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1. GENERAL CONSIDERATIONS

1. GENERAL INTRODUCTION

1.1.Background

1.1.1.Short History of Electric Drives

Through the centuries, “the production power” waa power of animals and slaves,
hydro power and wind power. In the 1800s, afterithention of James Watt, it was the
power of the steam machine. With the invention leceicity, electrical energy gradually
came into focus. The first motors were direct aurr@®C) motors. At the end of 1800s,
Nikola Tesla invented the three-phasevoltage sysésm the most famous motor; the
induction motor was born. Because of many advastamer DC motors, the induction
motors became dominant in most constant speedrieledtive applications. However,
difficulty with speed regulation was the basic digantage of the induction motor, and the
main limiting factor for application in variable espd applications.

At the beginning of 20 century, a few configurations of variable speeittedr were
used.

1) Ward-Leonard motor-generator group. Since paweerversion in such a system is
done three times and a dc machine is includedaridbp, this concept had not been broadly
accepted in high power applications.

2) Wound rotor induction motor. The motor speedenadjusted and “regulated” by a
circuit connected to the rotor via set of brushekile the stator is connected to the fixed
frequency supply. 1) The rotor resistor control @ydconstant power” Kramer or “constant
torque” Scherbious configuratiofs.

All these drive configuration were fairly inefficieand faced a problem of reliability.
1.1.1.1.The Early “Power Electronics” Driven ac Drives

The first period in development of “power electasii controlled electric drives was
the period between 1910 and 1940. Early “powertedaics” drives were based on triggered-
arc power switches, such as controlled mercuryrectifiers, thyratrons and ignitrons. The
drive configurations were the electronic Kramer fguration using uncontrolled rectifier
bridge, electronic Scherbius using rectifier-ineertonfiguration, Brown Boveri commutator-
less drive, thyratron motor configuration and eamysion of load commuted synchronous
motor drive[l]. In 1930s, the first cycloconvertor was usedtl.those topologies did not have
broad success in industrial applications, simplgase of complexity and reliability issues of
the “power electronics” switches.

In early 1960s, the first silicon controlled reirf(SCR) was invented. This invention
brought a large step in development of power edeats controlled electric drives. Kramer
and Scherbius drive configuration, load commutechchyonous motor drives and
cycloconvertor drives become dominant in most ghhpower applications. Later on, current
sourced inverter with variable output frequency dme a very competitive scheme for
induction motor applications. Voltage source drgpologies became competitive with the
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invention of the gate turn-off thyristors (GTO)1870s and insulated gate bipolar transistors
(IGBT) in the 1980s.

1.1.2.Present

Today, 70 % of the world electricity production ¢®@nsumed by some kind of
controlled electric drives; traction and transpiotadrives, industrial drives, home appliance
drives and so on. This indicates the importanasoaftrolled electric drives in everyday life.

Modern low voltage controlled electric drives arelasively based on three-phase
motors, either induction or permanent magnet syorabus motorg2]-[3]. The motor is
powered from a power converter, so-called the dtimeverter, having variable output voltage
and frequency. The drive converter is supplied flom voltage industrial or distributive
three-phase mains 230 V to 690V, 50 Hz to 60Hz. Mbet common converter topology is a
cascade-connected diode front-end rectifier anthgelsource pulse width modulated (PWM)
inverter. A simplified circuit diagram is depicted Fig. 1.1. The drive converter consists of
an input three-phase diode rectifi@1{Ds), dc bus link with passive filtelgusCgus and
pulse width modulated (PWM) output invert&-Gs). The rectifier generates dc bus voltage
Veus Which is further inverted in the output variablealtage via PWM inverter. The input
rectifier is based on Si diodes, while the outpwerter is exclusively based on IGBT devices
[4]. Switching frequency falls in range of few kHgp to 20kHz. The PWM inverter is
controlled from the upper level controller usingreoof advanced digital control techniques.
The control objective is the control of the motorque and speed in closed or open loop
control modg3].

An additional switchSs, diode Dg and resistordRs, so-called brake chopper and
resistor are used in applications with a demandbfaking of the drive load (hoisting and
large inertia applications). The braking energylissipated in the brake resistgg via the
brake choppe&s Dg. This is, in fact, one of the most limiting factdier advanced high
efficient drive applications.

RECTIFIER m ,Nﬁggm
“ ;.REC +4 l l l
E D2 |D4+ |Ds \ \.,
S [s| 2R D S R R
SRR ] &
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:S E Rs SB/ \;
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Sﬁ Y s} ss\I s}

Fig.1.1 State of the art low voltage drive convertesdshon voltage source indirect AC-DC-AC
conversion. The output voltage is pulse width moulgPWM) having fundamental voltage that
is adjustable in amplitude, frequency and phase.
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1.1.3.Typical Applications of Controlled Electric Drives
1.1.3.1.Hoisting and Lift Applications

The first type of applications that are in the seaj this project are hoisting type
applications. Figl.2 (a) shows photography of one typical on-pdober tyred gantry (RTG)
crane[5]. The hoisting drive time-power profile is skikéxd in Fig.1.2 (b). When lifting the
load, the hosting drive takes energy from the prymsupply, in this case a diesel engine
generator. When lowering the load, the drive opsra braking mode. As a diesel engine
generator is not reversible, the braking energycthbhe pumped back into the primary power
source. Instead, it is dissipated as heat in thkebresistor.

4 300kW

150kW

(b)

Fig.1.2 a) Rubber tyred gantry crane. b) Typical powefile of a hoisting application: lifting the load
and acceleration (1), lifting the load at constgrged (2), lowering the load at constant speed (3)
and lowering the load and deceleration (4).

Lift applications are similar to the RTG crane aggtions, except for two differences.
The mains as the primary power supply source trafiplications is reversible. This means
that the drive braking energy can be pumped bacthéomains. The lift load (cabin) is
balanced with a counterweight. Thus, the drive afyeg mode depends on the load direction
(up or down) and ratio of the load to the countégive

1.1.3.2.Machines with Intermittent Load

The second type of application to consider is itrieismachines with intermittent
load. Such applications are characterised by |dw @& average to peak power. The input
power is highly positive when the drive acceleratexl the power is highly negative when
the drive decelerates. During constant speed operdhe input power is normally low. Fig.
1.3 illustrates the time-power profile of such &eérapplication. Typical application is tools
carriers in automatic milling machingy.
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(; 25 [ \3) | \
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Fig.1.3 Typical power profile of a controlled electridvé applied in a machine with cycling load:
acceleration (1), constant speed (2), and decilere).

1.1.3.3.Blowers and Pumps Applications

These applications are normally the simplest cdlietfoelectric drive applications.
Blowers and pumps do not require specific contcblesne and do not require braking (at lest
do not require fast braking). In some cases, tlaggdications can be sensitive to the mains
power interruptions if applied in critical procesdustry.

Low power irrigation pump systems are specific aggpion because the mains supply
is often single-phase network. The motor is a Hple@se induction motor powered from a
three-phase PWM inverter.

1.1.4.Remaining Technical Issues in Application of Contrtled Electric Drives

Six technical issues in application and design otlern variable speed drives can be
identified. Those issues are still a great chakefog power electronics researchers and drive
designer$6].

1.1.4.1.Saving and Recovery of the Drive Braking Energy

A lot of industrial and other applications, sucHitis, cranes and tooling machines are
characterized by low balance between the inputamespower and peak power. Moreover,
such applications have a demand for braking atploMber. In ordinary variable speed drives,
the mechanical energy stored in rotating masseofrtbtor load and the motor shaft is usually
realized and wasted in a braking resistor. Theg@nkrsses in such applications go up 20 to
50% of the consumed energy. In today’s energys;reiergy efficiency has become the issue
that needs an urgent solutifj.

1.1.4.2.The Drive Ride-Through Capability

Modern controlled electric drives are sensitivéhte mains supply disturbances. The
most frequent disturbances are voltage dips/sagsltdge sag is defined as instantaneous
decrease in the RMS voltage, where the decreaserange of 10 to 90% of the nominal
voltage, while the sag duration is in order of & kgcle up to a minutg7]-[11]. Such a
power interruption causes the dc bus voltage tp dedow its lower limit, and then the entire
drive system trips. The system interruptions amy westly and unacceptable when the drive
is applied in critical process industry, oil pumystems, semiconductor and glass industry.
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Such kind of industries have reported losses ranfiom 10k$ to 1M$ per disrupting event
[10].

1.1.4.3.Quality of the Drive Input Current

Another power quality issue, which is introducedtbg drive itself, is quality of the
drive input current. Harmonic spectra of the diimeut current depends on the drive rectifier
topology. Ordinary diode front-end rectifiers ecquagd with passive LC filter draws the input
current that is distorted and rich with higher hanies. An example set of waveforms is
depicted in Figl.4 (a). Total harmonic distortion (THD) factor che as high as 150%, or
even highefl12].

The mains current harmonics cause additional hgatimd stress of the distribution
transformers, power factor correction capacitord aeutral line in low voltage distribution
network. Electromagnetic interference (EMI) withnuounication network and sensitive
equipment is a critical issue too. To avoid or edst minimize those problems, advanced
controlled electric drive converters have to compWth the input current harmonics
limitations defined by international standafiS3].

