various values of
duty cycleD a hard-switched SC converter

Note that Figure 3-10 also represents the secoadek = 2 relationship when the values for
duty cycleD are substituted bl — D. It appears from Figure 3-10 that operating theveoter
with a duty cycle approaching uniD,— 1, minimises the equivalent resistance of a compnen
However, during the remaining phase where the dutye is equal tc1 — D, the equivalent
resistance approaches infinity. If the charging aistharging sub-circuit loop for thit"
component has equal resistance and capacir)op,i x aNdCipop,ik » SO thap; ; = B;,, then it

is Straightforward to show from (3-18) that theat@quivalent resistance averaged over the two
switching phases is a minimum whD = 1/2. For the majority of SC converters this is true
because of the natural symmetry of the topology tedefore they operate wiD = 1/2.
Figure 3-10 has therefore been re-drawn to showtiesD = 1/2 curve and is presented in

Figure 3-11.
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Figure 3-11. Dependency of normalised partial eglént resistancR;, versusg; , and duty
cycleD = 1/2 for hard-switched SC converters

Note that foiD = 1/2 then since dead-time is neglected tT,:rcan be approximated as half the

switching periodT, = T,/2 so that (3-17) becomes,

Ts

2Tloop,i,k

Bix = (3-20)
So the physical representation by the parametaribeif the ratio of half the switching period to

the loop time constants.

The small values of the x-axis paramef; ,'in Figure 3-11 correspond to the converter switghi
period being much smaller than the time constarthefRC sub-circuit — see Figure 3-9(a).
Whereas large values of the param; ;" correspond to the converter switching period being
much larger than the time constant of the RC suuti— see Figure 3-9(c). It can therefore be
seen that the converter has a desirable chardicteisa low value of output resistance for low
values off; ,, which corresponds to the converter switching deegpy approaching the fast-
switching limit FSL. Conversely the converter outpasistance increases as the switching
frequency is reduced toward slow-switching limitLS8r asp; , increases. Hard-switched SC
converters are therefore used at high switchinguieacies in order to maximise converter
efficiency; however switching losses can then peoblem at high-powers and the soft-switched,

resonant SC converter, which is discussed in tReseetion, becomes the preferred option.

It should be noted that a moderate control of thaverter output voltage can be achieved by

varying the output equivalent resistance of theveaer. This can be done by either altering the
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duty cycle as shown in Figure 3-10 or the switcHeguency in the for SSL region as shown in
Figure 3-11. However this is not an efficient method varying the output voltage as the average
equivalent output resistance no longer has itsminmi value and the converter losses will

increase.

The above analysis ignores the effect of the dead-tn practice, the dead-time will reduce the
effective duty-cycleD, which results in an increase in the partial egl@nt resistance as expected

and also predicted by equation (3-18).

The analysis carried out above was for Decoupleltgies. For Coupled topologies the
expression for the instantaneous current througli**rcomponent during phais i; , (t), can
become very complicated. Unlike for decoupled dis;where the current waveform is a simple
exponential as shown in (3-11), coupled circuit @favms consist of the sum of a number of
exponential terms, the number of which dependshertdpology and the number of SC cells.
These exponential terms will not have equal timastants, so that the expressions for the
average and RMS currents and hence the form-fdots not reduce to the compact hyperbolic
form with the single parametg; , as shown by (3-18). For example, the equationghotoop
currents for the coupled, 3-Stage Ladder topoldgyw in Figure 3-8, which are derived in
Chapter 4 and contain two exponential terms wifffiedng time constantsThe normalised
output resistance is then no longer solely a fonctf 8; ,, and will also be dependent on an

additional parameter, for example the ratio ofitiog resistance to the common resisteRy;, .

and Ry, , in Figure 3-8(b). The normalised output resistaiscénen represented by a 2-D

3

surface and it can be therefore appreciated tlienibthod of visualising the behaviour of the
normalised output resistance becomes unrealistitigtner levels of coupling. In addition, as the
number of exponential terms increases for topotogigh a large number of stages, the solution

has to be solved using numerical methods or syrdibliusing software such as Mathematica.

3.2 Analysis of Decoupled Resonant SC converters

The method of analysis used for the hard-switcleed/erter can also be applied to the resonant
switched capacitor converter. The equivalent cirofiithe charging and discharging of each
capacitor in a Decoupled resonant SC converteserias RLC circuit as shown in Figure 3-2.
The only difference with hard-switch case is thdiohal inductance, which can be an external
inductance or the stray inductance of the cirayiolt. Typical current waveforms for an under-
damped resonant SC converter are shown in Figt& Bnlike the hard-switched converter the
dead-time can have a significant influence on tiepe of the current waveform and hence the

form-factor. In the following analysis only convers operating with a 50 % duty cycle are
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considered. Therefore each switching phase hagaialu of half the switching periaT /2,

which is divided up into,

» A conduction period of non-zero current. This hasatlonT, for thek = 1 andk = 2
switching phases for ttit" component.
* A dead-time period equal T;/2 — Tj. The current flowing through the component for

waveform (a) and (b2) is assumed zero during tied as will be explained below.

-

\ I k(l‘ )
(a)

(c)

v —~

T2 :
Tal2 i Ls

(b2)

Conduction Period 1
T “~— Dead-time

Figure 3-12. Typical current waveforms in a resan@@ converter

The four different current waveforms (a), (b1), @d (c) arise depending on the relative
magnitudes of the switching frequenfy, compared with the natural damped resonance
frequency of the RLC equivalent circif;, and also the duration of the dead-time. The
waveforms also depend on whether the converter iddirdction or unidirectional. A
bi-directional and unidirectional Doubler circust $hown as an example in Figure 3-13(a) and
Figure 3-13(b) respectively. The four waveformsvehdn Figure 3-12 correspond to three

different operating modes of the converter:

Mode 1 — waveform (a)

» Half of the damped resonant period is greater tharconduction perioT; /2 > Tj.

0 This mode applies to both the bi-directional analwectional converters.

Mode 2 — waveform (b)

» Half of the damped resonant period is less tharoneuction perioT;/2 < Tj:
o Waveform (b1): unidirectional converter.

o Waveform (b2): bi-directional converter.
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Mode 3 —waveform (c)

» Half of the damped resonant period is equal tactveuction perioT,; /2 = Tj.
o0 This mode is boundary case and applies to both bikdirectional and

unidirectional converters.

Considering the Doubler circuit shown in Figure 3-1or unidirectional step-up operation,
switchesS;, ands,, in Figure 3-13(a) are replaced by diodes as showigure 3-13(b), which

in this case prevents the current from reversirtgtha current waveform (b1) results rather than
(b2).

SIZ SZZ
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T ] N ]
G

r/'inC_) SZ] L,- ;;Cﬂ Vo

Sll

€ g
(a)

~GColr,

(b)
Figure 3-13. SC doubler circuit (a) bi-direction@dd) unidirectional

If the inductor current of the resonant SC convdrtes not already returned to zero prior to the
dead-time period as shown in waveforms (a) and, {(b®) rapidly forced to zero by the circuit
and this transition is assumed to happen instaotefe as shown by the step-changes in
Figure 3-13. This rapid transition can be explaibgdeferring to the diagram of the Doubler
circuit in Figure 3-13(a). During the conductiorripd the inductor voltage is equal to the small
difference between the supply voltage and the ¢eppamltage and this produces the near half-
period sinusoidal current shown in Figure 3-12. idwer, during the dead-time, with the red-
switches turned off any residual current in theuictdr will force the diode iS,, to turn-on and
the current freewheels throusS,; andS;,. The voltage across the inductor is how equahé¢o t
capacitor voltage, which is approximately equi/;,,> and this rapidly drives the current to zero.
This effect becomes more complex for the Ladder Bixdn Charge-Pump circuits where the
rate-of-fall of residual current depends on the bemof converter stages. In this case the
assumption of zero current during the dead-timg applies for small step-up ratios. However,

for the remaining converters that are consideratigthesis this approximation holds true.

An analysis for the Decoupled resonant SC conweitedescribed in [79]; however the paper

only considers Mode 2, unidirectional operationaveform (b1), and Mode 3 — waveform (c).
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The analysis presented here covers all operatiatemfor both unidirectional and bidirectional

converters. The analysis of Coupled resonant ctenrgeis discussed in the following chapter.
3.2.1 Analysis of under-damped resonant SC converters

3.2.1.1 Bi-directional converter - waveforms (a), (b2) and (c)
The expression for the currei; . (¢), flowing through thei®" component during switching phase

k = 1,2, for the Decoupled resonant SC converter is gbsen

AVloop,i,k (3-2 1)

—0OPLR L, -woikt/2Qik Sin(wd,i,kt)
wo,i,kLloop,i,k

() =

where,wy ; , is the resonant frequency of the equivalent RUCud in rads/swg;y is the

damped resonant frequency rads/s Q; ,lis the RLC circuit quality factor,

1 1
Woix =———=, Qix=5—"——and wg;; = wgx |1 —1/4Q} 3.22
0,0,k ’—Li,k Ci,k ik Ri,k Ci,kwo,i,k d,ik 0,i ik ( )

The square-root term i, ; , applies the usual constraint that for an RLC diroperating in

under-damped conditions then,

1
Qix > 3 (3-23)
Expressions for the RMS and average currents darswitching period, s ; x andlg,g ; k, can

be found by straightforward integration,

Trwo,ik
)e Qik — sin(ZTka)d’i_k - Q)i_k) — 2Q;k

1
TrWoi 2Q;, —
Cire , 50" 20705

Lix Wo ik

I _ AVloop,i,k
rms,i,k —
2T,

(3-24)

Iavg,i,k = T
s

Where(bi_k = tan~! (1/ ’4Qi2,k - 1)'

As with the hard-switched case, the normalisedgl@tjuivalent resistank;,, ; . is again equal

Wo,ik

Tkwo,ik
; /1—14 2 e 20k — cos(Tywg;p — D;
AVloop,i,k %e_% /Ql,k (k d,ik Q)L,k) (3-25)
Ly

to the current form-factor squared, so that ustg4) and (3-25),
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TrWo,ik
)e Qk — Sin(ZTkwd,i,k - Q)i,k) —2Q;x

*
Reqtk

1
20., —
(mwkn)< ik~ 20,
4 Trwo,ik 2
[ ’1 — 1/4‘leer 2Qik — COS(Tkwd,i,k - (Z)i,k)

Substituting in the same definition ; , as for the hard-switched case - equation (3-11, a

(3-26)

defining the ratio of the conducting period to #égtching period,

ar, = 3-27
k=7 (3-27)

N

wheredT, = 0 - 1/2, gives,

Bik
<2Q- —L)e?.k—sin Puc |y L g ) =20,
B 2Qk Qix 4Q%, T Lk
R* _ ( Bik ’
eatk ™ 4Q; dTy Bi, 2
’ 1— 1 lekk—cos Bik 1_#_(2),
4Q%, Qix 4Q%, UK

This equation is a function of the three parameQ; ;s f; , anddT}, and it can be plotted for the

(3-28)

three operating modes Mode 1, 2 and 3 for thereietibnal case.
Mode 3 —waveform (c)

This is the boundary operation mode which reswdt®-zrossing for the current. This mode of
operation was considered in [79], and the exprasfio the normalised partial equivalent

resistanceR,, ; , equation (3-28) reduces to a much more compaot.f8ince the waveform

consists of a half-sinewave, the conduction perragt be equal ter radians so thaT, =
n/wq;k. Under these conditions from (3-17) and (3-22),

B = (3-29)
1-1/¢402)

Substituting into (3-28) and simplifying gives tb@mpact expression,

tanh / (3-30)

which was presented in [79]. A plot of equatiorB(B-is shown in Figure 3-14 against the quality

factorQ; j for various values cdT.
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Figure 3-14. Normalised equivalent resistaR;, ; , plotted against quality factcQ; ; for
different values of parametdT;, for a unidirectional converter operating in Moée

It can be seen from Figure 3-14 tIR;,;, and hence conduction losses are minimised when
the switching frequency is equal to the dampednasbfrequencydT;, = 0.5. This means that
the half-sinusoidal current conducts over half #dwng period; however this can only occur if
the dead-time is zero. As dead-time increadTy, reduces and the normalised equivalent

resistance rises.

The figure also shows that normalised equivalesistance reduces with increasing quality factor
Q;x and asymptotically approaches a minimum values Mailue is approximately 2.5 when
dT, = 0.5. The reason for this is that at low values of fu&hctor, the exponential decay term
in equation (3-21) becomes significant and theemimo longer resembles a half-sinusoid so that
the form-factor increases.

3.2.1.2 Unidirectional converter - waveforms (b1)

Since the switches turn-on and off with zero cugréms mode of operation produces zero
switching loss similar to operation Mode 3, waveifofc). The expression for currei; . (t),
flowing through theit® component during switching phake1,2, is similar to that for the
Bidirectional converter as given in (3-21). Howetlez current only flows durint = 0 - T, as
shown in Figure 3-12. A simple approach to derive partial normalised output equivalent
resistance in this case is to repld T, with dT, in (3-30), which is for boundary operation Mode
3, since the current waveforms (c) and (b1) haeatidal shapes and whedT, is defined as

follows,
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(3-31)

Therefore the partial normalised equivalent resstR,, ; , can be directly obtained from (3-30)
as,

mQ? T
R} Qe o | — " (3-32)

eqik = ——
dT, /4Qi2_k -1 2 ’4Qi2_k -1

Figure 3-15 shows a plot R;, ;, againsig; for various values cQ; , and the parametdT;

is fixed at the value of 1/2, which minimises tr@rmalised equivalent resistance for all three
operation modes of the converter. SiR,, ; ;. is inversely proportional tdTy, it is easy to
appreciate that the curves move upwards with deicrgdT),. Figure 3-15 also shows the curve

for the hard-switched case for comparison.