1.1.4.4.Quality of the Drive Converter DC Bus Voltage

The dc bus voltage is the intermediate voltagenendonversion path from the mains
supply to the motor terminal. To achieve full motoittage without distortion, it is important
to provide sufficient dc bus voltage without sigeaint fluctuation and ripple. Moreover, the
higher dc bus voltage the better performance oftb®r current and torque contfal.

The ordinary diode rectifier provides the dc butage that is lower than the mains
phase-to-phase peak voltage. The voltage ripp@"dtarmonic of the mains frequency is
significant too. An example set of waveforms isidegul in Fig.1.4 (a). The motor voltage,
therefore, is not well controlled in case thatdniee operates in full speed mode. This causes
distortion of the motor flux and ripple in the motorque. Negative effects of that are well
known: oscillations and mechanical stress of tlagl lmachine, noise and vibrations.

1.1.4.5.Single Phase Supply with or without the Drive De-réng

Operation of three-phase variable speed drives ioglesphase supply is an
application issue to be considered too. Single-@hsaigpoply could be due to the mains
degradation when one of three phases is discomhebiethat case the drive rectifier is
supplied with one phase-to-phase voltage. Fronrebégfier side it is nothing other than a
single-phase supply. Another application exampleursl single-phase supply network or
specific drive applications, such as irrigation anahll water supply systems.

Ordinary single-phase supplied diode front-endifiecs draw an input current that is
distorted and rich with higher harmonics. An exaengt of waveforms is depicted in Fig4
(b). The current peak is 5 to 10 times greater tienfirst harmonic current. This causes
significant losses in the dc bus capacitor andtingctifier bridge. To be able to continuously
operate under such conditions, the drive poweitdae reduced to less than 40% of the drive
rated power.

1.1.4.6.Smoothing of the Drive Peak Power

Some controlled drive applications are charactdrizg low ratio of the average to
peak power. Typical examples are lifts and hostapplications, and industrial tolling
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machines having intermittent load. Fig5 shows waveforms of the mains currignins and

dc bus voltagesys of an example controlled electric drive applicati®eak power is 5500W
for 0.8s, while minimum power is 500W for 1.6 sgives the ratio of average to peak power
of 0.31. Thus, the drive cabling, fuses and contachave to be over-sized by factor of 3.
This type of load may also cause fluctuation arckdlr in weak supply networKa4]. In lift
applications the peak to average power ratio cbaldreater than 10, as reportedilis].
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Fig.1.4 Waveforms of the mains current, voltage andithbus voltage. a) Three-phase supply,

PLoap=5500W, the current scale [10A/div]. b) Single phaspply,P.oap=4000W, the current
scale [20A/div].
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Fig.1.5 Waveforms of the mains curregfns [20A/div] and the dc bus voltaggys[100V/div]. The
drive load is cycling between 500W and 5500W atqokeof 2.2s with duty cycle of 30%. The
average power is approximately 31% of the peak powe

1.2.Literature Overview

1.2.1.Regenerative Drives Based on Back to Back and MaiiConverter

Most of the existing regenerative controlled electirive solutions belong to two
groups; back to back PWM rectifigil6], and so-called direct (matrix) convertdts/], [18].
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Fig. 1.6 shows simplified circuit diagram of voltage smback-to-back and matrix drive
converters. The drive takes energy from the maimengver operates in motoring mode, and
pumps the energy back to the mains whenever opeiateéoreaking mode. The main
disadvantage of such solutions is the fact thattfanality and reliability of the drive is
strongly linked to the mains reliability. Simpleegking, any power interruption of the mains
is reflected on the drive. The drive is disablecem#gver the mains is interrupted for longer
than the mains cycle (20ms). Moreover, these drivege a high power demand during
acceleration and deceleration (low ratio of averaggeak power). This modulated input
power produces additional losses and disturbarilbelsef) in the weak supply mains.
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Fig.1.6 a) Voltage source back to back regenerativeraied electric drive. b) Voltage source matrix
drive converter.

1.2.2.Regenerative Drives Based on the Energy Storage GCmapt

A block diagram of a regenerative drive based agrggnstorage concept is given in
Fig. 1.7. The drive system consists on an ordinary dfoml@-end converter equipped with an
energy storage devicf9]-[24]. This concept has come into focus recentlyhwiiroad
application of new electro-chemical double layemamtors (EDLC), so-called ultra-
capacitord26]. An ultra-capacitor is electro-chemical capachaving two porous electrodes
made of activated carbon that are separated bparater and impregnated with electrolyte
[26]. Thanks to large specific surface (2080 of activated carbon electrodes, the specific
capacitance and energy are much higher than fodatd electrolytic capacitors. In addition,
the specific peak power of the ultra-capacitonsiich higher than peak power of the existing
electro-chemical batteries. Flywheel energy stoliagesefully used in such a drive concept
too [24].

The kinetic energy of the drive rotating massecaied braking energy is stored into
the ultra-capacitor during the drive braking seaqeeduring the next motoring sequence, the
energy is restored from the ultra-capacitor andizes on the drive. The first commercial
applications of the ultra-capacitor based regeivralrives were traction and hybrid car
drives [27]-[29]. General purpose variable speed drive withhsaie energy saving concept
could be used in lift and hoisting applicationsplieg machines having high demand for
frequent and fast start/stop sequence, and marsr @pplication having a demand for
braking. In[5], such a drive concept is analyzed and succkgsfpplied on the rubber tyred
gantry (RTG) crane. As reported [i5], the fuel saving is 30% to 40%. Moreover, thesdl
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gen-set can be re-sized and smaller unit coulddsel.uThe same drive concept has been
proposed for building lift applicatiorf0], [15]. The ultra-capacitor as the energy storage for
short term UPS function or extension of the dride+through capability is applied in critical
industrial applicationf21], [22].
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Fig.1.7 Controlled electric drive based on an ordirthiye converter with parallel connected energy
storage and emergency power supply device.

Unlike electrochemical battery, the ultra-capacgtate of charge strongly depends on
the capacitor terminal voltage. The capacitor g#tavaries a lot when the capacitor is
charged/discharged. That means the ultra-capamaiamot be connected directly to the drive
dc bus, because the voltage adaptation and matbleitvgeen the ultra-capacitor and dc bus.
To achieve flexibility and high efficiency, a dc-gower converter is used as a link between
the ultra-capacitor and the dri{@0]-[42].

Most of dc-dc converter topologies are based omtmary two-level single-phase or
multiphase interleaved topologigsg, [30]-[35]. The main drawback of these topologies is the
switches voltage rating. The switches are ratedhenfull dc bus voltage. As the dc bus
voltage may go up to 800V, even more, the switdresrated on 1200V. This becomes an
issue if the converter switching frequency is qunigh; let us say above 20kHz. Switching
losses become quite significant. It causes degmdah the conversion efficiency and
additional difficulties in the converter thermalsign. Two-level dc-dc converter with soft
switching has been presented[3®]. This solution offers lower switching lossétowever,
since the converter operates in discontinuous adimumode (DCM), the peak current and
ripple current are significantely greater than tre operates in continuous conduction mode
(CCM). This causes a problem of the inductor lospasticularly the core losses. Moreover,
additional losses on the ultra-capacitor intermsistance cannot be neglected if the output
current is not well filtered. Isolated dc-dc corteertopologies with soft switching have been
analyzed in[37], [38]. These topologies are attractive solutions nvhatio of the dc bus
voltage to the ultra-capacitor voltage is high,agee than 2. If the ratio is lower than 2, the
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efficiency is lower than that of a non-isolatedinedty topology. Three-level converters are
well adopted solution in applications with high utproltage and relatively high switching
frequency[39]- [40]. The switches are stressed on half of thd tiitdbus voltage. This allow
us to use lower voltage rated switches having bstigtching and conduction performance
compared to the switches rated on the full blockinfjage. Therefore, the converter overall
performances, including cost and efficiency, carsigaificantly improved compared to two-
level converters, especially when the switchingjfiency is above 20kHz or MOSFETS are
used41].

Most of the control methods presented in the litemare focused on hybrid electric
vehicle and power sourc¢$4], [27]-[29], [32]-[35], [43]-[47]. Only a few publications are
focused on control of the ultra-capacitor basedtetedrives[5], [21]-[22].

1.2.3.The Mains Current Harmonics and Related Issues

The energy storage based electric drives providmi@ efficient way to save braking
energy and improve global efficiency and reliabilitf the controlled electric drive systems
[48]. The input current quality, however, remaimsumsolved challenging issue. In the last
decade, numerous different solutions for this probhave been proposed and discussed in
literature.

Single-switch three-phase continuous conduction en(@CM) boost rectifier is a
solution that offers numerous advantages comparebet ordinary diode front-end rectifier
[49]-[51]. The rectifier output current is constant aherefore the mains current isv3
square waveform with THD of approximately 30%. Tdwebus voltage is actively controlled
and boosted above the mains phase to phase peage/olrhe low frequency voltage ripple is
small and it could be neglected compared to thath@fdiode rectifier. A variant of the CCM
boost rectifier is discontinuous conduction modeCKD) boost rectifier[52]-[55]. This
topology offers lower THD of the input current th&CM boost rectifier (10-15% in
comparison to 30%).

A common disadvantage of the single-switch boogblgies is power rating of the
semiconductor switches. The switches are ratedhi®srfull dc bus voltage and full rectifier
current. Generally speaking, a semiconductor swgthperformance; conduction and
switching strongly depend on the switch voltagengatand the switch technology. Lower
voltage rating means lower conduction losses, bestteching performance, higher efficiency
and lower cost. For example, let us consider a 400&e-phase rectifier. The dc bus voltage
is 700 to 800V. For the ordinary single-switch oosnverter, the switch and boost diode
voltage rating is 1000V to 1200V. For this voltagéng, 1200V IGBT and 1200V fast diode
are used. In this case, maximum switching frequesidiynited by the switching performance
of the IGBT and the diode. To reduce switching ésssoft switching techniques can be used
[56]-[58]. However, the soft switching techniques reguadditional active switches, diodes
and passive resonant circuits, which make the itincore complex and expensive.

Double-boost rectifiers employ two interleaved eetswitches and boost diodes. The
switches and diodes are rated for half dc bus geltnd full rectifier current. As a result, the
conversion losses are slightly lower in comparismrthe single-switch boost rectifi¢59].
The boost inductor is approximately 25% that ofghmgle-switch topology.

A dc side shunt active filter, applied on a singlase diode rectifier has been
analysed iff60]. The filter circuit is connected on the reieifdc side, and as such it is simple
and cost effective in comparison to the state efalt ac side connected active filters. This
approach could be extended to three-phase restifidnierein the input current THD can be
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reduced to approximately 30%. The main disadvantd#geuch a filtering concept is high

current stress and low efficiency. The first reagamthis is an additional diode in the main
current path. The current that circulates betwéendc filter and dc bus capacitor is a few
time greater than the mains current. Hence, los$abe filter and dc bus capacitor are
significant.

The electronic smoothing inductor (ESI) has beappsed and analysed [Bi1]-[63].
An auxiliary low voltage dc-dc converter is seatbnnected between the rectifier and the dc
bus capacitor. The rectifier current is activelynirolled to be constant or pseudo-constant.
The input current THD is approximately 30%, the esaas that of the CCM single-switch
boost rectifier. A key advantage of the ESI consaptthat the auxiliary dc-dc converter is
rated on full current and a fraction (normally 208bYhe dc bus voltage. Hence, the auxiliary
converter losses are quite small. The entire fectdfficiency can go above 98§63]. The
main disadvantage of the ESI is that the dc busageevoltage is not controlled and it is
slightly lower than the rectifier average voltage.

The concept of a third harmonic injection method tftree-phase diode rectifiers is
well presented in monograpé4]. Although the harmonic injection method is plm it does
not have broad application in conventional indastrectifiers. The main reason for this lays
in the need for bulky passive elements, mainly taggransformers. The overall efficiency
is not sufficiently high as required by the appiicas.

Single-phase supplied three-phase controlled @edtives and related application
issues are not often treated in the literaturegl8iphase supplied rectifier with passive LC dc
bus filter and three-phase pulse width modulated/NP inverter is the most common
solution in low power low cost applications. The logs capacitor is a large electrolytic
capacitor, while the inductor is small or even albs8uch a rectifier works as peak detecting
circuit; the dc bus voltage is charged to the peakns voltage and the mains current is a train
of narrow pulses. Apart the fact that such a riectis simple, cost effective and robust, the
drive manufactures do not recommended it becauadew serious limitations:

-The input current is distorted, with peaks that &rto 10 times of the fundamental
RMS current. The total harmonic distortion factsras high as 150%, or even higher. The
power factor is low.

-A bulky dc bus capacitor is necessary to keepdihdus voltage ripple acceptably
low.

-A filter inductor must be used to limit peak oetmput current. The inductance value
is however limited because the dc bus voltage duibcays with the inductance.

-The dc bus voltage is reduced in comparison teetiphase supplied drive. Hence,
available motor voltage is reduced too.

-The drive life time is limited by the dc bus capaclife time (the capacitor is the
most stressed component).

-The drive may be de-rated by 50% when single-pkapglied, which means higher
installation cost per kW.

Single-phase single-switch and double-boost recti8 the most popular solution in
applications that require boosted dc bus voltage sinusoidal or pseudo-sinusoidal input
current,[65], [66]. This topology is often used in low power sligp such as PC and small
telecom supplies. In variable speed drives, howdhes is rarely used topology because cost,
size and efficiency.
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Split-capacitor three-leg rectifier/inverter is dsa low cost low power variable speed
drive applications, such as air-conditioning andnkaappliance applicationj§7], [68]. This
topology offers the lowest count of the active sadsive components in comparison to the
other solutions. However, two drawbacks make tbology inappropriate in high power
industrial applications; 1) The dc bus capacitorent stress at low frequency, and 2) the
output current ripple.

1.2.4.Smoothing of the Input Peak Power

The problem of the peak power filtering and voltdigetuation in weak distribution
supply in public transportation is briefly analysed14]. The peak power and braking issue
in lift application has been analys¢tb]. Ultra-capacitor based energy storage has been
proposed as a solution. Control aspects have ety lpresented ifl4].

1.3. The Dissertation Objective

The objective of this dissertation is to identifgdadiscuss some of the remaining
technical issues in application of advanced colettiaélectric drives. Then, a solution or set of
solutions for the problems that are identified havedoe proposed, analysed, discussed and
validated by simulation and set of experiments.e€hsub-objectives can be summarized as
follows.

1.3.1.Parallel Connection of Energy Storage Device and @drolled Electric Drive

The first objective is to analyse the existing sohs of parallel connected energy
storage device and controlled electric drive. Tysesn operating modes have to be analysed
in details and critical points clearly identifielnportant properties of the ultra-capacitor as
energy storage device for power conversion apphicatave to be discussed too. Then, an
appropriate topology of the interface dc-dc corerehas to be proposed. Finally, the entire
conversion system should be modelled and a newalostheme proposed. The proposed
solution(s) has to be competitive with state ofahesolutions regarding efficiency, cost, size
of active and passive components and heat sink,dgndmic performances of the dc bus
voltage control, the ultra-capacitor state of tharge control and the ultra-capacitor current
control.

1.3.2.The Mains Current Harmonics, DC Bus Voltage Controland Single Phase
Supply

State of the art solutions of three-phase diodestxtifiers have to be analysed and
disadvantages clearly identified. A new topology tfiree-phase diode boost rectifier has to
be proposed, analysed, discussed and verified raylaiions and set of experiments. The
proposed solution(s) has to be competitive withestd the art solutions regarding efficiency,
size of passive components including heat sink, aod dynamic performances of the voltage
and rectifier current control.
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1.3.3.Energy Storage and Power Factor Correction Deviceof Electric Drive
Applications

Last but not least is to merge the solution4.8t1 andl.3.2 into one generic solution
that intents to solve all the six technical issumsentioned in sectiorl.1.4. Analyses,
discussion and verification by simulations and expents have to be done. The solution has
to be competitive with state of the art solutioagarding efficiency, size, cost and dynamic
performances of the overall system.

1.4.The Dissertation Organization

The dissertation is organised in five parts. Eaalt presents one or set of similar
technical problems as well as a new solution fos¢hproblems. Each part consists of one or
more logically organised chapters.

1.4.1.Part One: General Introduction

In the first part, a general introduction is givdBackground of controlled electric
drives is given, typical applications of controlletkctric drives are discussed and remaining
applications issues are identified. An overvievitd literature is given, and objectives of the
dissertation are also given.

1.4.2.Part Two: Parallel Connected Energy Storage Devictor Controlled Electric
Drives

In the second part of the dissertation, the ul&pacitor as an energy storage device
for advanced power conversion application is diseds Then, the concept of parallel-
connected energy storage device for controlledrstedrives is presented and discussed. The
presented solution solves the first two technisslués mentioned in the introduction; 1)
saving of the drive braking energy and 2) Extensibtie drive ride-through time.

The ultra-capacitor as an energy storage deviacbsiussed in chapt&. The basic
operating principle of the ultra-capacitors is ddmd. As an electric device, the ultra-
capacitor can be modeled for two purposes; anabfsiBe electric circuit dynamic behavior
(analysis and synthesis of the control) and thetmeabvior of the ultra-capacitor. Those two
modeling aspects are discussed in the second patiapter 2. Finally, the ultra-capacitor
losses versus frequency of the excitation currentlscussed and losses model is proposed.

In chapter3, a controlled regenerative electric drive usimg dltra-capacitor as energy
storage device is discussed. The basic operatindesn@are described. Then, the ultra-
capacitor design and selection guidelines are giVér® conversion losses and efficiency
versus size of the ultra-capacitor are discussdu Jystem cost versus the conversion
efficiency is also briefly discussed.

Chapterd presents a three-level dc-dc converter that gl@yad as a link between the
variable speed drive and the ultra-capacitor. Téveverter operating principle is discussed
and advantages of such a topology are clearlyiftehtDesign guidelines are given. Finally,
a design example is presented at the end of theetha

Modelling and control aspects are discussed in tehdp Firstly, some modelling
technique theory is presented. Thereafter a naatirand linearzed model of the dc-dc
converter is developed. The dc bus circuit modalissussed too. Finally, a non-linear and
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small signal linear model of the entire converssgatem is developed. The model is verified
by Matlab/Simulink simulations. In the second pastychapter 5, a new control scheme is
presented and discussed. Control of the ultra-¢paurrent and the voltage balancing error
is presented. The presented control is experimgntalidated. The results are discussed.
Then, control of the ultra-capacitor voltage anel tlc bus voltage is presented and analysed.
The controllers’ synthesis procedure is given iaile The designed control system is
validated by simulations and set of experiments.