A p*
Req,i,k
10 B / ’
_ Bi-directional o
----- Hard Switch : (bZ) = /
— Qr.k: 0.8 Seadied : |
Qr.k: 2 : : I
— Q=3 - Unidirectional ~ /- # 7 A
bl e /
"l (bl s T ,
;= f: Boundary \\_\\ /
Waveform (c) -y /
3 | 5 i
r— ——— : 4 Waveform (b)
-~ Sl i
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i TEE R .(7.---...7..---_""" c i i | ﬁ[‘k
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Figure 3-15. Normalised output equivalent resistafar Hard-Switch and resonant SC
converters in terms 3,

Figure 3-15 includes an indication of the boundaondition between operating between
waveform (a) and (b). This boundary therefore spoads to the current waveform just reaching
zero at turn-off when switching frequency is equwatiamped resonant frequency, which is the
waveform (c) condition. Switching frequencies lowdrtan damped resonant frequency
corresponds to operation Mode 2, which are the feaves (b1) and (b2).
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A number of features are revealed by Figure 3-15:

» Atlow values oig; ; - high switching frequency - which gives the minimnormalised
equivalent resistance for the hard-switched cagerdsonant SCC has a value which is
almost 25 % higher. This is because at high-switgfiequencies the current waveform
for the hard-switched converter approaches DC duaihalf-period, which has a form-
factor ofv2, whereas the resonant current waveform is a Iralssid which has a form-
factor of m/2. The ratio squared of these two form factors &rdforer?/8 ~ 1.23,
which explains the poorer efficiency of the resdnaanverter due to the higher
conduction loss. However, it should be remembédratithe hard-switched converter will
have significantly higher switching losses whenrapeg under these conditions.

* |t can be seen that the curves for the resonantectar have minima, which occur for
current waveforms of type (a), which are below tmthe left of the boundary. It can be
seen from Figure 3-12 that this type of waveforra &dower form factor than the other
two as its shape is more like an ideal square-walrglst this reduces the normalised
equivalent resistance and hence conduction logpesating in the Mode 1 region means
that switching losses now occur.

* Furthermore it can be seen that in operating regronnd the minima, the normalised
equivalent resistance of the resonant SCC is nawérlthan for the hard-switched case
and this occurs at a much lower switching frequep; ,, which minimises switching
losses.

e Operating above and to the right of the boundaogipces waveform (b1) and (b2). For
the bi-directional converter, which is waveform )b2he normalised equivalent
resistance rises sharply in this region and thidenaf operation should be avoided. In
addition, this mode of operation also producesawig losses. The sharp increase in
normalised equivalent resistance arises becauseitrent waveform now has a negative
portion so that its average approaches zero. €hislto an increase in form-factor and
losses due to the inefficient movement of energgkward and forward between
capacitors. For a unidirectional converter, wavwefdibl), the equivalent resistance
increases linearly as the switching frequency de@e and is shown by the dashed lines
in Figure 3-12. In addition, this operation modeddits from soft switching at turn-on
and turn-off. The lowest equivalent resistancehia tase achieved when the switching
frequency,f;, approaches the damped resonant frequefzywhich is the boundary

operation mode.
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3.3 Impact of Transistor and Diode On-state Voltage on the Equivalent

Circuit of SC Converters
The output equivalent resistance of SC convertass do-far neglected the losses due to the
on-state junction voltage of diodes and transissoich as IGBTs. However these effects can
easily be incorporated into the model using a @ndDC voltage source to represent the on-

state voltage as shown in Figure 3-16.

Ve
Req - Req ©a
N e -||— - 1
[/i'n 1 Req 11 Reqlk Reqmz Vq 1,1 [/eq,l,k Veq,m, RL nVin RL
() (b)

Figure 3-16. Equivalent circuit of SC convertersluding on-state junction voltages of diodes
and IGBTSs (a) detailed model and (b) simplified slod

The partial output equivalent voltage for ti*"* semiconductor component during switching
phasek, is denotecV,, ; x, and can be calculated by equating the actua¢$ossthe forward
voltage of the component against the losses iretjugvalent voltage source. For example, for

diodes with an on-state voltalj ; . then,

VD,i,k ' Iavg,i,k = Veq,i,k I, (3'33)

Re-arranging foV,, ; ., and introducing the coefficiera; , from (3-6),

lavgitk
Veqiie = (<225 Ve = @i (3-34)
o

And the overall output equivalent voltal;, is the sum oV, ; x,

3.4 Summary

Switched capacitor converter performance can besasd using their equivalent output
resistance. For hard-switched SC converters, tlvedboutput resistance is achieved when the
switching frequency is high, so that the energpsfer period between capacitors is very short
compared to the RC time-constant of the path. Tdwstance asymptotically reaches this
minimum which is known as the Fast Switching Lif®SL) limit. However, switching losses
will then dominate. As the switching frequency educed, the output resistance increases
significantly and the rate-of change of resistama@ehes another asymptotic limit known as the
Slow Switching Limit (SSL). Therefore hard-switchemhverters would not be suitable for high-
voltage, high-power applications due to the need/éoy high switching frequencies, which is

difficult to achieve with current semiconductorfieology.
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It is been shown that resonant SC converters dap\acalmost the same conduction loss as hard
switched SC converters but at much lower switcfiieguencies. This is realised by adding small
inductors in series with the capacitors. As an tialthl advantage, resonant SC converters can
operate in a soft switching mode where the swittineson and off with zero current. This occurs
when the switch conduction period is equal to theped resonant period. However this would
be difficult to achieve in practice due to the effeof parasitic inductance on the tuning of

individual cells.

The resonant SC analysis was extended beyondrissgried in current literature by including
the operating modes where the switches turn off wiin-zero current. This mode reduces the
equivalent output resistance losses further wherdnduction period is shorter than the damped
resonant period. However, the resistance incresigafficantly when the conduction period is

longer than the damped resonant period, and thikernboperation should be avoided.

The analysis given in this chapter was for Decali®€ converters. The common branches
associated with Coupled SC converters will affeetdssumptions that were made in this chapter

and it is therefore no longer valid. This will bisaclissed in the next chapter.

85



4. Coupled SC Converters

4.1 Introduction

Decoupled SC converters have circuit loops thanatecoupled by common impedances with
other loops. Therefore deriving the output equintleesistance is straightforward for these
topologies. However, for Coupled SC circuits, degvthe circuit equations is more complex
and as the number of stages increases the anadysime intractable. This chapter discusses the
effects of coupling on the analysis and performasfc8C circuits for both hard switched and

resonant SC converters.

The 3-stage Ladder circuit shown in Figure 3-8,alihis reproduced for convenience here in
Figure 4-1(a)js one of the simplest coupled circuits and hay tmb circuit loops during its
first switching phase. It is considered in this uiea in order to demonstrate the effects of
coupling on the output equivalent resistance. Qnéy analysis of the first switching phase is
presented here in order to show the coupling efféddbwever, the analysis for the second phase

can be obtained in a similar way.

Ras on,5

S() 4'A'A}
> >
g Rpseo 2 2 Reses
;i Loap,
- & G ~G

g

Ras on,3

F i M
Vout C) ~G
- S3

/
——C >
S i ~ gREsm
Vi () Loop,
Sz/ =
+ ~C
T S
/ A

Rdson,l

(a) (b)

Figure 4-1. 3-Stage Ladder SC converter and thévadgnt circuit when the odd-numbered
red switches are on (a) circuit diagram (b) equeral circuit during first switching phase
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4.2 Analysis of hard switch 3-stage Ladder circuit in first switching

phase
The equivalent circuit of the first switching phaskethe 3-stage Ladder circuit is shown in
Figure 4-1(b)where the capacitor ESR and switch on-state resistare denotelfzsrandRsw
respectively. The two circuit loops are coupleatiyh the common on-state resistance of switch

S3. For the sake of simplicity, the following assurops are made:

» All of the switch resistances are equaRgy, .
» All of the capacitors have the same capacitanceddtee samRggg.

* The circuit operates with a duty cyde-0.5.

Considering these assumptions, the equivalentiti@mu3-stage ladder circuit then becomes as
shown in Figure 4-2. The initial voltage on eacpazator is shown in the figure. The change in
capacitorC, and(C; voltages during the switching phase is denAV, so that their initial
voltages arV;,, + AV and final voltageV;,, + AV respectively. Since the average current through
capacitoiC; is twice the average current through capa«c,>andC;, the change in voltage for

this capacitor is two times higher and is equaAV. Therefore its initial voltage V;,, — 2AV.

RSW
MWy
RESR § § RESR
i
VAV T T Cs G ;<T VinrAV
Ry
MW

WOl w | T

C ;:T Vin-2AV

M
= Rsw

Figure 4-2. Equivalent circuit for 3 stage Laddércait during first switching phase showing
initial capacitor voltages and assumed loop currdinéctions

In order to calculate the output equivalent resistathe equations for the circuit branch currents
need to be derived. The upper and lower loop ctgramre denotei; andi, resepctively and are
assumed to flow in a clockwise direction. The meddianch curreri; is simplyi,—i; . In the

Laplace domain the upper and lower loop equationsurrent are:
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o2 20V
(Rsw + 2Rgsp)iy + T (iy — i)Rew — 5 0

4-1
o b 20V 1
(Resg + Row)iz + T (i2 = i)Rsw — 5 - 0
The currenti, (t) andi,(t) can be obtained in the time domain as:
, AV (3 + V3)Rsy , (=3 +V3)Rgy ,
iL(t) = est es2
V3R \2Rgsz + (3 — V3)Rgy 2Rgsg + (3 +V3)Rsy (4-2)
_ AV 2v3Rgy, 2v3Rgy,
i,(t) = S1t eSat
\/§RSW ZRESR + (3 - \/§)RSW ZRC + (3 + \/§)RSW
Wheres; ands, are the roots of characteristic equation,
1
Sl = -
3-43
C (RESR + (T) st)
Sz = -
3+V3
C (RESR + (T) st)

The form factor and hence the normalised outpuiveégnt resistance can be calculated from
these expressions for each branch current. Howsivare the current waveforms consist of the
sum of two exponential terms with different timenstantsl/s; and1/s,, the parameteg,; ;
cannot be defined in the same way as for Decouplpdlogies. A new definition for beta is
required, for examplB,,4 ; x Which is the value of beta arising from the averafjthe two time
constants:

Tk
Bavg,i,k = 1(1—1) (4-4)

2

515

In addition, the coupling introduces an additioimalependent variable into the equations and a
further parameter needs to be defined, for exathgleatio of switch on-state resistatRgy, to

the capacitor ESFR;szdenoted bk,
K, = Rsw/Rgsr (4-5)

Using these equations, expressions for the norethbisitput equivalent resistarR,, ; 1, were
computed using Mathematica software and are showppendix B, in equations (B-2) to (B-3).
These equations were used to plot the normalisgglibequivalent resistank,, ; , against
Bavg,ik for different values ok, where it was found that all the curves have tmesahape,
and this shape is the same as that for the deabaptererter shown in Figure 3-11. For example,

the normalised output equivalent resistance dwswidching phask = 1, R, ; ;, for the upper

switch 5 and capacitoC, andCs is shown in Figure 4-3 for a typical valueK, = 10.
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Figure 4-3. Switching phase 1, normalised outputiesjent resistancR,, ; ; for the upper
loop components againBqyg,; x With K, = 10

The reason for the same curve shapes for coupdl@roupled cases is that as discussed in
Chapter 3, in the fast switching limit (FSL) regite current waveform tends toward a DC value
over the switching phase so that form-factor becumaty and is independent of beta. Whereas
in the slow switching limit region (SSL), the comtion loss is independent of circuit resistance
and is purely a function of capacitance and thialrand final voltages on the capacitors — see
equation (2-4). In this case, re-tracing the sgtgging from equation (3-1) it can be shown that:

* Ts

0%~ 2R e

WhereCr; ;. is the combined series capacitance ofi*" €apacitor charging/discharging pair. It
can be seen from this equation that the normalsgput equivalent resistance is equal to half
the ratio of the switching period to the time-cams} which is the definition of beta for example

see the uncoupled case (3-20), so that in the 88bnR,, ; ; is equal to beta.

At the corner frequency between the FSL and SSionsgthe curve shape will differ depending

on the amount of couplirk,.

Note that if the switch resistanRg,, = 0, the coupling between the two loops is brokentard
rootss; ands, are then equal and the equations reduce to thesemed in Chapter 3 for

Decoupled circuits.
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4.3 Analysis of resonant 3-stage Ladder circuit

This section investigates the effects of couplimgtiee operation of resonant SC converters.
Similar to the hard switched case, a 3-stage Laddeuit is considered here as shown in
Figure 4-4(a), in order to analyse the effects afipting, where the resonant capacitor and
inductor components are denoCdndL,.. In this example, the parasitic inductance ofstvéch
branchesL,, act as common impedances between the circuitsloBpupling in resonant SC
converters affects the resonant frequency of tlleviohual loops and therefore degrades the
overall performance of the converter. In a decalipbsonant SC circuits, each circuit loop is an
independent series RLC circuit; therefore derithmgcurrent equations and the associated output
equivalent resistance is quite straightforward. Eeev, in coupled resonant circuits, the current
equations for individual loops consist of a sundafmped sinusoidal waveforms, the number of
which depends on the topology and the quantity®t&lls. The equivalent circuit for a 3-stage
resonant circuit during first switching phase iewh in Figure 4-4(b), where for the sake of
simplicity all resistive elements have been neglécthis simplification is justified since the

series resonant circuits are lightly damped bygiesi

L.\5
LI'Z L"3
i :
Vin-i-AVTr\C2 G Vi,-AV
Ls‘j’
Lr!
WO o |of
= L a2V
(_J
L.vl
(b)

Figure 4-4. 3-stage Ladder circuit (a) circuit diagn (b) equivalent circuit during first
switching phase

Assuming all of the switches have the same strdyatances equal tL; and the resonant
inductors are equal 1L, the equations for the upper and lower loop cusri;nandi, in the

Laplace domain are,
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I, (Cw§(3LS +1L)—-1 CwiQBLs+L,)— 1)

W=z = (s2 + w?) (s + w?) -
O Cw?(cLy +2¢L,) —2  Cwi(3Lg +2L,) — 2 7
27 Wl —wd) ( T+w)  (Ptad) )
where
2
W, =
¢ ((3+V3)Ls +2L,)
(4-8)
2
w-, =
’ Jc (3 -V3)Ls +2L,)
20V
(4-9)

o= Czz ¥ 6L.L, +32)
Converting these equations to the time domainthitee branch curreniy (t), i, (t) andi;(t),

where the middle branch currei; (t) is simplyis;(t) = i,(t) — i1 (t), are,

i(t) = %CAV ((1 - \/§)w1 sin(w;t) + (1 + \/§)w2 sin(wzt)>

i,(t) = CAV(w, sin(w,t) + w, sin(w,t)) (4-10)

i(t) = %CAV ((1 + \/§)w1 sin(w,t) + (1 - \/§)w2 sin(wzt))
From (4-10), each branch current consists of the afutwo sinusoidal waveforms with different
frequencies. Since the zero crossings of the cuarenimportant in ensuring efficient operation
of the converter and because these two frequelaces function of an uncontrolled switch
parasitic inductance, it becomes difficult to emscorrect operation of the circuit. Furthermore,
as the number of converter stages increases, s® tih@e number of resonant frequency
components within the current waveform so thatpteblem becomes significantly worse. The
zero crossing problem can be highlighted by defintn nominal resonant frequena; =
1/\/LT_C and the parametK; = L¢/L,, w; andw, can be reformulated as a functiorwyfand

K; as follow,

2
“rT wOJ((3 +V3)K, +2)

7
©2 T wOJ((s ~V3)K, +2)

(4-11)

A Micro-Cap Spice simulation using the parametested in Table 4-1 was carried out in order
to validate the equations derived in this Chated the results are shown in Figure 4-5., which
shows the simulated current waveforiy (t), i,(t) anci;(t) for K; = 0.1 along with the

predicted currents waveforms using (4-19dte that the simulated waveforms include typical
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values for circuit resistance, whereas the prediat@veforms, which have been calculated using

the analytic equations, assume zero resistance.

100.00

==== |} Predicted

— i Simulation

4.14m | 4.20m

- I Predicted
120.00 1 - > Simulation |

4.20m

______ ===« [y Predicted

—— {3 Simulation

Time (s)

Figure 4-5. Simulation and predicted current wavefs in (A) fori;(t) (upper), i,(t)
(middle) anci;(t) (lower) against time (s) for a 3-stage coupled diedcircuit using the
parameters listed in Table 4-1

Table 4-1. Parameters used for the Micro-Cap sirmoteof 3-stage coupled Ladder circuit
shown in Figure 4-5

Componer
Conversion ratio 3
Ly 0.1puH
L, 1pH
C 200uF
REesr 15 m
Rsw 5mQ
Load 10Q resistive
Input voltageV ;;, 100V

The simulated and predicted current waveforms gimed agreement. Any errors are due to the
assumption of zero resistance for the predictedefeamns. The different zero crossings of the
waveforms due to coupling are clearly discerniblerf the plots. Curreri, (t) is the closest to
the ideal desired waveshape, reaching zero jusheswitches turn off. However, current
waveformi, (t) andis(t) turn off with a finite current and their form facs deviate from the

ideal half sinusoid. It should be noted that wHesmgimulation is carried out for the ideal circuit
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with zero resistance for the components, the prediwaveforms matches with the simulation

results.

The results of numerically solving for the angufegquenciesw, for which the currents

i1(t),i,(t) andiz(t) cross zero and plotting agailK;tare shown in Figure 4-6.
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Figure 4-6. Angle of zero crossing of currei, (t), i,(t) and i;(t) (degrees) againsk;

It can be seen from the figure that as the coefiitK; increases above zero, the zero crossings
of the currents start to diverge. Looking at tharagle waveforms in Figure 4-5 fK; = 0.1,
where it is seen thi,(t) crosses zero at the right instant for zero switghoss, then from
Figure 4-6 currenti, (t) and i;(t) cross zero at approximately £12° with resped, (t). They

will therefore switch with a current sin(12°) = 0.21, or 20 % of the peak sinusoidal current.
This corresponds to a significant switching losshiese branches and it can be concluded that

the effect of coupling has a detrimental effecttomperformance of the resonant SC converters.
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5. Measuring the Parasitic in Resonant SC Converters

5.1 Introduction

An ideal resonant SC converter would consist of poments having zero parasitics: for example
switches would have negligible resistance and itahee, whereas the resonant LC components
would be completely defined by their design indoctaand capacitance. However, in practice
the parasitic inductance of connecting wires, wimiy be different in each cell, will affect the
resonant frequency. In addition, whilst circuit gsitic resistance has a negligible effect on the
damping resonant frequency, it can significantjuee the converter efficiency through circuit
conduction loss. It is therefore important to obtailues of the circuit parasitic inductance and
resistance in order to assess the overall effigiemd output voltage regulation for a particular
converter layout [79] and make any adjustmentdhédesign where necessary. This chapter
proposes a method by which SC circuit parasitiosheaestimated in order to assist in the design
of such a converter. The results are validatednagaimulation and measurements from a

hardware prototype.

5.2 Doubler SC converter

The Doubler SC converter is considered here beaafitesimple structure. The ideal circuit is

shown in Figure 5-1(a).

Y3 J‘C,
L ps Lops
Vi"(t) C-) B Cout -~ RL% Vu(f) Vin(t) C) Cout T RL% vu(t)
S T A
Ry
(3) Lpl
Rps Ly
A Y'Y\

(b)

Figure 5-1. Voltage double switched capacitor catere(a) ideal circuit (b) circuit including
parasitic

The converter has an instantaneous input and oughaigev;,, andv, respectively and switch
pairsS; /S andS,/ S, operate in anti-phase with a 50% duty-cycle. Hs®nant circuit consists

of capacitoiC,, and inductoL, and the converter feeds a IR, Ithrough a filter capacitcC,,,,;.
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For a non-ideal converter each branch of the dixgilli have parasitic inductance and resistance
as represented by the lumped componL,$Rp;...., Ly7...Rp7 in Figure 5-1(b). There will
also be parasitic capacitance, which is not shovthe figure but which has been included in the
measurement technique outlined in this chapter.|dViile Doubler circuit is a decoupled
topology, the resonant frequency of the circuitdiéerent between the two phases of the
switching period of the converter due to the défer impedances of the branches — see
Figure 5-2, where the resonant frequency for theuitishown in Figure 5-2(a), 1/((Ly1 +

Lys + Lyps + Ly7 + L) C,) and for Figure 5-2(b) 11/((Lyz + Lps + Lyps + Ly + Lyp7 + L) Cy).
Hence, additional inductance/capacitance may reebd fidded to the circuit in order to re-tune

the resonant frequency of each cell to be equéddg@onverter switching frequency.

Furthermore, the parasitic resistance will dampciheuit, which leads to a further reduction in
converter efficiency. Again, this damping will béferent between the two switching phases,
and the assessment of circuit parasitic resisteniogportant in order to identify cells that have

high resistance so that corrective measures capied.

Rp'l L[ﬁ S] Rp3 Lp_\ S R[ﬁ Lp4 Rp"f Lp? S} Rp.l Lp3 Sy R|J4 L[ﬁ

Covt RL% vo(f)

,.in(,)CD Cnul;;RL‘é vo(D) pi"(f)C_j

AN

I R, p6 Lp6
AN

(a) (b)

Figure 5-2. Equivalent circuit during the (a) firahd (b) second phases of the converter
switching period

5.3 Determination of Parasitic Components

The method proposed in this chapter for estimativg circuit parasitic is based on system
identification of the equivalent series RLC cireuibrmed during the two switching phases of
the converter. In this method the converter switgHrequency is significantly reduced below

its normal operating value so that the switch aurmaveform consists of a number of resonant
cycles rather than a single, half-sinusoid. Theuiirdamping will now be apparent as the

sinusoid current will decay over a number of cy@deshown by a typical measurement from a
hardware prototype circuit in Figure 5-3(a). Theugtion in switching frequency is chosen such
that the current transient falls to approximatedp df its initial peak value over the measurement

period.
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Figure 5-3. (a) Measured resonant switch currerthvai reduced converter switching
frequency (b) close-up photo of the PEM probe cotatearound the capacitor leg

Note that whilst the converter input voltev;;, should ideally be DC, in practice the input voltage
source will have its own internal parasitic impetsso that the voltage seen by the resonant
circuit will be time varying during the transieiihie average of this input voltage must be reduced
during these tests otherwise the peak resonantrduwill exceed the rating of the converter
components. The equivalent RLC circuits for eaclitching phase have as their inputs the
voltagev;,, and the voltagv;,, — v, for the first and second switching phases resygegti The

circuit equation for the two switching phases is,
=Rsi+1L di+1 T'dt (5-1)
v = Tl’ TE C_rf‘:) l

wherei is the current flowing through the resonant congmisL, andC;, andT is the period
over which the waveform has been measured. Furtirelrq andRy are the total inductance and
resistance of the resonant circuit respectivelyiclwiinclude the parasitics for that particular
switching phase. For the first phase of the switglperiod,

v = Vin = Vero
LT = LT + Lp1+Lp3+Lp5+Lp7 (5-2)
RT = Rp1+Rp3+Rp5+Rp7

where V., is the measured initial voltage on the capa€tatt = 0, and for the second phase,

V=V =V + Vero
LT = LT + Lp2+Lp4_+Lp5+Lp7 (5'3)
RT = Rp2+Rp4+Rp5+Rp7

A current probe is the most convenient and accunetbod for measuring the currentiowever
the probe must be small enough so that it can ety placed in the circuit with minimum
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disturbance to the existing circuit, otherwise tieasurement itself can add additional parasitics
to the circuit. For example, the addition of a dnf@bp of wire to an existing conductor to
accommodate a split-core type, clip-on probe vigjhHicantly alter the inductance of the circuit.
The current measurements presented in this paper eeeried out using a PEM Ultra-Mini,
Rogowski probe [83]. This probe is small enouglaltow access to the resonant capacitor leg
by lifting the capacitor approximately 1 mm off tR€B — as shown in Figure 5-3(b). The
disadvantage of using a Rogowski coil is that theasurement is AC coupled and the DC
component in the waveform shown in Figure 5-3 $s.I6lowever, equation (5-1) can be extended

to include the orthogonal missing DC offset dendp ] from the probe measuremei,, ope,

sincei = ip¢ + iprope then (5-1) becomes,

dlprobe

1 T. iDC .
dt + C_rL lprobe dt + C_rt + RTI’DC (5'4)

V = Rriprope + Ly
The last term in (5-4) is an unknown DC voltagewsdwer it can be neglected in practice since
it is very small when compared with the DC voltagethe capacitoV.,g >> Rripc, SO that

equation (5-4) becomes in matrix form,

Ry

~ | diprobe T. d LT 5-5
v = Iprobe dt . lprobe t t 1/Cr ( - )
iDC/CT'

Equations (5-5) is linear with unknown constantfioents Ry, Ly , 1/C, andip:/C,. This
equation can be solved by using a least-squarestfie measured dataandiy,,.. However,
initial processing of the measured curti,,.;, is needed in order to calculate the integral and
differential terms in (5-5). In particular the difential termdi,,,p./dt is susceptible to
guantisation noise from the oscilloscope, which icéroduce unacceptable errors. Therefore a
4th order Savitzky-Golay (SG) filter [84], with 1.08tér length was implemented to calculate
this differential term. Reflection of the measuvealveform arouni¢ = 0 andt = T was used to

pad out the beginning and end of the data respdgtior the SG filter.

5.4 Measurement Results

The voltage and current waveforms for the two dviitg phases were measured from a 1 kW,
100 V hardware prototype — the development of tiasisdware is discussed in more detail in
Chapter 7. MATLAB code was used to calculate thegrals and SG filtered differentials of the

measured current and solve the system of equdgbebs using a least-squares fit algorithm. The

measured voltage and current waveforms were samap@@ MHz, over a period of 0.5 ms. The
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measured and predicted voltage wavefoun$or each of the switching phases is shown in

Figure 5-4.
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Figure 5-4. Measured and predicted resonant voltage) waveforms (a) phase 1 of the
switching period and (b) phase 2 of the switchiagqal

It can be seen that there is a good agreement éetitee measured and predicted voltage
waveforms so that the parametL3 Ry andC, that were calculated from the least-squares-fit
give an accurate model of the circuit. The valueL;3 Ry andC, for each of these two phases

of the switching period are shown in Table 5-1,

Table 5-1 Estimated circuit parameters using lesgiares fit
L@ lRime)[C @h)
1.12 31.4 22,5
Phase 2JaWic] 64.3 21.4

The values of the resonant inducL,rand capacitoC, used in the prototype had nominal data
sheet values of 1 pH and 22 pF respectively. Ofextebf parasitics manifests itself as the
difference in circuit parameters between the twdching phases. For example, it can be seen
that the difference between the estimated capaatton the two phases is quite low as the PCB
layout and switches do not have any significanagiéic capacitance. However, the difference in
parasitic inductance and resistance between eadkhswy phase is quite significant: the
resistance of the phase 2 circuit is almost twhieg of phase 1, which means conduction losses
are doubled. Also, the parasitic inductance ofghase 1 circuit is lower than phase 2, which
means that its resonant frequency will be arountfigher. A small additional inductor can be
used to re-tune the cell so that the resonant émecjas are the same. However, whilst this would
acceptable for a simpler Doubler circuit, it woudd a very difficult task to carry out on a
converter with a large number of cells. The measuditage and current waveforms for switch

S, of the converter hardware are shown in Figured&-5¢r the first charging phase of the
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switching cycle and the corresponding switch cusdar both the first and second phases -

charging and discharging - of the switching cyeke shown in Figure 5-5(b).