In chapter6, the solution presented is compared with statbefirt solutions. At first,
concept of the ultra-capacitor based regeneraleetree drive is compared to back-to-back
and matrix converters. Then, the three-level dcaltverter is compared with state of the art
topologies. Three parameters are compared: 1) grepef the active switches (IGBTs and
diodes), 2) properties of the passive componehts @gutput filter inductor and input filter
capacitor) and 3) the conversion losses. Contpmcts are also discussed and compared.

1.4.3.Part Three: Three-terminal Power Factor Correction and Voltage Control
Device

In the third part, the three-terminal power facdod the dc bus voltage control device
is presented is discussed. The presented solutlvassthe following three technical issues:
1) the mains current harmonics, 2) the dc bus geltaontrol and 3) single-phase supply.

Background and state of the art of active rectifogrologies is given in chapt&r A
novel half-dc-bus-voltage rated boost rectifiebiigfly presented.

The new half-dc-bus-voltage rated boost rectifeepiesented in chapt8r Structure
of the topology is analysed in detail. A designregke is given and the new topology is
experimentally validated. The results are discussed

Modelling and control aspects of the new topologg discussed in chapter.
Nonlinear and small signal models are developedos&hmodels are verified by
Matlab/Simulink simulations. The control schemegisen and the controllers’ synthesis
procedure discussed.

Single phase operation of the presented boostfieects analysed in chaptetO.
Critical design points are discussed.

Chapterll is gives a comparison of the presented boosfieewersus state of the art
solutions.

1.4.4.Part Four: Three-terminal Energy Storage and PFC Degice for Controlled
Electric Drives

In the fourth part, a three-terminal energy storage PFC device for controlled
electric drives is presented and discussed. Theepted solution intents to solve all six
technical issues mentioned in the introductionSaying and recovery of the drive braking
energy, 2) Extension of the drive ride-through tiBeThe mains current harmonics, 4) The
dc bus voltage control, 5) Single-phase supply @&hdThe mains peak power shaving
function.

In chapterl2, the concept of the three-terminal energy storaigd PFC device for
controlled electric drives is discussed and necgs#aeoretical analysis is given. Some
aspects of the system design are given.
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Modelling aspects and control scheme are discuissetapterl3. The entire power
conversion system consisting of the input boodifrec dc link, the ultra-capacitor interface
dc-dc converter and the PWM inverter is modelleaer; a new control scheme is proposed.
The control scheme is validated by Matlab/Simulsiknulation and set of experiments
performed on a laboratory industrial prototype. Theults are presented and discussed in
chapterl4.

1.4.5.Part Five: Concluding Remarks and Conclusions

The dissertation work and contribution are discdgsechapterl5. Final concluding
remarks and perspectives are given in chdiger
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2. AN ULTRA-CAPACITOR AS ENERGY STORAGE DEVICE FOR
POWER CONVERSION APPLICATIONS

2.1.The Ultra-Capacitors

An electric capacitor is a passive dynamic one-teairelectric device. In this context,
dynamic means the device terminal voltage to ctinratio is not a constant and linear. The
voltage and current are linked via a differentiguation which is in the general case a
nonlinear equation. As that, the electric capaditas capability to store energy as electric
charge, more precisely as electric field betweenctpacitor plates. There are three different
types of capacitors, namely electrostatic, elegtioland electrochemical capacitors. In this
dissertation, the electrochemical capacitors, ded#he ultra-capacitors are considered only.

Ultra-capacitors are different from the other tygfecapacitors mainly because their
specific capacitance, [F/dinand energy density, [kJ/dinare several orders of magnitudes
larger than that of electrolytic capacitors. In gamson to electrochemical batteries, the
energy density is lower while the power densityaigier than that of conventional batteries.
Cycling capability is also significantely betterngpared to batteries. TABLE-1 compares
the most important properties of the ultra-capacitersus batteries and other type of
capacitors.

TABLE 2-1: Properties of the existing energy storageaesyi

Capacitors Ultra-capacitors Electro-chemical bitse
Energy density [Wh/kg] ~0.1 1-6 (*) ~100
Peak power density [kW/kg] to 2-20 0.1-0.5
Number of cycle 19 1P ~10°
Life time [years] ~10 ~15 ~5

* Based on technological trends, the energy densityin near future be increased by
a factor of 10 or more.

2.1.1.Short History of the Ultra-capacitors

The double-layer capacitor effect was discoveratidescribed by Helmholtz in 1879
[69]-[73]. Almost a century after that, a first ultrapeaitor was patented by Standard Oil
Company in 1966. A decade after NEC developed amiheercialized this device in 1978
[69]-[73]. The first high power ultra-capacitor was deped for military applications by the
Pinnacle Research Institute in 198@9]-[73]. Ten years after, in 1992, the Maxwell
Laboratory had started development of DoE ultraacéprs for hybrid electric vehicles.
Today, the ultra-capacitors are commercially abd@drom a number of manufacturgrg].

Today, the ultra-capacitors are composed of twateldes separated by a porous
membrane, the so-called a separator. The sepamatbthe electrodes are impregnated by a
solvent electrolyte. The electrodes are made obymmaterial such as activated carbon or
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carbon nano-tubd§9]-[73]. Typical specific surface area of the elec&dsiabout 2000ffy.
Such a large surface area and very thin layer ®fctimrges, in order afm gives specific
capacitance of up to 250H@9]-[73]. Rated voltage of the ultra-capacitor celtletermined

by the decomposition voltage of the electrolytepi€gl cell voltage is 1 to 2.8V, depending
on the electrolyte technology69]-[73]. To obtain higher working voltage, which is
determined by the application, a number of cellsintne series-connected into one capacitor
module.

Ultra-capacitors as energy storage devices havadfeary wide application in power
conversion due to their advantages over the coioraitcapacitors and electro-chemical
batteries; high energy and power density, highcigfficy, high cycling capability and long
life.

2.1.2.0verview of Different Technologies

Fig. 2.1 shows taxonomy of the existing types of elexttemical capacitors. Whole
family of the ultra-capacitors can be divided bt groups: electric double layer capacitors
(EDLC) and pseudo-capacitors. A combination betwiaenEDLC and pseudo-capacitors is
group of hybrid capacitors. The EDLC group consadtshree-subgroups; activated carbon,
carbon nano-tubes and carbon aero gels. In thserdaion, application of activated carbon
EDLC is discussed.

Super-Capacitors
l

Y Y

Electric Double

Layer Capacitors Pseudo-Capacitors
l
Y Y Y Y Y
. Conductin, .
Activated Carbons Carbon Nanotubes Carbon Aerogels Polymersg Metal Oxides
Y
Hybrid Capacitors
Y v L 4
. . Asymetrical Batery-Type
Composite Hybrids Hybrids Hybrids

Fig.2.1 Taxonomy of the ultra-capacitors.

2.1.3.Electric Double Layer Capacitors -EDLC
2.1.3.1.The Ultra-capacitor Structure

In order to increase the capacitance of anultracsgr, it is necessary to maximize
contact surface are. To achieve this without ineee® in the capacitor volume, one must use
a special material for the electrode. This materalst have a porous structure and
consequently a very high specific surface. The nfiesjuently used material is activated
carbon or carbon nano-tubes. In both cases, thefispgurface may be as high as 106am

-18-



2. AN ULTRA-CAPACITOR AS ENERGY STORAGE DEVICE FOR....

to 3000m/g. The simplified structure of super-capacitorl ¢gldepicted in Fig2.2. The
elementary capacitor cell consists of positive aedative current collectors, positive and
negative porous electrodes made of activated carbdoich are attached on the current
collectors, and a separator between the poroustr@lies. The separator is material
transparent to ions but an insulator for directtaohbetween the porous electrodes.

O l CURRENT COLLECTOR

S

SEPARATOR

bty

ACTIVATED CARBON

Electrolyte

uco

Electrolyte

)

Fig.2.2 Construction of an electrochemical double layggracitor with porous electrodes (activated
carbon).

Y

O I CURRENT COLLECTOR

Since the first development of double layer capasijtthere have been several
iterations and models of the basic structure.

The very first work on double layer capacitors wasied out by Helmholtz in 1853.
He supposed that the layer in an electrolyte isngles layer of the electrolyte molecules
attached to the solid electrode, g3 (a).

The specific capacitance of such a structure is

_ €
T (2.1)

whereeg is the solvent electrolyte permittivity and d ckness of the layer, which
equals to the molecule diameter.

The specific capacitance is overestimated comptoetie experimentally obtained
value. For aqueous electrolyte with=78 and d=0.2nm, equation2.1) gives 34QF/cnf,
what is much greater than the measured valyé/t@f to 3QuF/cnt. Also, the model does
not take in account that the capacitance is voltEgendent.