Charging
Current )

Discharging \
Current

LeCroy

(b)

Figure 5-5. Experimental results (a) SwiiS; current (5A/div) and voltage waveform (20
V/div) for charging phase and (b) current wavefdancharging and discharging phases (5
A/div), time axis (5 ps/div)

The effect of the differences in circuit impedanbesveen the two phases is quite apparent from
Figure 5-5(b), where it can be seen that the cumeweforms have different magnitudes and
periods during the two switching phases. In paldicthe discharging current is non-zero at turn-
off for the discharging current. Note that the wiaves in the above figure include a 2 pus dead-

time for each switch.

The calculated equivalent resistanR,, for the 2-cell hardware prototype based on the
parameters given in Table 5-1 and the analysiepted in chapter 3 from equations (3-9) and
(3-30) isR.4=277.5 mQ, wheren = 2. The predicted output voltage using this resistaae a
voltage- behind-resistance equivalent circuit masishown in Figure 5-6(a), where the voltage
has been normalised InV;,. Also included in Figure 5-6(a) are the resultsnfra detailed,
Micro-Cap Spice simulation of the circuit presentedrigure 5-1(b) using ideal switches and

measurements from the hardware prototype.

It can be seen from Figure 5-6(a) that there iy vdose agreement between the predicted,
measured and simulated values. The voltage regnlai approximately 2.5 % at full-load.
However the sensitivity of the converter voltaggulation to circuit parasitics can be seen in
Figure 5-6(b)where the predicted output voltage using the edgitecircuit model does not
include circuit parasitics, and is compared agdhmestmeasured values. The calculated equivalent
resistance in this case is 3412 and is based on the datasheet values for the MDSFE
(IRFP4468PbF from International Rectifier) WR 45 o, = 3 mQ, EPCOS 22iF film capacitors
with an ESR of 2nQ2 and Coilcraft SER1591 uH inductors with a parasitic resistance of 0.9
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mQ. It can be seen that without the inclusion of wirgparasitics the equivalent circuit

dramatically underestimates the voltage reguldtiparound 8 times.
1.005 1.005

0.995 0.995

0.99 - 0.99

Vo/ nv;
° B 0.985 0.985 -
—— Predicted B Predicted
0.98 0.98
Simulation
4 - —4—Measured
0.975 o— Measured 2 0.975
0.97 -+ 0.97 T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Output Power (W) Output Power (W)

@) (b)

Figure 5-6. Predicted and measured normalised cdaveutput voltage (a) including detailed
simulation results and (b) predicted without thelirsion of circuit parasitics

5.5 Summary

This chapter has described a method of calculatimigies of inductance, resistance and
capacitance for each of the cells of a switch-ciépaconverter. The measurement of these
parameters is important in order to estimate therallvvoltage regulation and efficiency of the
converter and hence carry out any necessary camecto the design. The method was
demonstrated using measurements from a hardwatetype, and the results showed that the
calculated parameters gave an accurate equivafenttanodel of the converter. In addition if
parasitics are not included in the analysis, tiheren predicting the prototype converter output
voltage was underestimated by approximately 8 timvlgch is unacceptable. This highlights the
importance of determining parasitics in a SC desgpecially when there are a large number of
SC cells having different circuit arrangements sasmon-modular converter topologies. The
next chapter considers new SC topologies wheraressuch as a modular design, which helps

the management of parasitics, is seen as a signifienefit when appraising a new circuit.
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6. Proposed New SC Topologies for HVDC Applications

The suitability of existing SC topologies for HVxpplications was examined in Chapter 2. The
Ladder, Dixon Charge Pump, MMSCC and SMMSCC weeatified as candidate circuits for
HVDC applications. Amongst these topologies, thédea is the only circuit which has desirable
features where all of the switches have the sarttagerating, and this rating is equal to low-
voltage input of the converter. In other candidaglogies, some switches need to be rated to
twice the low-voltage input. Although the Laddegibetter topology in terms of switch voltage
rating, it has lower efficiency compared to othandidate circuitfor the same overall amount
of electrical capacitance. In this chapter new kogies will be proposed for HVDC applications

using new synthesis techniques. These techniquesstof:

» Parallel converters with common voltage nodes.
e Stacking and Splitting capacitors.
e Modularisation.

* Bi-pole arrangements.

Each of these techniques will now be describedgaiith the presentation of a number of new
circuit topologies that emerge from applying thesethods. In the following sections, circuits
are drawn for hard-switched converters but the hmgit also applies to the resonant SC

implementation where an inductor is connected iresavith each capacitor.

6.1 Parallel converters with common voltage nodes

Two conventional ladder circuits can be connectegdrallel to feed a common load. As an

example of this a pair of two-stage Ladder circisitshown in this configuration in Figure 6-1.
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Figure 6-1. Parallel connection of two antiphasedtdar SC converters

The nodes of the right and left-hand capacitongsriof the two converters respectively are at
approximately the same potential so that ncd;:scan be connected 14, and B; to B,.
Furthermore if the two parallel connected Ladderuits are operating in anti-phase, then one of
the capacitors in the peC; andC, shown in Figure 6-1, will be charging whilst thiher is
discharging. Therefore if the two converters citswre identical then the curreii,; andi,,

shown in Figure 6-1 will have the relationship,
1 = —lx2 (6-1)

Hence the connection of the no;5~4, andB;—B, means that the current flowing into the
capacitorsC; andC, will be zero and they can be removed from theudird his results in the

new topology shown in Figure 6-2, which has beeméel a 2-Leg Ladder circuit.
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Figure 6-2. New Two-Leg Ladder circuit

For a given voltage step-up ratio and load, thws tegology has the same total switch VA rating
as a traditional Ladder circuit. The 2-Leg Laddas bne more capacitor compared to the Ladder,
on the other hand this disadvantage becomes ifisemi for large step-up ratios and the number
of capacitors is approximately the same. Howewepoirtantly the current through each of these
capacitors for the Two-Leg circuit is half of tHat the Ladder topology since its output current
was divided equally between original the parallehwerters. Therefore the capacitor ESR
conduction losses for the 2-Leg Ladder converterfaur times lower that the Ladder circuit,
which is a significant advantage. Alternatively,r fthe same converter efficiency the
2-Leg Ladder converter has a quarter of the camawit of the Ladder circuit. For a size/weight
critical application such as an off-shore, windafiazollector platform again this is a considerable

benefit.

Another advantage of this topology compared with tiadder circuit is that the due to the
anti-phase operation of the two legs, the outpuple current is reduced, which significantly

reduces the size of the output filter capacC,rThis is discussed in more detail in Chapter 7.
To summarise this synthesis technique:

» Existing converter topologies are connected inlfit® feed a common load.
» Each converter is operated in anti-phase.

* Nodes having the same voltage are identified andected together.
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Where this connection combines the same capaditarsthe two legs, the net capacitor

current must be zero and these capacitors camimevesl.

6.2 Capacitor Stacking and Splitting

In many of the SC converter topologies low-voltagpacitors are connected in a series string in

order to obtain a high voltage output. This carséen in the Ladder, Dixon Charge-Pump and

2-Leg Ladder circuits. In the circuit diagrams tbese topologies the capacitors appear to be

vertically arranged on top of each other. Hencis, dhrangement is here defined as capacitor

Stacking and in general these converters haveottosving characteristics.

Each capacitor has the same voltage rating, whiohthe order of the low-voltage input
to the converter. For example the capacitor voltagjag for the Ladder iV;,.

Each switch has the same voltage rating, whicl teeorder of the low-voltage input
to the converter. For example the switch voltagegsor the Ladder iV}, and for the
Dixon Charge Pump it is a mixture V;,, and /.

For a step-up converter the current rating of thpacitors increases as the vertical
capacitor string is descended from the outputetdp to the input at the bottom.

The average current through the bottom switchég;iware connected in parallel with
the low voltage terminal, are equal to the highuirgurrent of the low voltage terminal
in the Ladder and Dixon circuit and half of the thigiput-current of the low voltage

terminal in the 2-Leg Ladder circuit.

Alternatively the capacitors in these convertersloa connected directly to the input supply via

their own individual switch pair. This is shown fitie 2-Leg Ladder circuit in Figure 6-3, which

can be compared against the original circuit shmwigure 6-2.
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This synthesis technigue is known here defined agsaaitor Splitting and these types of

converters have characteristics that in some @sesomplementary to the Stacked circuits:

» For astep-up converter the voltage rating of Hpacitors decreases as the vertical string
of switches is descended from the output at theddpe input at the bottom.

» Each switch has the same voltage rating, which teeorder of the low-voltage input
to the converter. For example the switch voltagegsor the Ladder iV}, and for the
Dixon Charge Pump it is a mixture V;,, and V;,

» Each capacitor has the same current rating, wiiggual to the low-current output of
the converter.

» Each switch has the same current rating, whiclguskto the low-current output of the

converter.

The new circuit has identical total component VAima to the original Stacked version.
However, this Split arrangement has a significaiviaatage in that it changes the circuit from
Coupled to a Decoupled. This means the problenedftects of circuit parasitics, which were
discussed in Chapter 4 for resonant SC convertersignificantly reduced. For high-voltage,
high-power applications where parasitics are mughdr due to the distributed nature of the

circuit layout, then Splitting maybe the only optito overcome parasitic effects.

Interestingly, this technique can be applied toBireon Charge Pump circuit from which the
MMSCC emerges. The MMSCC is simply a split versabthe Dixon Charge Pump.
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6.3 Modularisation

Switched capacitor converters are characterisedhdying a large number of identical
sub-topologies. The circuits therefore offer theaunity to be constructed from the same base
sub-module, which provides a significant benefteirms of manufacturing, spares and the ability

to bypass faulty modules during converter operation

The MMSCC and SMMSCC converters presented in theatiure [72] and shown in Figure 2-41
and Figure 2-44 are claimed to be modular by thbaas, for example the MMSCC module is

shown in Figure 6-4,

Vin §/§ l/‘“’["\ Tlfé ? j:’\’\ fi/} 3V1Wr\| .f: /& 4l/h:l; |
| |
l |

i

Module 1 Module 2 Module 3 Module 4 Module n

ijrl\(wrl) Vin

Figure 6-4. The modular MMSCC converter presenteld 2]

However, due to its Split arrangement the capavittiages within each module increase toward
the high-voltage output of the converter as shawhigure 6-4. Therefore each module should
not include the capacitor as part of its structasethey will be different for each module. To be
truly modular, the capacitor would need to be satear from the switches and their associated
interconnections and re-connected to the moduleutir a set of terminals as shown in

Figure 6-5.

Next

Previous e ey Module

Module

&

A
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|

} |

o
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Figure 6-5. Module structure in MMSCC converterhwhiigh voltage capacitor transferred to
the outside of module

Even in this case the converter is not truly modakithe voltage clearance for the capacitor
terminals shown in Figure 6-5 would be different é&ach module. This is especially true for
high-voltage applications where the terminals wonidude specialist insulator components. For
much lower voltage applications, where voltage releee is not an issue, then the claim of

modularity would be more justified.
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The Split 2-Leg Ladder converter topology of Figat2 can be re-drawn to show how a genuine

modular converter can be realised and this is shinwiigure 6-6.

Series connected
modules [ __

< S

Parallel connectedz_f_x -
modules

Figure 6-6. Modular reconfiguration of the proposactuit for high-voltage applications —
Series modules are connected to parallel modukeexternal high voltage capacitors which
take the voltage stress

In this arrangement, which is termed here a Mod@kueg Switched Capacitor Converter
(M2LSCC), each stage of the converter is compodetivo H-Bridge modules which are
connected together via high voltage capacitorsHAiridge modules have identical voltage and

current ratings and the capacitors are connectiedrextly to these modules.

6.4 The Bi-pole Arrangement

This technique was presented in Chapter 3 to exple synthesis of the SMMSCC from the
MMSCC. The same technique can also be appliedetcdVtBLSCC converter as follows — the
M2LSCC converter can operate with the sign of tgui source inverted. This is shown in

Figure 6-7, where the circuit is shown flipped ofrem top to bottom.
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Figure 6-7. Complementary circuit arrangement fa2IMsCC converter

A Bi-pole arrangement can be achieved by feediagrterted and non-inverted topologies from
a single input DC source as shown in Figure 6-8ikdrthe SMMSCC converter a common
ground exists between midpoints of the input amddiitput terminals, which makes it suitable
for DC networks. However, it should be noted ttat technique of switch splitting can also be

applied to the SMMSCC converter to make it decadipled to provide a common ground.
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Figure 6-8. Bi-pole arrangement of the proposedt3plo-Leg Ladder converter

This new topology shown in Figure 6-8 has beenéerenSymmetric, Modular, 2-Leg Switched

Capacitor Converter (SM2LSCC). The Bi-pole arrangetmeduces the number of capacitors by
a factor of 16 when compared with the original Lexdcircuit.
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Nodes having the same potential in the inverted rmondtinverted parts of the circuit can be
connected permanently together as shown by theedalshes in Figure 6-8. A number of
switches then become redundant and the circuitcesdto that shown in Figure 6-9. However
this reduction makes the converter into a Coupleclit without offering any advantages in
terms of switch VA reduction. Whereas this comboratmay be useful in low voltage/power
applications in order to reduce the number of dveis; the Decoupled variant is more suitable

for high-voltage, high-power applications.

Figure 6-9. Simplified Bi-pole arrangement of trewmodular SC converter showing switch
reduction but introducing Coupling
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6.5 Comparison of the Proposed SC Converters with Existing

Topologies in Resonant Mode

This section compares the candidate topologiesrmg of capacitor and switch requirements,
normalised output equivalent resistance, modulaaitgd whether they are Coupled or Decoupled
for the resonant implementation of the convert8tep-up operation is assumed and the input
voltage is considered as 1 p.u. along with theuwtudprrent. Switches and capacitors are assumed
to be assembled from base components having lvpltage and current ratings so that
components are connected in series to obtain highleage ratings and in parallel to achieve
higher current ratings. Switches having a voltagag of more than 2 p.u. are not considered as

this implies a series connection of transistordcivis not practical.

The on-state resistance of switches is denoteR,,, yand the ESR of capacitors is denoted by

R, in these comparisons, both being equal to 1 p.u.

Table 6-1 shows the comparison of the differendadate topologies including an estimate of
converter efficiency calculated using equation (3-3or waveform b(1) shown in Figure 3-12,

assumin¢Q; , > 1 and assuming dead time is negligible. In this eagetion (3-30) becomes,

nZ

olm_ Reqie =7~ 25 (6-2)
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Table 6-1. Comparison of the candidate topologieteims of component requirement and

output equivalent resistance for resonant mode

Require Decoupl [ Number of | Number . .
Output Equivalent Output Equivalent
2p.u.voltage|  ed Lp.u. of 1 p.u. resistance resistancen > 1
Switches? | Circuit? capacitor switches
~ _1)2
Ladder Nov’ No % (n—1)? 4(n-1) 1 ?l'}i((—nzl)Rl) ?C ~ 2.5(n?R, + 4nRg,)
Sw.
25 (1 (n— 1R 25 (%2R
) 1 ~25(=nn- =~ 2. (—n
Gase | Mo | Nox | Zam-1) | (D) 2 C 20
2 + (4n— 4)st) + 4nRSW>
1 1
1 ~ 2.5 (—n(n — DR, ~ 2.5 (—nZRC
Dixon Yesx Nox -n(n—1) 4n-3 2 2
2 + (4n — 3)st) + 4nRSW)
1 1
1 ~ 2.5 (—n(n — 1R, ~ 2.5 (— n?R,
MMSCC Yesx Yes” | =n(n—1) | 4n-3 2 2
2 + (4n — 3)st) + 4nRSW)
1 1
1 ~ 2.5 (—n(n — DR, ~ 2.5 (—nZRC
M2LSCC Nov’ Yes' | =n(n—1) | 4(n-1) 2 2
2 + (4n — 4)st) + 4nRSW)
n2 n2
nz ~ 2.5 TRC ~ 2.5 TRC
SMMSCC Yesx Nox — 2(2n-1)
4 + (4n— 2)R5W> + 4nRSW>
2 n?
n2 ~ 2.5 TRC ~ 2.5 TRC
SM2LSCC Nov’ Yes/ —_ 4(n-1)
4 +(4n— 4)st> + 4nRSW>

For high step-up voltage ratin > 1, it can be seen that the number of 1 p.u. switchése

same for all the converters and is givendny The table then becomes simplified as shown in

Table 6-2.
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Table 6-2. Comparison of the candidate topolog&suming high voltage step-up ratiasy

1
Require 2 p.u. Decoupled Number
voltage coup of 1 p.u. | Output Equivalent resistance,n > 1
. Circuit? .
Switches? capacitor
Ladder Nov’ No x n? ~ 2.5(n?R, + 4nRy,)
2-Leg v 1, ~ 1,
Ladder No Nox S ~ 2.5 (En R. + 4nR5w>
. 1 1
Dixon Yesx Nox EnZ = DS (Ean” + 471st)
1 1
MMSCC Yesx Yes/ w2 ~25 (E"z R, + 4nR5W)
1 1
M2LSCC Nov’ Yes/ Enz & 2.5 (EHZRC 4 4nst>
1 n?
SMMSCC Yesx Nox an ~ 2.5 TRC + 4nRy,,
1 n?
SM2LSCC Nov’ Yesv an ~ 2.5 TRC + 4nRy,,

It can be seen from Table 6-2 that the Ladder tinmguires the highest number of 1 p.u.
capacitors and has the highest normalised outpivagnt resistance. The 2-Leg Ladder, Dixon
Charge Pump MMSCC and M2LSCC, have half the nurobeapacitors of the Ladder circuit
and consequently have only half the contributionh® normalised equivalent resistance. The
SMMSCC and SM2LSCC have the lowest capacitor requént and lowest contribution to

output equivalent resistance.

In order for the converters to have the same owgutvalent resistance, additional capacitors
would need to be added in parallel to the existioigpponents in order to reduce capacitor ESR.
For example, each capacitor of the Ladder circuoitleneed to be replaced by four 1 p.u. parallel
connected capacitors. Since the Ladder alreadyfcwastimes more capacitors than say the
SM2LSCC circuits, then by replacing each capadiiitin four parallel connected capacitors the
capacitance requirement would be 16 times thah®fSM2LSCC circuit to achieve the same
efficiency. Similarly the 2-Leg Ladder, Dixon CharBump, MMSCC and M2LSCC converters
would require almost four times more capacitanan tthe SM2LSCC to achieve the same

efficiency.

Overall the SM2LSCC would be the most suitable togpfor high voltage step-up ratio, high-
power applications as it has the lowest capacitguirement, uses 1 p.u. voltage rating switches,

is decoupled and is modular.
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6.5.1 Comparison and validation of analysis using detailed simulations

A Micro-Cap Spice simulation was carried out ina@rtb validate the analysis and compare the
proposed topologies against existing circuits. Rasb versions of the topologies with a
conversion ratio of 11 were considered during tiheukation studies. Parameters used in the

simulations are listed in Table 6-3.

Table 6-3. Parameters used in simulation

Conversion R 5,on Of ESR of Input C L Switching Dead-time
ratio switches  capacitors  voltage ' ' frequency
11 5 mQ 15 mQ 1kv 200pF 1pH 10.8 kHz 1ps

Since the switching losses of the converter aréigiblg for resonant case, switches having zero
turn on/ off times were considered in the simulaidor the sake of simplicity. The on-state
resistance of the switches wRgy,, = 5 mf, which is a typical value for new Silicon Carbide
(SiC) MOSFET modules [85], and the ESR for the cdpes wasR, = 15 mQ [86]. The
switching frequency was set to the resonant frequerf the LC circuit with values given in
Table 6-3.

6.5.1.1 Comparison of Ladder and new 2-Leg Ladder circuit

The simulation schematic for the 2-Leg Ladder aadder topologies is shown in Figure 6-10.
In order to make a meaningful comparison of the ¢aaverters the simulation parameters were
modified for the Ladder circuit so that both citsueffectively utilised the same number of
identical switches, capacitors and inductors. Is Way the converters would in practice have
the same component cost, mass and volume, so aacsop can then be made in terms of
converter efficiency. In order to do this, the dats resistance of the Ladder circuit used in the
simulation was half that used for 2-Leg Ladder¢sithe Ladder circuit requires half the number
of switches but each switch has a current ratiag ithtwice that of the 2-Leg Ladder circuit. It
should also be noted that for a conversion ratidJothe Ladder circuit requires 21 resonant
capacitors, while the 2-Leg Ladder requires 22 manb capacitors. Whilst the number of

capacitors is therefore not identical, the errdhia approximation is small and can be neglected.

114



st =2.5mQ

RLT] RLT RLT] RLT
L | | S | .

2 X121 X122 X131

D4 105 114 115 116 11;@]‘.15 119 129
b fx73 Pas fx75 e %sz %&a 594 %ss %ee %y 127
80 x81 xe8 X80 X90 X132

fucl : c c fucl

(b) 2L-Ladder

115

Figure 6-10. Micro-Cap simulation schematic for lded and 2-Leg Ladder topologies

BO

st=5mQ
Re=15mQ

RL2
120



Based on the analysis and using the parameters givd able 6-3, the output equivalent
resistance calculated for the Ladder circuit ugiggation (3-30) is 41.32 compared to 12.6Q
for the 2-Leg Ladder circuit. A{ls dead-time was considered in simulation whiclsig applied

in the analysis results as a constant factor basestjuation (3-30).

A comparison of the corresponding output voltagi@mnverter efficiency with a 120 resistive
load, which corresponds to a nominal power of 1 NoWan ideal converter, using both the
analytic equation and steady-state results fromMimo-Cap simulations are summarised in
Table 6-4. Note that the efficienfyof any DC-voltage-behind-resistance equivalemigiy such
as used to represent a SC converters can be ¢attédam the ratio of the output DC voltage on

load to the open-circuit voltage,

(6-3)

Table 6-4. Comparison of Ladder and 2-Leg Laddesuiis in terms of efficiency and output
voltage based on the parameters given in TableafeBa 12 resistive load.

Analysis Simulation
2-Leg 2-Leg
LaEEy Ladder ———— Ladder
Output voltage | 7.62 kV 9.68 kV 7.5 kV 9.69 kV
Efficiency 69.27% 88.02% 68.18% 88.09%

From Table 6-4, it can be seen that there is vegdgagreement between the analysis and
simulated results with a worst-case error of apjpnakely 1% in the calculation of efficiency.
This small error can be explained by the fact bwih the Ladder and 2-Leg ladder circuits are

coupled, whereas the analysis assumes uncoupteatsir

The proposed 2-Leg Ladder topology has approxima@d higher efficiency when compared
to the Ladder circuit with both converters havitg tsame number and type of switches,

capacitors and resonant inductors.

The simulation output voltage start-up transienvevarms for the Ladder and 2-Leg Ladder
circuits are shown in Figure 6-11. As it can bendeem Figure 6-11, the transient simulation is
run to steady state with steady state output aeevaljage values of 9.69 kV for 2-Leg Ladder
and 7.5 kV for Ladder circuit.
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Ry(RL2) (V) 9.692K 9.692K 254.098m -5.470
T (Secs) 231.841m 185.389m -46.453m 1.000

Figure 6-11. Output voltage waveforms (kV) agaiime (ms) for the Ladder and 2-Leg
Ladder circuits, input voltage = 1kV, conversiorioa= 11

The current through each capacitor in the Ladderitse that of the 2-Leg Ladder circuit. Since
the number of capacitors is almost the same fdr tapologies, for example 21 and 22 for the
Ladder and 2-Leg Ladder respectively, then thecieficies of the two converters can be
equalised by reducing the individual capacitor HfyRa factor of four for the Ladder circuit. In
practice this can be achieved by replacing eachaiap in the Ladder circuit with 4 parallel
connected capacitors, and this was incorporatégeisimulation by simply reduciiR by factor

of four. The analysis and steady-state simulagsnlts for this case are summarised in Table 6-5.
The switching frequency in this case is increasedl1.2 kHz since the damped resonant
frequency of the Ladder is slightly increased duehie decrease in resistance of the charge
transfer path.

Table 6-5. Comparison of Ladder and 2-Leg Ladderuiis in terms of efficiency and output
voltage based on the parameters given in TableafieBa 120 resistive load when the
number of capacitors is increased in Ladder cirdwitthe factor of 4

Analysis Simulation
2-Leg 2-Leg
ARy Ladder SEREy Ladder

Output voltage | 9.84 kV 9.71 kV 9.85 kV 9.72 kV
Efficiency 89.53% 88.28% 89.55% 88.36%

As it can be seen from Table 6-5 the efficienciiadder and the proposed 2-Leg Ladder circuits

are almost same when resistance of capacitorseareaked by a quarter for the Ladder circuit.
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However, this has been achieved at the expensacaéasing the volume and mass of the
electrical capacitance for the Ladder circuit Bgcor of 4. Since the capacitors are the dominant
component in terms of size in an SC cell, the witoleverter will be much larger and heavier

than the 2-Leg converter, which is a critical fadtoterms of off-shore platform applications.

6.5.1.2 Comparison of MMSCC and the new M2LSCC topology

In this section the modular version of the new 2-lleadder circuit converter (M2LSCC) is
compared against the equivalent existing MMSCC ltmpo The Micro-Cap simulation
schematic is shown in Figure 6-12. As in the presigection, in order to make a direct
comparison between the two converters, the MMSGSists of two identical parallel converters

so that the overall cost, size and weight of thé.BI2C and MMSCC converters were the same.

The analysis and steady-state simulation resuftsdoverter output voltage and efficiency for
the MMSCC and M2LSCC converters is given in Tabk fér conversion ratio 11, the circuit
parameters given in Table 6-3 and a resistive t6d®0Q.

Table 6-6. Comparison of MMSCC and DW-MMSCC cisciagit conversion ratio 11,the
circuit parameters given in Table 6-3 and a X20@esistive load

Analysis Simulation
MMSCC M2LSCC MMSCC M2LSCC
Output voltage | 10.94 kV 10.94 kV 10.95 kv 10.95 kV
Efficiency 99.45% 99.45% 99.55% 99.55%

Again there is good agreement between the anadytit simulated results with an error in
efficiency of approximately 0.1%. This error is rhugmaller than that for the comparison of the
Ladder and 2-Leg Ladder comparison, which can h@agéed by the fact that the circuits
investigated in this section are de-coupled. Asetqul from Table 6-1, the output voltage and
efficiency are identical for both the MMSCC and MRLC converters for the same cost, size
and weight of converter. However, the minimum vgd#tarating of the switches for the new
M2LSCC circuit is half that of the existing MMSCG@pblogy, which makes it more suitable for
HV applications.
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6.5.1.3 Comparison of SMMSCC and the new SM2LSCC topologies

It is difficult to make a direct comparison of theisting Symmetric, Multi-Module SC circuit
(SMMSCC), and the new Symmetric, Multi-Module, 2glieadder SC converter (SM2LSCC),
which are both based on the Bi-pole arrangemerdritbes! in section 6.4. This is because the
SMMSCC only provides even voltage conversion ratishereas the SM2LSCC topology
provides only odd conversion ratios. In additioa 8MMSCC is a coupled topology. Therefore
to allow some form of comparison between the twaologies, the decoupled variant of the
SMSMCC converter was used and was further modifiealdding an additional conversion stage
in the form of two additional switches connectedhe high voltage side of the converter as
shown in Figure 6-13. The latter modification thaftows the SMMSCC to have an odd
conversion ratio. It is interesting to note thas tdditional stage also provides common ground
between the input and the output sides, which &ssimg from the traditional topology and is
therefore a significant improvement to the circhibwever, this circuit is not discussed in more

detail in this thesis and has been left for futuoek.
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The Micro-Cap simulation schematic for the compari®f the two converters is shown in
Figure 6-14

The steady-state simulation results for convertgput voltage and efficiency for the SMMSCC
and SMM2LSCC converters is given in Table 6-7 foccaversion ratio of 11, the circuit

parameters given in Table 6-3 and a resistive t6d@0Q.