In order to describe voltage dependence of theott@pee, Gouy introduced a theory
of random thermal motion in 1910, and consideregppace distribution of the charge in the
electrolyte in proximity of theboundary between #lectrolyte and electrode, Fig.3 (b). A
few years later, Chapman defined the charge didgtab in the electrolyte as a function of
linear distance and properties of the electrolyte specific capacitance is estimated as
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2
o=z]29 ”O‘fch[ szq]’ (2.2)
kT kT

where q is elementary charge, ia the concentration of anions and cations, hés t
valence electrolyte ions,is the electrolyte permittivity, k is Bolzman’ cetant, and T is the
temperature.

In the model, the charge is considered as pointgehd&charge density is Dirac
function of space). Thus, the specific capacitas@er-evaluated.

vt . yxyt w(x)4 fCompact layer
+ + AL )/\
+ o +
+ + *+|3
Electrode Electrolyte Electrode 4 u
+ + Electrode + Electrolyte
+ + +
+ + * - Yo
+ o +
» +
}

Fig.2.3 a) Helmholtz’'s model of a DLEC (1857). b) Gomgd&hapman’s model (1910 and 1913). C)
Stern’s model (1924).

In 1924 Stern proposed new model which improvedyGod Chapmen’s models. He
introduced the real dimension of solvent molecaled then divided the space charge into two
layers; compact layer and diffused layer, R (c).

Total specific capacitance is estimated as

c.Cy,

€= C‘C +C'D ! (23)

where c¢ is the compact layer capacitance, anglis’the diffused layer capacitance

defined as
2
Ch=2 24 nogch( ZqJDq) . (2.4)
kT 2kT

2.2.The Ultra-capacitors Macro (Electric Circuit) Model

In this section, the ultra-capacitor macro modednalysed and discussed. The ultra-
capacitor macro model is used for the conversiatesy control analysis and design, as well
as evaluation of the ultra-capacitor losses anghézature in different operating modes.

2.2.1.Full Theoretical Model

The traditional model consists of an ideal lineapacitor and equivalent series
resistance (ESR). This simple model cannot be irsedsuper-capacitor model because two
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phenomena: (1) the capacitance is voltage depenaieat(2) the time/space redistribution of
the charge due to porosity of the activated caddentrodes. The porous electrode structure
behaves as a nonlinear transmission [[i&]-[77]. It is known from theory of electric circuit
that an electrically short transmission line canapproximated witiN" orderRLCG ladder
network. At low frequency, below 100 Hz, distribditeerial inductancé can be neglected
[77]. Distributed conductand® can be neglected too, except if long term stegate sinalysis

is needed. Thus, an approximated model of an oépacitor having porous electrodes is
serial connection of twRC leader networks dfi" order, the separator resistaig and the
current collector resistanc&p andRcn. A schematic diagram of the approximated model is
given in Fig.2.4.

POSITIVE ELECTRODE
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Fig.2.4 An approximated model of the electrochemicallde layer capacitor taking in the account
porosity of the electrodes.

The resistorps.....R n andRys.....Ry.n are the resistances of positive and negative
porous electrode respectively. For more accuratgetimgg of the ultra-capacitor, the fact that
these resistances are nonlinear and depend onaghecitor voltage must be taken into
account. Nonlinear capacitanc€s;.....G_n and Cys.....Gy.n are the positive and negative
porous electrode capacitances.

The voltage dependent capacitanCes....G_nandCy;.....Gy.n Can be approximated
by first order functions of the voltage across easlh

CPl C:OP1 KCPl O 0 0 uCPl
CPZ — COPZ 0 KCPZ 0 0 uCPZ
0 0 0 ’ (2.5)
CP..N COP..N 0 0 0 KCP..N__UCP..N

C:Nl C:ONl KCNl O 0 0 uCNl
C

o
o
c

ON2 CN2

0 0 0 ' (2.6)
CN..N CON..N 0 0 0 KCN..N__uCN..N
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The coefficientKcn;....Kep.n models the voltage dependency of the capacitanee d
to the diffused layer. Voltagagn:....lep. n are the voltage across each elementary capacitor
cell.

Considering that the positive and negative eleetsaate symmetric, the circuit in Fig.
2.4 can be reduced to a simpl8 order RC ladder network, depicted in Figb.

| ool o ol o

Fig.2.5 N"order equivalent model of an electrochemical deldyer capacitor.

Resistances of the equivalent circuit in g are

R [Re+Re*Ru] [Ry] [ R
R |_ 0 L R || Re

: : 2.7)
R..N O R.P.N R.N.N

For simplicity of notation, we will use electricalastance as inverse variable of
capacitance to define the capacitances of the afguitymodel,

ER

Cl CPl CNl

1 1 1

Co || Ceo || Cue (2.8)
1] ] 1 1

_CN_ _CPA.N_ _CNN_

2.2.1.1.Ultra-capacitor Model in Frequency Domain

The circuit of Fig.2.5 is a nonlinear circuit because the capacitadepend on the
voltage. To develop a model in the frequency donvaénhave to linearize the nonlinear
circuit. ExpandingZ.5) and 2.6) into a Taylor series, taking just the zeroeonshembers and
substituting them inta(8) yields

17 T 1 1T 1 I 1 l
C, Copy + Koy Weo, Cons + Koy W, Cyy + Koy Wy,
1 1 1 1
C, U Com+KepeWep, |*| Cos ¥ KoweWeps |T| Coat K, Weg, |- (2.9)
i i i i
1Chl [Conn+Keon Weon | | Coun+Kenn Wean | | Con +Kew Wegy |
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Now, having a linearizerd mode of the super capatddder network and using the N
Extra Element theorefit6] one can develop the ultra-capacitor input idgreeeZcow). Since
the capacitances are voltage dependent, the dedklopedance is a small signal impedance,
which is valid just in proximity of the capacitoolage operating poirdco.

1
+
uc=Uco Jaﬁc (w)| (210)

uc=Uco

Zeo(i@), -y, = Reole)]

uc=Uco

As one can see from equatidh]0), the super-capacitor equivalent series eesist
Rco and equivalent capacitan€® are frequency dependent properties. The resistande
capacitance are defined for zero frequency (DCaipmeral mode) and high frequency as

imC.(@]_, =3,
(2.11)
lim C () s C.,
imRo(@) =R
(2.12)
imRe(@]_ =R

To illustrate these properties, a 2500F/2.5V utmpacitor cell has been modelled as a
5" orderRC ladder network . The super-capacitor parametergi@en in TABLE2-2.

TABLE 2-2: Simulated parameters of a 2500F/218Wa-capacitor at kh=1V. The capacitance C in
[F] and the resistance R if].

Ry G R & R G Ry Cs R GCs

0,324E-04 || 23,2 0,0324E-0¢ 211 55,4E-0% 235 88,4E-P®99 0,389E-04| 1172

The magnitude and phase of the capacitor input diaupee are plotted in Fig.6 (a)
and Fig.2.6 (b). From this plot one can see that the w#pacitor behaves as a pure capacitor
in the very low frequency range, up to 20mHz. Ia thgh frequency range, let say above
10Hz, the ultra-capacitor bank behaves as a puistoe In the mid-frequency range, it
behaves as a RC element.

The equivalent serial resistance and capacitanseisdrequency were calculated and
plotted in Fig.2.6 (c) and Fig.2.6 (d). Both resistance and capacitance decredtse w
frequency. The resistance is high and constanbwatftequency up to 200mHz, and then
decreases to a minimum value at frequencies abOWz.1Ratio max/min resistance is
approximately 1.6. The equivalent capacitance samethe same frequency range as the
resistance. The ratio max/min capacitance is apmately 10. In the following section we
will discuss these properties in more detail.

2.2.1.2.The ESR versus Frequency

As already mentioned, the ultra-capacitor is noidwal loss-free device. Whenever
current flows through the capacitor, regardlessttan conversion process and power flow
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direction, an amount of energy is wasted as the'slelhergy. This is due to the resistance of
the ultra-capacitor collectors, porous electrodeparator and electrolyte. The quantity of
energy wasted generally depends on the resistamtecwrent. In power applications, the

capacitor current is a varying quantity, dependingcharge/discharge cycle. In addition, the
capacitor current containes a high frequency compbdue to switch mode operation of the
power conversion unit which charges/dischargesullra-capacitor. The capacitor current

spectra falls in range from, let say mHz up to kifzens of kHz. As the equivalent resistance
is frequency dependent, the contribution of eadtspl component on the losses is different.

This is discussed in secti@™.

The input impedance amplitude versus frequency The input impedance phase versus frequency
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Fig.2.6 The ultra-capacitor input impedance versus &aqy. a) Amplitude, b) phase, c) the equivalent
series resistance and d) the capacitance. Theaalpaeitor is 2500F/2.5V cell.

2.2.1.3.The Capacitance versus Frequency

The capacitance varies more significantly with freigcy than the resistance. The
factor Cyax/Cvin could be up to 10 or more. What are typical imgdiens of this in real
power application application? The capacitanceatian with frequency means that one
needs certain time to store the required energihencapacitor. If one charges the capacitor
with high power, close to maximum, the capacitoltage will increase fast, and reach the
maximum voltage before the capacitor is fully cleakgThus, the full energy capability of the
capacitor is not used. In contrast to this, if @harges the capacitor with low power, the
voltage increases slowly and the charge is dideibwver the entire capacitor. Once the
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voltage reaches maximum voltage, the capacitainlig €harged, and the energy capability is
maximized. From this short discussion one can camecthat the total capacitance is available
only at very low frequency, and consequently ligad.

Fig. 2.7 (a) shows the dynamic specific energy versisepuidth. The ultra-capacitor
voltage charge/discharge variation is 10% of thedaoltage. Notice that the specific energy
(energy capability) decreases as the pulse widthedses. Variation of the energy capability
is due to the frequency dependent capacitance vibicaused by the relaxation phenomenon
in the porous electrodg$9], [76]. There is another factor that limits the ulti@pacitor
energy capability. That is voltage drop of the &lede and separator resistance, and porous
electrode resistance close to the input. Eig.(b) illustrates two different cases. The reat pl
illustrates the charging process with relativelyghhicharging current, while the blue
waveforms illustrate charging process with curré@&o of the previous. This issue could be
solved by the control of charge/discharge processrein the real capacitor voltage is
estimated from the capacitor model and measurad ingitage and current.

uco Ucomax
10 : e . T : i ico

AUc=AE

IcHighy

The ultra-capacitor voltage variation 10% |

Specific energy [Wh/kg]
(=)

Icrow

-3
10 O O 3 O O 0 4 N
107 10" 10° 10' 10> t>
Pulse width [s]

(@) (b)

Fig.2.7 lllustration of the effect of the ultra-capacifrequency dependent capacitance on energy
storage capability. a) Effective specific energysusrcharging/discharging pulse width, and b)
time diagrams for two different cases, short palseé long pulse.

The charge criterion is the voltage across the @apaerminals, which should not be
higher thanJcomax The difference between the steady state voltalges Uco, represents the
difference in the stored energy in the ultra-cajpacifor different charging speeds.
Considering a linear capacitor with frequency deleem capacitance, one can estimate the
difference in energy stored 4E.

— 1 2 2LJC01
AE‘EC‘)AUC‘)[“F ’ (2.13)

where4Uco strongly depends on the time profile of the chaggiurrent.

2.2.2.Simplified Model
For simplicity of the following analysis, a firsrder nonlinear model of an ultra-

capacitor is used. The model takes in account ithead (voltage independent) internal
resistanceRcy and total capacitance as a function of the capaeltage. Effects of the

-25-



2. AN ULTRA-CAPACITOR AS ENERGY STORAGE DEVICE FOR....

transmission line are neglected. The internal exjait resistancdco is modelled as a
constant and frequency independent resistance 2Rgdepicts a simplified model of ultra-
capacitor used in the analysis. The equivalent@tgaconsists of a linear capacitGs and
parallel connected voltage dependent capaCifag).

ico Rco
\

+ >

(o]

uc

2 Cwo _7\ O =<

Fig.2.8 Simple RC model of the ultra-capacitor.

The total capacitance of an ultra-capacitor isagstcontrolled capacitance defined as
Clue) = C, +ke [, (2.14)

whereC;y is initial linear capacitance which representtetestatic capacitance of the
capacitor, andkc is a coefficient which represent the effects ef diffused layer of the super-
capacitor. In case of a hybrid super-capacitor,cihefficient models the Faradic effect and
electrochemical processes on one side of the dap§&9].

The capacitor current defined is

=0 el v ST e )2 2.15)

The capacitance denoted &fuc) is a virtual capacitance, the so-called current
capacitance. Substituting.(4) in @.15) yields

C (u)=C, + 2k, [u, andi, = (C, + 2k mc)oij—“t‘:. (2.16)

2.2.3.The Ultra-capacitor Energy Capacity

Energy stored in the ultra-capacitor charged toltageuc is
1 4 1
Ec(uc)zz(co +§kcucju(2: =§CE(UC)U(22 ' (2-17)

The capacitance denoted@guc) is the so-called energetic capacitance.

The energy available from the ultra-capacitor disghd from the initial voltage
Ucomaxto the final voltagéJcominis

AEC =%(U§Omax _UéOmin)+§KC (Ugoﬂax _Ugomi") ' (218)

This equation will be used to compute the energy tlan be stored and restored from
the ultra-capacitor in real applications. For exlanjit could be braking energy or ride-
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through energy in variable speed drive systemss Wil be discussed in more detail in
chapter 3.

2.3.The Ultra-capacitor Charge/Discharge Methods

Theoretically, four different power conversion medee possible; constant voltage,
constant resistance, constant current and constaver conversion mode. The first one is not
applicable because the ultra-capacitor is some kihd/oltage source with an internal
resistance. The most important characteristicshef dther three conversion methods are
briefly discussed in the following section.

2.3.1.Constant Resistive Load

Constant resistive load is the simplest chargdidigge method. The capacitor is
charged from voltage sourdgys via a charge resistd, and discharged in the load resistor
Ro. However, because low conversion efficiency thisthmod is rarely used in power
applications, and therefore will not be discussed.

Ro ico Rco ico Reo
3

]

+ i + ‘

Ro
() Veus § C(Ui?é_ Co ;: C(Uc_)?é_ Co ;:

(@) (b)

Fig.2.9 The ultra-capacitor resistive power conversirCharging, and b) discharging.

uco

uc
uc

2.3.2.Constant Current

The ultra-capacitor can be charged/discharged wiitonstant current load/source.
Constant current load/source is often found in lai@d power converters, such as regulated
chargers and constant torque driven electric motors

ico Rco
A

>
+ +

/-

uc

o<

I GD § C(Ui7

q

Fig.2.10 Charging/discharging the ultra-capacitor wittonstant current source.

2.3.2.1.Discharging
Let the ultra-capacitor initial voltage hé-o and the ultra-capacitor, and assume the

ultra-capacitor is being discharged by constanteriirl,. The capacitor internal voltage
declines as
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c: 1 C
Uc(t)z\/4—k0§+E(UCOCO+U§0kC_IOt)_i .................. O<t<TDIS’ (219)
where the discharge time is
T =2 (CU,, +kUZ,)
DIS I 0~ Co co/ " (220)

0

2.3.2.2.Maximum Discharge Power

Maximum power delivered to the load is limited adefined by the capacitor internal
resistancdRco,

u2

POMAX _ﬁ- (2.21)
0

The currently is limited and depends on the capacitor voltageand the internal
resistancdRco.

u
0< 1y < lguax Where |, :KC (2.22)

0

If the current exceeds the limit, the capacitomieal voltageuco, becomes negative
and the load changes in the nature and turns @ $®urce. However, the capacitor is still
being discharged. All energy recovered from theacdpr and energy delivered from the
current source is dissipated in the capacitorsnateseries resistané®,.

2.3.3.Charging

The ultra-capacitor voltage during the chargingcpss is

C: .1 C
uC(t)z\/4k0§ +E(UC°C°+Ué°kC+|°t)_2koc .................. 0<t<T,. (2.23)

The charge time is

1[C? c,
TCH :E{To_kc(uomax_Rcolo-FiJ _COUCO_kCUSOJ’ (224)

whereUpuaxis the capacitor terminal voltage.
2.3.3.1.Maximum Charging Power

In charging mode the currehtis negative. Maximum current that can be injected i
the ultra-capacitor is limitated by the capacitamniinal voltagéJomax,
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_ UOMAX —Uc

OMAX —
Reo

From @.25) one can define maximum charging power asnatifon of the capacitor
resistance and the capacitor voltage,

| (2.25)

Po :UOmax(UOmax_uC)
MAX *
Reo

(2.26)

2.3.4.Constant Power

In power conversion applications, most of load aodrces behave as constant power,
either positive or negative. Typical examples othsiconstant power loads are power
converters having regulated output voltage, suchudse width modulated (PWM) variable
speed drives and dc-dc converters. According toctrerention on Fig2.11, power of the
load is defined aB., = -u.4.,,» Where power is positive in sink (load) mode aedative in

source mode.
ico Rco
+A 4 +

Pco [

Cwo _7\ Co

uc

Fig.2.11 Charging/discharging the ultra-capacitor wittonstant power source.

2.3.4.1.Discharging
The circuit in Fig2.11 is described by the following differential etjon,

2 2 :
_ Pco d'co + 2 Pco dlco

2
PCO= 0 i3 dt 0~0 i4 ( dtj ’ (2.27)

co Co
where the ultra-capacitor is taken as a linear @gpakc=0). If the ultra-capacitor is
properly selected, the powd?co is much lower than the matched maximum power,
2
P,<<P._, =U%Rc , and therefore the ultra-capacitor resistaRggcan be neglected in the
0
analysis. From those two approximations one obthi@siltra-capacitor discharging current

i D_|PCO| Coué
©7 u.\cui-2rPt’ (2.28)

where the voltag&lco is the ultra-capacitor initial voltage. The maxmmulischarge
time is
ClU¢

2P| -

t<

(2.29)
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2.3.4.2.Maximum Discharge Power

Just as in the case of current or resistive digghahe capacitor maximum power is
limited due to internal series resistai&®. The maximum power that can be delivered to the
load having constant power characteristic is

u2

POMAX =chco. (230)

Please note that the maximum power is defined lyctipacitor voltage anBc,
exactly as in the two previous two cases (cons&sistance and constant current load). There
iIs however an essential difference. If the loadigher than the maximum power at given the
ultra-capacitor voltage, the system becomes urestaid the voltage collapses.