Table 6-7. Comparison of modified, Decoupled SMMBBLSM2LSCC circuits for
conversion ratio 11, the circuit parameters givarmable 6-3 and a 12Q resistive load

Bi-pole SMMSCC SM2LSCC
Output voltage 10.95 kV 10.95 kV
Efficiency 99.55% 99.55%
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As expected from Table 6-1, the output voltage affitiency are identical for both the
SMMSCC and SM2LSCC converters for the same cast,aid weight of converter. However,
the minimum voltage rating of the switches for tieav SM2LSCC circuit is half that of the
existing SMMSCC topology, which makes it more svligefor HV applications.

Comparing the results for the non-symmetrical amdrsetrical converters from Table 6-6 and
Table 6-7, it can be seen that the efficiency ipraximately the same for converter types.
However the symmetrical arrangements were impleatemtith four times less capacitance,

which is a significant saving in terms of convedize and cost.

6.6 Summary
In this chapter four formal synthesis techniquegehaeen proposed for SC converters, namely
using parallel converters and eliminating commoitage nodes and redundant capacitors,

stacking and splitting capacitors, modularisatiod bi-pole arrangements.

These techniques were used to develop new 2-Letpfdlogies. A comparison between the
proposed and existing topologies was carried outtéenrms of efficiency and the

cost/volume/weight of the converter for resonanterafion mode based on the analysis
introduced in Chapter 3. These comparisons wera tlaidated using detailed, switched

simulations using Micro-Cap Spice software. The M2LSCC converter was found to be the
most suitable topology for HVYDC applications, sitthe capacitance size is at least four times
less compared to non-symmetrical topologies. Intaadt uses switches having a voltage rating

equal to the input voltage of the converter.
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7. Experimental Setup and Validation

7.1 Power board design

In order to assess the operation of the 2-Leg Laduleuit in either hard switch or resonant
modes and to validate the analysis and simula@ésults, a 1200 W, 60 V/240 V laboratory
prototype converter was designed and built as showigure 7-1.

Figure 7-1. Experimental prototype 1200 W, 2-Leddex topology

Each leg of the 2-Leg Ladder converter was implaagon a separate PCB board. Therefore
two identical PCB boards were designed, each reptieg one leg of the converter and then
connected together via external wires. The cimdigigram for each leg of the converter is shown
in Figure 7-2. The two legs could be connectedteiminal T; — T, to form the 2-Leg Ladder
topology or each leg could be separately useccasweentional Ladder circuit by connecting two
external capacitors or resonant tanks betweennetsT, — T; andT; — T,. This allowed both
the proposed 2-Leg Ladder and the conventional éadoicuits to be compared against each
other using the experimental setup. The PCB lafjanthe top and bottom layers of each leg are
shown in Appendix C. Special care was taken inri@lensure power tracks were traced as wide
and short as possible to reduce the stray induetand resistance.

123



High voltage
terminal

&

Gy

External inductor
5 " or resistor

Low voltage

terminal 2
Gy

~
I% !
=~ X
w‘w Lw‘LuJ Lw‘l-w LDH\'—DI—'

Power Ground 7T O——
Figure 7-2. Circuit diagram for each leg of the 2¢_Ladder circuit, implemented for the
prototype converter.

The voltage rating of the switches are equal tddihevoltage terminal of the converter - 60 V
in this case - for both the Ladder and 2-Leg Laddetuits, therefore the switches were
implemented using 100 V MOSFETs (IRFP4468PbF frarerhational Rectifier). These
switches had very lo\Ry, ,,, With @ datasheet value 2.5 mQ, which is needed to achieve a

high quality factor for the resonant circuit.

7.2 MOSFET gate driver board

Each MOSFET gate driver was implemented as anichaiy PCB board, which were connected

as close as possible to the MOSFETS via 5 pin meadeshown in Figure 7-3.
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. 73

Figure 7-3. MOSFET gate driver board

The gate driver PCB design is shown Appendix E.oftically isolated gate-drive integrated
circuit - ACPL-H342 from Avago Technologies, wasddo drive the MOSFETSs, which also
provides a built-in active Miller clamp. Isolatel)V, board mount, 5 V/15 V, DC/DC converter
modules from XP POWER (IL0515S) were used to pdiwemgate driver chip. A gate resistance
of 10Q was used for MOSFET turn-on andlfor turn off, which gave switching times of 80
ns for turn on and 26 ns for turn off as shown eeipely in Figure 7-4 and Figure 7-5.
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Figure 7-4. SwitclS; turn-on transient
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7.3 Generation of PWM signals using an FPGA

Two complementary signals with 50 % duty cycle sadable dead-time were generated using
DEO Development board from Terasic Technologies,iciwhuses Altera Cyclone IV
EP4CE22F17C6N FPGA. The dead-time period can haigniicant effect on the efficiency of
the converter in that it should be as short asiplasto achieve high efficiency conversion, but
not too short so that shoot-through can happenpa tnaximum dead-time was found to be an
appropriate duration for this design, based orsthigching speed of the MOSFETS, which from
the previous section were 80 ns for turn on and2fr turn off.

Two push-button switches were available on the ld@weent board which were used to adjust
the converter switching frequency from 500 Hz tO kBiz. The clock cycle of the development
board was 50 MHz. The schematic diagram designegnerate the gate signals in Quartus I

software is shown in Appendix &long with the associated VHDL code.

Shielded cable was used to interface the FPGA dprednt board with the power board in order

to protect the control signals from induced noise.
7.4 Experimental comparison of 2-Leg Ladder and the conventional

Ladder topologies

In this section the performance of the propose@&@-adder topology is compared against the

conventional Ladder circuit for both hard switcteadl resonant operation modes.
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7.4.1 Hard switched converters

Whilst the converter FPGA design allowed the swirighio be varied for experimental purposes,
the nominal design was based on a switching freguefn 15 kHz, which is high enough to
reduce the size of the circuit passive componehtstiaccommodating a 1 % dead-time period

of 1 us.

The converter was designed to operate close tB$heregion as this provided low conduction
losses and avoided large peak currents. From FByrethis means thg; , < 1, so that from
equation (3-20),

0.5

Tioop,ik ~ T8 5108 33 us

Since the on-state resistance of the MOSFET<2.5 m(}, then the circuit loop resistance, which
includes two series MOSFETs would be at 5 m€Q. With a loop time constant @i, i x =

33 us, the cell capacitor value would have to 20 mF, which is impractically large even
allowing for additional loop resistance from thepaeitor ESR and wiring. Therefore it was

decide to add additionalQ resistors in series with each capacitor for thieong reasons:

* The circuit time constant was dominated and coleidby the 1Q resistors rather than
the capacitor and switch parasitic resistance. As38op time constant then gave a more
reasonable capacitor value of 10B and ensured the converter operated in the FSL
region. The capacitors chosen for the experimene w0 V film capacitors from AVX
(FFV34E0107K) with datasheet ESR value of 0.83.m

* By making the capacitor series resistance muchtgyrélaan the parasitics and switch
resistances, the coupling, which is inherent in ltheder and 2-Leg ladder became
negligible.

* The overall losses of the converter would be dotashéy the conduction losses in the
1 Q resistors and could be used to represent the itapdeSR losses. A direct
comparison of capacitor losses between the Ladu#Pd eg Ladder converters could
then be made.

* The experimental method used to estimate convéosses was to calculate the
difference between the converter input and outpawews. This method becomes
inaccurate as the converter efficiency approach894 since any error in the individual
measurement of input or output power contributesuaacceptable error in the
calculation of losses. Therefore, by using the fesistors, which gave a low converter
operating efficiency, the comparison of lossestfa two converters would be more

accurate.
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The circuit parameters used in this experimensanemarised in Table 7-1 below. The converter
was operated as a unidirectional step-up convefteerefore MOSFETS; to Sg shown in
Figure 7-2, were disabled and received no gatesgo that only their anti-parallel diodes were
conducting. A switching frequency 15 kHz was used, which corresponds to a valugfs; ,rof

1/3. The load resistor 120 Q, corresponds to a nominal power of 480 W.

Table 7-1. Circuit parameters used in the hard-shed converter experiment

Component /Parameter Specification
Conversion ratio 4
Switching frequency 15 kHz
MOSFETS International rectifier IRFP4468 witRy; ,,, =
2.5 mQ
. 100 puF Film from AVX with ESR = 0.55 €2, with
Capacitors . .
external 1Q series resistors.
Load 120Q resistive load
Input voltage 60V

Experimental and analysis results based on themedess given in Table 7-1 are listed in
Table 7-2 for both the 2-Leg Ladder and Ladderuiisc

Table 7-2. Analysis and experimental results falder and 2-Leg Ladder circuits with the
parameters given in Table 7-1

Analysis Experiment
2-Leg 2-Leg
Ladder Ladder Ladder Ladder
Output voltage (V) 141.8 189.5 140 189.4
Efficiency (%) 59.1% 79% 58.3% 78.9%
R, (Q) 81.07 30.45 83.65 30.53

The experimental results are well matched with ghedicted analytic values for the output
voltage, efficiency and output equivalent resistaridote that the anti-parallel diodes junction
on-state voltage contributed an approximate 2.4Nage drop in the output of the converter,

which has been included in the predicted results.

Comparing the two topologies it can be seen theattdder circuit, which had five capacitors,
has approximately 270% higher capacitor losses wbempared to the 2-Leg Ladder topology,
which had six identical capacitors. Since the comve consisted of almost the same number of
components and component types, their volume astis@pproximately the same. Therefore
the higher efficiency achieved by the new 2-Leg dexdcircuit demonstrates its superior

performance when compared to the Ladder topology.
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The experimental output voltage waveform, the aurfer the bottom MOSFET (switcS;
shown in Figure 7-2) and the complementary gateadsgfor Ladder and 2-Leg Ladder circuits
are shown in Figure 7-6(a) and Figure 7-6(b) retbpely.
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7.4.2 Resonant converters

The prototype described in the previous section etasiged from a hard-switched circuit to a
resonant topology by removing th&resistors in series with the capacitors, and oeépigthem
with 1 pH inductors. A high quality factor, gH, 27 A, power inductor with a DC resistance of
0.9 mQ2 from Coilcraft (SER2009-102L), was used for theorant inductor. The switching
frequency was increased from 15 kHz for the harilebvd converter to approximately 30 kHz
for the resonant converter in order to exploititifeerent lower switching losses for this type of
circuit. A resonant converter is designed so thatstwitching frequency and resonant frequency

are equal, hence from equation (3-22)

1
C- —_— — -
YT LR (1)
Allowing for a 1 us deadtime, the capacitor vakiéhierefore given by,
o= (A (= 2wamoe))
T 1x10-6 \2m \30x10% ¥ (7-2)

=25 uF

A 22 uF EPCOS film components with an ESR value of@ was used in the experiment. The
switching frequency was adjusted to take accouairofiit stray inductance and the change from
the calculated capacitor value of 25 uF to 22 |fE) mero-current crossings at the MOSFET
turn-on and off - curve (c) in Figure 3-12 was aokid. This corresponded to a switching

frequency of 29.8 kHz. The circuit parameters ararsarised in Table 7-3.

Table 7-3. Experimental circuit parameters for tegonant 2-Leg Ladder

Component /Parameter Specification
Conversion ratio 4
Switching frequency 29.8 kHz

International rectifier IRFP4468 with
Rason = 2.5 mQ
22 uF Film Capacitors from EPCOS with
ESR =2
1 uH Power Inductor from ColilCraft
SER2009-102ML with 0.67 £ DC resistance

MOSFETs
Resonant Capacitors

Resonant Inductors

Load Resistive load (600 W)
Output filter capacitor 33 uF
Input voltage 60 V

Unlike the hard switched converter, where an aolditi 1Q resistor was added in series with the
capacitor so that circuit parasitics and couplifigats became negligible, adding such a resistor

to the resonant converter would reduce the quilittor of the resonant circuit to unacceptable
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levels. Therefore, a comparison of results frometh@ysis equations against measurement could
not be carried out due to the overriding effectgarfisitics and coupling. In which case the results
presented here are restricted to comparison ofreesured performance of the Ladder circuit

compared with the 2-Leg ladder converter only.

The first experimental tests were carried out @résonant Ladder circuit. The measured steady-
state, DC input/output voltage and current are showTable 7-4, along with the calculated

efficiency of the converter using equation (6-3).

Table 7-4. Measured input and output voltage armdecu for resonant Ladder with the
parameters given in Table 7-3

Parameter Measured value
DC Output voltage 2348V
DC Input voltage 59.87V
DC Input current 10.03 A
DC Output current 2.55A
Calculated efficienc
Vo4V 98.05%

The results from the Ladder circuit measurementsvghat a high efficiency of approximately
98% was achieved. The ideal open-circuit outputaga for this converter i4 x 59.87 =
239.48. The measured output voltage therefore indicatér®@ of around 5 V at 600 W, which

is due to the converter losses.

The measured drain current and drain-source volegeeform for MOSFETS; is shown in

Figure 7-7.

It can be seen from Figure 7-7 that the MOSFETndearrent is the expected half-sinusoid, with
zero crossings at approximately the start and énileoswitching period. The switching and
resonant current frequencies are not quite equalkasurrent goes slightly negative at the end of
the period. The 1 ps dead-time is apparent follgvainthe end of the period as the drain-source
voltage rises toward half the converter input \gdtadue to the voltage divider formed by
MOSFETSsS,; andS, in an off-state.