2.3.4.3.Charging

In the charging mode of an ultra-capacitor, the gowf the power sourcBco is
negative according to the notation in R2gl1. Using the same method as we used before, but
simply applying negative power, we obtain the ultagpacitor charging current

[} F%O C%LJémm
co U COU 2 + ZPCOt ! (2.31)

Cmin

Cmin

where the initial ultra-capacitor voltageUgmin.
2.3.4.4.Maximum Charging Power

In charging mode the powd?co is negative. Thus, the maximum power stability
criteria is not applicable in this case. In otheres, the system described by Fayll is
stable in charging mode regardless on the pd&erin a real application, however, there is
another limitation that defines maximum power tta be transfered into the ultra-capacitor
bank. It is the limitation of the power source nmaxm voltagdJomax,

=) — U omax (UOMAX ~ uc) . (2_32)

OMAX
Resr

2.4.Frequency Related Losses

As mentioned in sectioB.2.1, the ultra-capacitor is a non-linear devigih voltage
and frequency dependent properties. In this sectlon effect of the frequency dependent
resistance on the conversion losses is discussed.

One can distinguish two different frequency rangesspectrum of the capacitor
current. The first one is low frequency, whichetated to the capacitor operational mode and
cycle. The second one is high frequency currenttdilee nature of the power converter used
to charge/discharge the ultra-capacitor. Low fregyecurrent is normally aperiodic, while
high frequency current is periodic, where the baseciod is multiple or fraction of the
switching periodTls.
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2.4.1.How to Calculate Total Losses in Case that the ESR a Function of
Frequency?

The serial equivalent series resistance is thaiéecy dependent resistance. Based on
the time to frequency transformations, one can lcaolec that the resistance is alos time
dependent.

Reo = Reol@) = Reo = Rolt) (2.33)

Due to the frequency dependent resistance, instaots voltage and current are not
linked by a simple coefficierRco,

ESR( )¢ RCO [[ICO( ) (234)

Considering the excitation curreib is sinusoidal functioiy,(t)= I ., sin(«,t) , one can

write that instantaneous voltage and current ateeti by a simple coefficiemco, whereRc
is the resistance at a specified frequency,

Ueer(t) = U carSin(@nt) = Reo (@), Teo SINEt) = Re (@), ico t). (2.35)
Instantaneous power of the residRag carrying a curren is
P() = Ueeslt) 5 (1) = 1 (1)), 0), (2.36)

where u..=f (i,(t) is the voltage across the equivalent series eswist of the

capacitor as a function of the current. This nadnity is some kind of hidden nonlinearity,
which exists due to the frequency dependent registaf the capacitor.

Average power calculated over a periois
1 t+T
Pu(T)== [ 1 (ic : (2.37)

where the period represents the fundamental period in case of gierifoinction. If
the current is non-periodic, represents the period of observation.

2.4.2.The Current is Periodic Function

Consider the currentyg is periodic function with a period,, and angular frequency
ap. This current can be expanded in a Fourier series:

ico (t) = Z I co(k) Sin(k%t + ¢k) : (238)

k=0

The voltage across equivalent series resistanceatsm be expanded in a Fourier
series

Uese(t) = D Re (ke ) O g sin(keat +44, ), (2.39)

k=0

where R, (ka,) = R,,(e) is the frequency dependeRg, of the capacitor. Since the
resistor is quasi-linea2(35), the phase displacement for each harmorgeris, andy, =g,
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as a consequence. Inserti2g3g8) and 2.39) into @.36) yields instantaneous power dissipated
on the resistoRco,

D0 = 2oy inlaat +0,)0 Reg k)  sinficat +4,). (2.40)

Using the Lagrange identif@2],

+00 +00 +00 +00 400

£, 0, = Fug D Fapy = D FugFag) + 2 2. Fife) Fim) (2.41)

k=0 k=0 k=0 n=0 m=0 m

where f; andf, are regular functions which could be expanded itemaal series,
yields

PO = Y Reglke 1 (1~ cod2kaat + 24,
. : (2.42)
+Z Z | o(n) |:lF‘)co (ma)o)l o(m) Sin(nwot + ¢n ) Bin(mwot + ¢m)

The average power dissipated over a peficl

1

o] B3 Relkaa) it o-codorar +20)+

P (M) == dr

roo te ' 2.43
Ll Z Z | co(n) ER:o(m%)I co(m) Sin(n%r + ¢n)3in(m("f)r + ¢m) ( )

n=0 m=0 nzm

Using orthogonal property of tisn andcosfunctions,

t+T t+T
[sin(ayr)codegr)dr =0, [sin(nayr)sin(meyr)dz| , =0
t t+T t (244)
fcos(na,g)r)cos(m%r)d 7] =0,

yields an average power
1& 5
PAV(T) =EZ Rco(ka%))l:lo(k) : (245)
k=0

Please note from2(45), that the total average power depends styoogl the
frequency spectrum of the capacitor current. Thosestimate total losses one has to take
account of the real time profile of the capacitorrent.

2.4.2.1.Low Frequency Current

In the general case, the low frequency current dde either pseudo-periodic or
periodic, depending on the application. The dominame constant and fundamental
frequency depends on the charge/discharge cycle pamer/current level. This can be
expressed as

icofl_F (t):icofLF (Po’Uco’RcovC)' (2_46)
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Two application examples are illustrated in RAdl2 and Fig2.13. The first one is a
tooling machine application with intermittent loathe ultra-capacitor is used as an energy
storage device to filter peak power from the maswpply. Fig.2.12 (a) shows an
experimental waveform of the ultra-capacitor currand voltage. The current amplitude
spectrum is shown in Fi@.12 (b). Note that the dominant frequency (firatrhonic) is 0.48
Hz and the higher harmonics fall in the mid-frequerange (see example in F&6). Hence,
the losses have to be computed taking all specwwaiponents of the current and the
frequency dependent resistance into account, @ giv@.45).

'YOKOGAWA 2010/03/19 09:29:50 Normal @ Offset
Stapped W s |[]

Main : 125 k 500ms;/div|

The ultra-capacitor current amplltude spectra

Current[A]
-—‘N w &\lu C\ \EOO el

ML MATH M3 MATH Edge IIII.'. l--._--_.--
i : 5

o

500 A 100V 0.20A

2 2 DCOFF  # Fequency [Hz
(a) (b)

Fig.2.12 Variable speed drive with the ultra-capac®energy storage device used to filter the drive
input peak power. a) Experimental waveform of theatcapacitor currertg[5A/div] and
voltageuco[100V/div]. b) The current amplitude spectra.

'YOKOGAWA 4 2010/03/19 11:06:41 Normal @ Offset

Stopped Wy 2.5/s KXo ]
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The ultra-capacitor current amplitude spectra

=)

Current[A]
- N W A WL O N 0 O

/
ML MATH EER Edge II.I-.I ..-. --_.—-l
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2 DCOFF  # Fequency Hz]
(@) (b)

Fig.2.13 Braking and energy recovery cycle of a vaeageed drive with the ultra-capacitor as energy
storage device. A) Experimental waveform of theauttapacitor currerigg[SA/div] and voltage
Uco[100V/div]. b) The current amplitude spectrum.

Another typical application is a lift or hoistingp@lication with a requirement for
braking. The waveforms over one entire cycle amwvshin Fig.2.13 (a), while the amplitude
spectrum is shown in Fi@.13 (b). In this example, the current fundameftduency is
below the ultra-capacitor mid-frequency range. €fae the losses can be computed using
the total RMS current and that the resistancenstamt (frequency independent).
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2.4.2.2 High Frequency Current

The ultra-capacitor high frequency current is therent ripple caused by the power
converter used to charge/discharge the ultra-cepacihe current ripple depends on the
power converter topology. This will be discussednmore details in chaptet. For the
moment, we can assume that the power converteesgjed in such a way to have the
current ripple significantly smaller than the awggaurrent (selecting an appropriate topology
or adding a low pass filter between the conventet the ultra-capacitor). Also, it is assumed
that fundamental frequency of the current ripplefas above the ultra-capacitor cut-off
frequency (the capacitance and resistance carsbhenas as constant properties).

2.4.3.The Current is Non-periodic Function

Let’'s consider that the capacitor current is noniguic function. Typical example is
variable speed drive with extended ride-throughabdjty. The ultra-capacitor is employed as
the energy storage to supply the drive system $e céd short power interruption. An example
is illustrated in Fig2.14. The waveforms of the ultra-capacitor curard voltage are shown

in Fig. 2.14 (a). Fig.2.14 (b) shows the current amplitude spectrum cdetpwvithin a
window T=50s.
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Fig.2.14 Variable speed drive with emergency supplgtas the ultra-capacitor as an energy storage
device. a) Experimental waveform of the ultra-cépacurrentico[5A/div] and voltageuco
[100V/div]. b) The current amplitude spectra.

The ultra-capacitor current and voltage drop onedbeivalent resistoRc, could be
represented by Fourier’s integrals

+o0

)= [1 (000, )= o [R (1 (1 e, (2.47)

—o0

Then, instantaneous power dissipated orRthas

+00

p(t) :% Ji( ja))ej‘*‘da)DT Reo(j @) (jwle™dw. (2.48)

—00
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From the condltlonsj (t)dt<w and juESR t)dt<e it follows that average power is

—00 -0

zZero

N
P —ITI[Q;_IT p(t)dt=0. (2.49)
2

Please, note that average pow2#9) is zero, and as that it has no practicalezalu
However, the question is how to evaluate the d&pacitor losses? Is it sufficient to compute
the losses or is some other quantity as imporfah&?quantities are important, namely: 1) the
energy dissipated on the internal resistor anti@)odule temperature increase.