The Ladder circuit is coupled and the effect of¢bapling and circuit parasitics can be seen in
Figure 7-8, which shows measured drain current feamre for MOSFET switcheS; at the

converter input anS- at the converter output.
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Figure 7-7. MOSFE’S; measured drain currentqh, 5 A/div) and drain-source voltage
waveform(¥s 1,10 V/div) against time (5 ps/div)
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Figure 7-8. Measured drain current waveform for MEES switche:S; andS, (lq 1and b 7,5
Aldiv and 2A/div) for the Ladder circuit againsng (5 ps/div)

It can be seen from the above figure that the @stdnequency for the two currents are different,
which is due to parasitic effects and coupling aéssed in Chapters 4 and 5.

The output filter capacitor current ideally consisf a half-wave sinusoid with zero mean as

shown by the measurement from the Ladder circUfiguire 7-9.
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Figure 7-9. Output filter capacitor current (2 Algiand voltage (0.5 V/div) for the Ladder
circuit against time (5 ps/div)

It is straight forward to show by integration oétburrent waveform that the peak-peak capacitor

ripple voltageAV, for a half-wave sinusoid with zero mean is givgn b

AV, = 2 (Vrz—1=sec'n)1y (7-3)

Ws Co

C, :output filter capacitance (F)
I : DC load current (A)

ws :switching frequency (rad/s)

The output voltage ripple based on the measureulibeurrent given in Table 7-4 and with a
C, = 33uF output filter capacitor is calculated as 1.43 \Whishh compares well with the

measured voltage ripple of 1.5 V shown in Figui@& 7-

Next, experimental tests were carried out on tiserrant 2-Leg Ladder circuit. The measured
steady-state, DC input/output voltage and curreat shown in Table 7-5, along with the
calculated efficiency of the converter using equa(6-3).
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Table 7-5. Measured input and output voltage ardecu for resonant 2-Leg Ladder with the
parameters given in Table 7-3

Parameter Measured value
DC Output voltage 2375V
DC Input voltage 59.83V
DC Input current 10.04 A
DC Output current 255A
Calculated efficienc
Vol Vi) 9.2a

The results from the Two-Leg Ladder circuit meas@nts show that a high efficiency of
approximately 99% was achieved. The ideal openuiticuitput voltage for this converter4 x
59.83 = 239.32 V. The measured output voltage therefore indicatd®p of around 1.8 V at
600 W, which is due to the converter losses.

The measured drain current and drain-source voltegeeform for MOSFETS; is shown in
Figure 7-10.

'IE'ELEDVNE LECROY

Verynereyouiook

Vds_ 1

Figure 7-10. MOSFET SwitcS; measured drain currentqh, 2 A/div) and drain-source
voltage waveform(¥ 1,10 V/div) against time (5 ps/div)

It can be seen from Figure 7-10 that the MOSFEThdrarrent is the expected half-sinusoid,
with zero crossings at approximately the startemlof the switching period. The 1 ys dead-time

is apparent following at the end of the period.

The Two-Leg Ladder circuit is coupled and the dffsfcthe coupling and circuit parasitics can

be seen in Figure 7-11, which shows measured draiment waveforms for MOSFET switches
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S; at the converter input arS, at the converter output and the odd-numbered MQSgdie

voltages.

q NS 1r'ELED\'NE LECROY
oK

verywharayouloc

Figure 7-11. Measured drain current waveform for BEET switcheS; andS, (Il 1and b 7,5

A/div and 2A/div) and odd-numbered MOSFET gateadgy(Vys 1,3,5720V/div) for the Ladder
circuit against time (5 ps/div)

It can be seen from the above figure that the @sidnequency for the two currents are different,
which is due to parasitic effects and coupling dised in Chapters 4 and 5.

Note that since the converter power flow is puretidirectional then only MOSFETS; ands,
need be active, whereas the conduction through NEJSS; to S, is entirely through their anti-
parallel diodes so that these switches can in ipahde disabled. On the other hand, the
conduction losses through the anti-parallel dicatesmuch higher than when the MOSFET are
enabled and current flows through the MOSFET chiannEherefore in this experiment,
MOSFETsS; toS,; where made active but the turn-off signals instargre individually adjusted
to coincide with the zero current crossings, wipcévents negative current flow and operation
with the more inefficient b2 waveform — see Fig8r&2. This adjustment is apparent from the
gate-signals in Figure 7-11, which highlights tiféedence in the turn-off instances of MOSFET
S1 and MOSFET<S3, S5 andS,. It should also be noted that this switching teghe was also

used for the Ladder circuit experiments, which waiseussed previously.

The output filter capacitor current ideally consisf a full-wave rectified sinusoid with zero

mean as shown by the measurement from the Two-keldér circuit in Figure 7-9.
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Figure 7-12. Output filter capacitor current (1 Aand voltage (0.1 V/div) for the Ladder
circuit against time (5 ps/div)

It is straight forward to show by integration oétburrent waveform that the peak-peak capacitor

ripple voltageAV,, for a rectified full-wave sinusoid with zero meargiven by,

V:;Z

(\/— 2cos™! (g)) I, (7-4)

The output voltage ripple based on the measurgolibeurrent given in Table 7-5 and with a
C, = 33uF output filter capacitor is calculated as 0.27 Wqiehh compares well with the

measured voltage ripple of 0.32 V shown in Figu27

Comparison of the Ladder and 2-Leg Ladder ciraniterms of efficiency and output voltage

ripple based on the experimental results for 60@&d is summarised in Table 7-6.

Table 7-6. Comparison of Ladder and 2-Leg Laddesuiis (Load is 600 W)

Efficiency Voltage ripple Voltage ripple as % of
output voltage
Ladder 98.05 % 1.50V 0.64
2-Leg Ladder 99.24 % 0.32V 0.13

The new 2-Leg Ladder circuit with almost the sameverter cost, size and weight has a higher
efficiency than the Ladder converter with losseBdped.76% and 1.95% respectively. This

confirms the results of the analysis shown in T&kR In addition, the analysis and measurement
of the output voltage ripple for the two convertshews that the 2-Leg Ladder has almost four

times lower ripple than the Ladder circuit for tkeme output filter capacitor. This can be
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explained by the fact that the Ladder circuit omperates for a half a switching period and relies
on the output capacitor to supply the load forrtraainder of the period. Whereas, since the two
legs of the 2-Leg ladder circuit operate in antivpdy, one of the legs is always supplying the load

during a switching period.

A final experiment is carried out at a higher owtpawer of 1050 W load, which highlights
another advantage of the 2-Leg Ladder circuit wtempared with the Ladder topology. The
MOSFETS; drain current waveforms are shown in Figdr&3 and Figure 7-14 for the Ladder
and 2-Leg Ladder circuits respectively.

.1 . TELEDYNE LECROY
Everywheroyoulook
«* | Vds_] ﬁ\ t ! : bn‘

60 V \

- | e I
Figure 7-13. MOSFET SwitcS; measured drain current(h, 10 A/div) and drain-source
voltage waveform(¢ 1,10 V/div) against time (5 ps/div) for Ladder cirtcui
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Figure 7-14. MOSFET SwitcS; measured drain currentdhk, 5 A/div) and drain-source
voltage waveform(¢ 1,10 V/div) against time (5 us/div) for 2-Leg Laddgcuit.

The resonant current for the Ladder circuit hasévihe magnitude of that for the 2-Leg Ladder.
Therefore at the higher power level of 1050 W, ti@ssed the resonant inductor in the Ladder
circuit to saturate as can be seen by the distodfahe half-sine shown in Figui®13 The

Ladder peak resonant current is 62 A, whereas{beg2a_ adder has a peak resonant current of
only 20 A. The datasheet saturation current ofélsenant inductor was 27 A. In order to operate
the Ladder circuit at 1050 W the inductors woul@édéo be replaced with larger components,

which would increase the cost, size and weighhefdonverter.
The measured steady-state, DC input/output voléagecurrent are shown in Table 7-7, along

with the calculated efficiency of the convertemgsequation (6-3).

Table 7-7. Measured input and output voltage faoreant 2-Leg Ladder with the parameters
given in Table 7-3 but with a load of 1050 W

Parameter Measured value
DC Output voltage 236.1V
DC Input voltage 59.88V
DC Input current 4.46 A
DC Output current 1765 A
Calculated efficienc
Vol Vi) 8ol

The results from the Two-Leg Ladder circuit meas@nts show that a high efficiency of

approximately 98.5% was achieved. The ideal opmuitioutput voltage for this converter is
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4 % 59.88 = 239.2. The measured output voltage therefore indicath®p of around 3.4 V at

1050 W, which is due to the converter losses.

7.5 Summary

The performance of the new 2-Leg Ladder circuit besn compared to a traditional Ladder
circuit through tests on a laboratory prototype6@® W. The 2-Leg Ladder has a superior
performance, with approximately half the losses fmudl times lower output voltage ripple. In
addition, the 2-Leg Ladder was shown to operatdnabst twice the output power of the Ladder
circuit, whereas the maximum output power of thddex circuit was limited by saturation of its

resonant inductors.
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8. Conclusion and Future Work

This thesis has investigated different DC-DC cotaretopologies and has assessed their
suitability for high voltage, high power and higloltage-conversion ratio applications.
Applications considered in this work were the catioa of offshore wind farms to offshore DC
grids and remote load feeding for small communitiesugh HVDC lines. The specification

requirements for the DC-DC converter were iderdifie Chapter 1.

The classification of converters into Direct anditact types was proposed in Chapter 2 along
with a review of existing DC-DC converter circuitsdirect topologies were found to be
unsuitable for high voltage and high power appiaret due to their low efficiency and poor
component utilisation when operating at high cosi@r-ratios. Whilst in theory a wound
transformer can alleviate these problems to sortengxno such device exists in the market at
present. However, Direct converters were foundeosbitable for the target applications. In
particular, switched capacitor (SC) converters,clwiiave commonly been used in very low
power applications, are now being considered fgh liower applications such as automotive
and offshore DC-DC grids. The basic operation of ®@verters was described in Chapter 2
where it was proposed that all SC topologies careblised from a basic SC cell. In particular,
the derivation of well-known SC topologies suchtls Series-Parallel, Fibonacci, Ladder,
Voltage-Doubler, Dixon Charge Pump, MMSCC and SMNSénverters from the basic cell
was also presented. For mega-watt range convéineisadder, Dixon Charge Pump, MMSCC

and SMMSCC were identified as being suitable caatditopologies.

The modelling and analysis of SC converters wasstigated in Chapter 3. Switched capacitor
converters were categorised into hard switchedrasdnant SC converters. Hard switched SC
converters need to operate at very high switchieguencies to achieve high efficiency, which
is not feasible in high power applications due wgtching losses. However, resonant SC
converters can achieve approximately the sameefig as hard switch SC converters but at
much lower switching frequencies with the addedsatizge of soft switching operation. Analysis
techniques were developed that derive the outpuitvalgnt resistance of SC converters, and
these methods were based on two important and trgméslications in this area [50, 79].
Moreover the analysis techniques outlined in [78%wxtended for resonant converters to include
operation with non-zero current crossings. Thansmportant factor as circuit’'s parasitics and
coupling can disturb the ideal half-sinewave sheguesing switching losses and/or an increase

in the output equivalent resistance.

The analysis techniques outlined in Chapter 3esticted to decoupled circuits where the circuit

loops do not contain any common impedance. Howewith, coupled topologies such as the
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Ladder and Dixon Charge Pump, SMMSCC and 2-Legdatiie analytic expressions for the
equivalent output resistance become intractablis.i$lbecause the equations contain terms with
multiple time constants for the hard-switched catereand multiple frequencies for the resonant
converter. In addition, this interaction betweea tircuit loops makes it difficult to achieve an
ideal half-sinusoidal current waveform, which résuin switching losses and increased
conduction losses. It is proposed that decoup8rayaritical feature when selecting resonant SC

topologies for a particular application.

An experimental method for measuring circuit pdiesiwas developed using a system
identification technique, which was based on atlegaares fit. The method is useful for
identifying circuit impedances of uncoupled cirsuitn a practical design this would then allow
corrective measures to be taken to the circuitdaymorder to ensure an optimum operation of

the converter.

Four new SC synthesis techniques have been propwsedly using parallel converters and
connecting common voltage nodes and eliminatingmddnt capacitors, stacking and splitting
capacitors, modularisation and Bi-pole arrangeméfdig these techniques a 2-Leg Ladder SC
circuit was derived as well as a modular (M2LSC hi-pole (SM2LSCC) variant. Based on
these synthesis techniques, it was shown that semvetopologies, which have been proposed

in the literature, are actually derivatives of éxig traditional topologies.

The resonant variants of the new M2LSCC and SM2L8italiits were identified as promising
topologies for high power, high voltage and higlttage conversion-ratio applications. This is
because unlike the existing MMSCC and SMMSCC caever which have different capacitor
and switch voltage ratings in each module, the ggegd circuits have a pure modular structure
where all the modules have identical voltage andgoaatings and they are decoupled. Amongst
these two new converters the SM2LSCC has a quaftdre number of capacitors than the
M2LSCC circuit. All the topologies devised in thisesis have bidirectional capability and

therefore are suitable for both the target appboatintroduced in chapter 1.

A scaled power 1.2 kW converter was designed andtaacted in the laboratory to validate the
analysis and to compare the performance of theibkeg ladder circuit against a conventional
Ladder circuit for both hard-switched and resorapdration. The experimental results for the
hard-switched converter matched well with the asialgnd the performance of the new resonant
2-Leg ladder circuit was shown to have approxinyatelf the losses and four times lower output
voltage ripple of the Ladder circuit. In additidghe 2-Leg Ladder circuit could operate at almost
twice the output power of the Ladder topology, sitice latter suffered from saturation of its

resonant inductors.
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Future work should include:

* An experimental investigation of parasitic effeatsl module interactions on a number
of mega-watt scale M2LSCC modules.

» Assess the performance of the modified SMMSCC mediin Chapter 6, which has a
common ground point at the input and output.

» Scaled prototyping of all the topologies derivedthe thesis in order to validate the
operation of the circuits experimentally.

* An analysis of the operation of the proposed 2-tegverter under fault conditions, in
particular output short-circuit. This would incluttee development of fault protection
and fault blocking techniques.

* An investigation on whether faulty modules coulddypassed during operation of the
converter as used on new so-called voltage-souf@AC-DC HVDC converters.

» Devise methods to allow some level of output vatagntrol in SC converters.

* Techno-economic comparison of IGBT and SiC MOSFEihdistors for use in the
proposed modular SC converters.

* Interleaving operation of Bi-Pole SM2LSCC converiterorder to further reduce the

output voltage ripple

Two conference papers have been published andatents are in the process of being filed by

Alstom Grid as follow.
Conference papers:

* H. Taghizadeh, A. M. Cross, R. S. Whitehouse, anB.@Barker, "Switched Capacitor
DC-DC Converters for HYDC Applications," presenggdhe ACDC2015, Birmingham,
United Kingdom, 2015.

» H. Taghizadeh and A. M. Cross, "The Effect of Cir®arasitics on Resonant Switched
Capacitor Converters," IBPE 2015 ed. Geneva, Switzerland: IEEE, 2015.

Patents:

* Modular 2-Leg Switched Capacitor converter (M2LSC@)stom reference
number RPA2540)

* Resonant Modular 2-Leg Switched Capacitor convéAktom reference
number RPA2541)
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Appendix A

Nodal Analysis to derive charge vector for 3-stage Ladder circuit

In this section, a 3-stage Ladder circuit will ksed as an example, as shown in Figure A-1(a),
to demonstrate how the charge vector can be defored properly-posed SC converter. The
properties of properly-posed SC converters areudsed in detail in [81]. The graph of the circuit

is also shown in Figure A-1(b). The current brafatlows from nodei to nodej is represented
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Figure A-1 (a) 3-stage Ladder circuit (b) The grapfithe circuit

The following equations can be written for branalrents based on nodal analysis.

e tis1—is2=0

icg tigz— iy +1i; =0
Isqa +ic3—ic1 —is3 =0 (A-1)

Iss —icz —is4 = 0

ic3+iss+iO:0

Currents for switcheS,, S, andS, are zero during first phase and for switcS;,S; andSs

current is zero during second phase, therefor

'l :1 :1
5 =i54=1,=0

A-2
i, =ik =i%=0 (A-2)
s1 = 1ls3 = lsgs =
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where superscript 1 and 2 shows the switching pimagee SC converter. By substituting (A-2)
in equations (A-1) and taking average during onigkcking period, nodal equations for average

branch currents can be written as follows for dwiitg phase one,

1c1‘1 - 1511 =0
1%3 - 1c1‘1 - 1513 =0 (A-3)
s —1d =0

I¢s + 155 =0
and for the second switching phase,

I +14,=0
132—1§2+1i2=0

Ig3 - 151 + 1524 =0 (A-4)
152 + 1524 =0

Charge balance in capacitors implies,

Igy+13,=0
1L, +1%5 =0 (A-5)
L3415 =0

The input and output average currel;,;andl,,;, can be written as follows,

I =1} + 12

(A-6)
I, =1 +1% =12

Average branch currents in terms of output avecagesnt can be obtained from equations (A-3)

to (A-6) as follows for each capacitor,

1%1 = _Igl = 2Lyt
1%2 = _Igz = —lout (A-7)
1%3 = _133 = oyt
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and for the switches,

Isy = 2oy
Isgz = 2lout
15%3 = —lout (A-8)
1524 = —lout
1515 = —lout
I3 = —Iout
For the input voltage source,
It =1,
? =21, (A-9)

I =1} +1? =3I,
The charge vectoia} anda? for capacitors during first and second phasesewsely are then

defined as follows,

ag = [1(%1 IL]'-Z 1C13]/IO

(A-10)
ag = [1C21 132 1C23]/IO
Therefore the charge vecial anda? based on (A-7) can be written as follow
al=[2 -1 1]
¢ (A-11)

az=[-2 1 —1]

From (A-2) and (A-8) the charge vector for switclS; 90 Sg can be writen as follow during

phase 1 and 2

al,=[0 2 0 -1 0 —1]

(A-12)
az,=[2 0 -1 0 —1 0]

From (A-12), the deviceS; andS, are conducting positive current while they aretberefore
these devices must be implemented by active thamnsisHowever devicesS; — S, are
conducting negative current and blocking positivadtage therefore these devices can be
implemented by diode.

Bu defining charge vector a = [a¥  a¥, |, wherek is the operation phase, the charge vectors

form (A-11) and (A-12) for the 3 stage converten b& writes as follow

al=[2 -1 1 0 2 0 -1 0 -1]

(A-13)
a?=[-2 1 -1 2 0 -1 0 —-1 0]
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Each elemena;; in charge vectoa® corresponds to the charge multiplier for elemizin

switching phasik.
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Appendix B

Normalised equivalent resistances for 3-stage Ladder circuit in switching phase 1

In this section normalised equivalent resistanoeshife 3-stage Ladder circuit, shown in Figure &s40mputed using Mathematica for first switchpitase.

Computed normalised equivalent resistance for &S;@nd capacitaC; is as follows,

2(1.5 +Kr)Bavg,i,1 _2(1'5 +KT)ZBan'i:1 2(1-5+Kr)ﬁavg,i,1
T 0.63+K, 1.5+3K,+Kk2 T 237+Ky 2
(3 +2K.) e _ 2e e n 15 + 24K, +28Kr N Baveis
-3 ++/3 - 2K, 3+ 2K, 34+V3+42K, 9+ 24K, +18K? + 4K; &b

* —
Req,i,l -

(1.5+K7)Bavg i1 (1.5+K7)Bavg i1 2
24 063+Ky 4o  237+1Kr

The normalised equivalent resistaiR;, ; ; for switchSs and capacitorC, andC; is computed as follow

R

* —
eq,i,1 —

2 (1.5+K¢) Pavg,i,1

(3+2K,) (3+'\/;+2Kr) (—3+2\/?+ (_1+.\/;) Kr)z_e 736y

4(3+6K.+2K2)?
_— +

(3+’\/?+2Kr) (—3+2’\{?+ (—1+'\/?) Krjz—

3+2K,

2 (1.5+1%)? Bavg, 1,1

2
de 1.5:3Kp+ Ky (3+6K. +2K2)?

TS _[_3+v'__2xr) (3 [7+4\/?)+2 [9+5\.’?) Ky + 2 [2+\.’?) K§)+

2 (1.5+Ky) Bavg,i,1
e 0 6RK

[-3+\/?-2Kr] (3 (7+4\/?)+2(9+5\/?)Kr+2(2+‘\/?)x§) ﬁavg,i,l/[[2-[1»,'\/?)@-%%”}{(_1}{@]@-%

2
736+ Ky ) (3+6Kr+2K§)2
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and for switctS; the normalised equivalent output resistance ispeted as follows,

* —
Req,i,l -
2(L.54+K9) Bave i 2(1.5+K1) Bave i 2(1.5+Kr)?Bavgin 4(15+Kr)*Bavg it 2(1.5+K9) Bave i 2(L.54+K1) Bave i
. r)Pavg,i,1 . r)Pavg,i,1 —zgl —avzg,L, . r)Pavg,i,1 . r)Pavg,i,1
_ﬁavg,i,l (0.95¢ 0.63+K; +0.25¢e 236 +K; —0.8e 1S#3KrtK7  —(.4e LSH3KHKT 4 (2.13e 0.63+K; +027e 2.36+Ky
2(1-5+Kr)zﬁavg,i,1 4(1-5+Kr)zﬁavg,i,1 2(1.5+Ky)Bavg i1 2(1.5+Ky)Pavg,i1 2(1-5+Kr)zﬁavg,i,1
—1.6e 15+3K+KF _(8e 15+3Kr+K}? VK, + (e 0.63+K;, +0.07e 236+K, — 053¢ 15+3Kq+K?
4’(1-5+Kr)zﬁavg,i,1 (1.5+Ky)Bavg,i1 (1.54+Kr)Bavg,i1 2(1-5+Kr)zﬁavg,i,1

— 0.53¢ 1.5+3K,+K? )KTZ)/((e 0.63+K —0.26e 236+Ky —0.73¢ 1.5+3Kp+K? )2(1_5 + 3K, + KTZ))
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Appendix C

PCB layout of Power Board for the Top and Bottom Layers of Each
Leg

(b)
Figure C-1. PCB layout for each leg, a) Top laged b) Bottom layer
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Appendix D
Schematic diagram designed to generate the gate signals in

Quartus Il and VHDL code.

The schematic diagram designed to generate thesgptals in Quartus Il software is shown in
Figure D-1. The “freq” module shown in Figure D{irovides the switching period or
accordingly switching frequency for “PWMGen” modul¢HDL codes for “freq” and
“PWMGen” are shown in Figure D-2 and Figure De3pectively. Two inputs for “freq”
module are connected to two push-button keys peavizh the development board. One push
bottom key is assigned to reduce the switchingopleaind another one is assigned for increasing
the switching period. Since the system clock spegsitoo high for the purpose of “freq” module,
the clock is reduced to 1 kHz using clock divisiondule “Clock_divideN”. The VHDL code

for “Clock_divideN” is shown in Figure D-4.

The “PWMGen” module generates four PWM signals withustable switching frequency and
dead-time with a pre-defined period which can lhebgehe user. Two gate signals are slightly

shorter which is used only in resonant convertetesgeribed in 7.4.2.
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D.1. Schematic diagram
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Figure D-1. Schematic diagram to generate the dempntary gate signals in Quartus Il
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D.2. VHDL code for “freq” module

Date: November 07, 2015

WO e N b D BD

e

R
LS R L S

[
o

[EXINN FUR SR T
]

LN FEIN o5 R e

G

P R R SV TR )
Cop omo-d

[ Y Y S

i

i i
[T R R B VS TR S U S o]

notnotn no ot s
=

o

o

oo Lnofnofn Gnon
[ T ¢ B = |

o
%]

freg.vhd

Iibrary ieee;}

use ieee.atd logic 1164 .all;
entity freq is
port |
up,down,ck :
Tent : range 0 to
LED1 ,LED3 £

)i
end Ifredgq;

architecture freq arch of freqg is

begin
process (ck)
variasble cnt : 15:=8;
variasble Tentl : 180000
begin

then

if rising edge (ck)
if Tcnel < 200
Tcnel =

end if;

then

cot i=
if cnt > 5
cnt = O;
if Tecnel » 5000 then
if up = 'O' then
Ferel = Tontl + 1
LEDI «= "1%;
else
LEDI == '@";
end if;
if down = '0' then
LED3 = "1%;
Feptd i= Tontl = 1

end if;
Tent <= Tenel;
end If;

end pracess;
end freq arch;

Figure D-2. VHDL code for “freq” module
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D.3. VHDL code for “PWMGen” module

Date: November 07, 2015 PWhGen.vhd Project: PWM_Gen_with_enable

1

2

3

4 entity PWMGen is

5 generic {DT: integer range 0 to 511 :=50; K!: integer range 0 to 5003 =150} ;
& port |

7 MaxCnt i

g clk

El Qu, Qbaru

10 Qd, Qbard 3T

11 ——count T out integer range.  § to- 65535;

12 —Dcount : out integer range O to 64

13 )2

14 end PWMGen;

16 architecture FPWMGen arch of PWMGen is

17 ——gignal g ©,0bar © :  std logic:

18 ——gignal flag i std logic:

15 begin
20 process {(clk)
21 variable cnt 0 to 1 =0;
22 variable Dcnt 0 £t 5
23 variable Denable
24 varisble O tT,QObar Tt
25 wariable flag
26 begin
2 iF{risi edge (clk)) then
2 == Sount <= Ccht:
25 —— Deount <= Bcnt:
a0 if ({ecnt »= maxCnt/2 - DT - H) then
21 gd <= T0*;
3z Gbard <= T0*;
33 flag := mot {(flag):
34 end Iif;
35 if ({cnt »= maxCnt/Z - then
36 cnt i
37 Dcnt X
28 Qu <= H
29 QObaru <= T0*;
40 Denable = T1°;
21 Qbar © := @ tT;
42 gt :=mnot (Q t):
£3 fleg := not (flag):
44 end If;
45 if Denable = '1' then
46 Bert = Bont + 1
47 if Bent = DT then
48 Denable := T0*
49 end If;
S0 elgif flag = '0' then
51 Qd <= Q t;
52 Qberd <= Qbar t;
53 Qu <= ¢ t©;
54 Qberu <= Qbar t;
85 cnt = cnt + 1;
56 else
87 CHnt := cnt + 1;
58 end iIf;
55 end IE;

o
()

end process ;
end PWMGen arch:

Figure D-3. VHDL code for “PWMGen” module

o
=
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D.4. VHDL code for “PWMGen” module

Date: November 07, 2015 Clk_DivideM vhd
1 library ieee;
2 use ieee.ztd logic 1164.a8ll;
3
4 entity Clk DivideN is
5 generic ( divide by : integer range 0 to 1023
g [
7 pore |
a clk in : in std logic
) clk out : buffer std logic
10 17
1% end Clk DividelN;
EE aeeesiEaSaeeTs
13 architecture Clk DivideN arch of Clk DiwvideN is
14 begin
15 process (clk in)
ie variable cnt integer range ¢ te 1023;
17 begin
i3 if (rising edge (clk im)) then
18 cnt = cnt+l;
20 if cnt >= (divide by/2) then
21 clkx out <= not(clk out);
22 cnt = B;
23 end if;
24 end if;
25 end process;
26 end Clk DivideN arch;

Figure D-4. VHDL code for “Clk_DivideN” module
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Appendix E
PCB layout for Gate driver board

(b)
Figure E-1. PCB layout for gate driver board (bptlayer (c) bottom layer
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