2.4.3.1.The Energy Losses

The energy dissipated on the ultra-capacitor i@t is

E oo J'p(t)dt——jU Ja))e"‘*decho jo) (Ja))e““dw] (2.50)

2.4.3.2.The Ultra-capacitor Temperature Increase

The power losses can be computed in the frequeonnyath from 2.47) and using
convolution in the frequency domain.

pli6) =5 [ (Ra(io (10} (i(w-o)a @5

R.,(jv) is the ultra-capacitor resistance as a functiotherfrequency2.10), I (jv) is
a spectrum of the ultra-capacitor current and angular frequency.

The ultra-capacitor temperature rise can be condpage

A6(t)=%TIp(jw)Z(jw)emda’y (2.52)

whereZ(ja) is the ultra-capacitor thermal impedance.

2.5.Trends in the Ultra-capacitors Development

Two key features are relevant for the developmédntew generation of the ultra-
capacitors: 1) energy density and 2) the intermgiiv@lent series resistance that basically
determines the power density. Presently, most cawially available ultra-capacitors have
the energy density around 5Wh/kg and a power dengit to 20kW/kg[70]-[73], [84].
Existing ultra-capacitors energy density is apprately 5% of the energy density of the
broadly used lithium-ion batteries. For most of laggtions this is not sufficient. There is
need for energy densities of 20Wh/kg or more.
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Currently, there are four different mainstreamshia ultra-capacitors development: 1)
Carbon nano-tube technology, 2) Nano-gate techyol®gso-called EeStore technology, and
4) Mega farad super-capacitor technology. A sumnwrgll four ongoing ultra-capacitor
technologies is given in TABLE-3.

A team at Massachusetts Institute of Technology T(Mled by Professor Joel
Schindall has started development of new ultra-ciégra based on carbon nano-tube
technology[86], [87]. An ultra-capacitor based on such an approemhid have energy
density as high as 25% or even 50% of the energgityeof the existing chemical batteries.

Okamura Laboratory and Power Systems have annourfost significant
development results of new generation of ultra-capabased on very promising Nano-gate
technology in September 20088]. The expected energy density is 50 to 80WhvKgch is
the same order as the existing electrochemicadtedt

The third, quiet different ultra-capacitor techrpjois so-called EeStore technology,
which promises to increase the energy density @8@Nh/kg, and the operating voltage up
to 3000V, [89]. These ultra-capacitors are based on highagelt multilayer ceramic
technology, and therefore the internal series taasi® is expected to be very low compared to
the existing technologies.

A recently announced technology is the double layaracitor with a thin layer of
high permittivity material on top of the activatedrbon electrod¢90]. Expected energy
density is two order of magnitude greater thantegsechnology, ~500[Wh/kg].

TABLE 2-3: Existing ultra-capacitor technology versushteslogy under development.

The existing Nano-tube Nano-gate EeskE Mega Farad
technology super-capacitor
Energy density ~5 20-40 50-80 ~280 ~500
[Wh/kg]
Operating <2.8 ~3 ~3.9 3000 <2.8
voltage [V]
Internal 0.66+1000/C* As the existing As the existing Lowteart the | As the existing
resistance [12] existing

* This is an approximation where C is the cell caaance [F].

The ultra-capacitor cost is driven by the markeajnly the automotive industry. As
the application fields of ultra-capacitors increasehe cost of ultra-capacitors decrease. The
cost prediction for 2010 is 1.28US$ per kJ of toees] energy84], [85].

2.6.Short Conclusion

In this chapter, the ultra-capacitor as an enetgyage device dedicated for power
conversion applications has been discussed. In ansgn to state of the art electrochemical
batteries, the ultra-capacitors have higher povesrsity, higher efficiency, longer lifetime
and greater cycling capability. In comparison te sate of the art electrolytic capacitors, the
ultra-capacitors have higher energy density. Adiséh advantages make the ultra-capacitors
good candidate for many power conversion applicatigith a need for short term, 0.1 to 15s,
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energy storage. The applications could be industriapplications, power
transmission/distribution network, building anddé@ntre.

The ultra-capacitor macro model has been discuddepending on the application
need, a simplified first order or higher order RGdal is proposed. The model can be used to
estimate the ultra-capacitor losses and temperafire first order model is sufficient if the
ultra-capacitor current frequency is well belonwabove the transition frequency. Otherwise, a
second or even third order model is necessary.fifsteorder model is sufficiently accurate
for the interface power converter controllers’ gsa and synthesis.

State of the art ultra-capacitor technology isvat@d carbon double layer capacitor
[70]-[73], [84]. Among this, there are four different techrgpées under development: 1) Nano
tube capacitof86], 2) Nano-gate capacitf(88], 3) EeStore high voltage multilayer capacitor
[89], and 4) Mega Farad ultra-capaciféf]. All technologies under development promise
order of magnitude higher energy density in congmerito the state of the art technology.
Some of them, for example technology 3) and 4)mise energy density even greater than
state of the art electrochemical batteries.
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3. ULTRA -CAPACITOR BASED REGENERATIVE ELECTRIC DRIVES

3.1.Background

In general introduction of the dissertation, apgiien of controlled electric drives and
some associated technical issues have been didckssethe sake of clarity and simplicity, a
part of that discussion has been repeated in hiaipter.

Modern controlled electric drives are exclusivesed on three phase motors, either
the induction or permanent magnet (PM) synchromoa®rs. The motor is powered from a
pulse width modulated (PWM) converter, and the eoter is supplied from the industrial or
distributive mains 230 V to 690V and 50 to 60Hzv&al technical issues in application of
such drives are still a big challenge. Two of thsseies, namely 1) recovery of the braking
energy and 2) the drive ride-through capabilitye discussed and a solution is proposed in
this chapter.

Most of drive applications, such as lifts, cranemling machines, and so on, are
characterized by low balance between average aakl p@ver. Moreover, such applications
have a demand for braking at rated power. In orglinariable speed drives, the mechanical
energy of rotating mass of the motor load and tleéomshatft is usually dissipated in a brake
resistor. The energy losses in such applicationsbea20 to 50% of the consumed energy.
Nowadays, having in mind energy crisis, this hasobee an issue that needs a very urgent
solution[6].

Modern variable speed drives are sensitive to tamsmsupply disturbances. The most
frequent disturbance is voltage dip/9d€§]. Power interruptions cause drop in the dc bus
voltage below the limit, and then the entire drsystem trips. The system interruptions are
very costly and unacceptable when the drive isiagph critical process industry, oil pump
systems or glass industry. Such kind of industryeh@eported losses ranging from 10k$ to
1M$ per a disrupting eveftO].

State of the art solutions can be split into twibedent groups: 1) back to back PWM
rectifiers and 2) direct (matrix) convertefs6]-[18]. These regenerative drives draw the
energy from the mains when operates in motoringenadd pump the energy in the mains
while the drive is in breaking mode. The main disadage of such solutions is the fact that
functionality of the drive is strongly linked to @hmains. In other words, any power
interruption of the mains is reflected to the driemd the drive is disabled whenever the
mains is interrupted for longer than one the mapsle (20ms). Moreover, such kind of
drives has a high power demand during acceleratinmhdeceleration. This modulated power
produces additional disturbances and losses in wejajly mains.

A basic idea of the regenerative controlled electtiive system using an ultra-
capacitor as an energy storage device is illustriaié-ig.3.1. The drive system consists of an
ordinary variable speed drive converter (the ingiotle rectifier, voltage dc link and output
inverter) and a parallel connected energy storagecd. The rectifier is connected to the
three-phase distribution network, while the invefeeds a three-phase motor (the induction
or synchronies PM motor). The energy storage dasic®mposed of an ultra-capacigo
and a bi-directional dc-dc power converter. Thergyestorage could be another type of
storage device, such as flywheel or battery. Howetlee battery is not an appropriate
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solution because limited power density, while tlyaheel is a system that is more complex
in comparison to the ultra-capacitor system.

For generality of the analysis, in the first pdrthos section the dc-dc power converter
will be considered as a controllable bi-directiodaldc power converter with one input (the
dc bus voltagersyg and one output (the ultra-capacitor voltagg). The dc-dc converter
could be, for example, non-isolated two-level aetilevel converter, multiphase interleaved
converter or an isolated dc-dc converter. The dcaloverter is controlled by the control
variablem that could be duty cycle, phase shift or switchireguency, depending on the
converter topology. More details of the dc-dc poa@mverter will be given in chaptér

AN ORDINARY DRIVE CONVERTER

RECTIFIER . Lpus INVERTER

A B I RN
AR N I \[\*\

Caus

JLS @i ::|<:Jj ENERGY STORAGE
qr EMERGEAfCCY POWER

SUPPLY DEVICE

DC-DC

Fig.3.1 Concept of regenerative controlled electrisglbased on an auxiliary energy storage deviceaand
interface dc-dc converter.

3.2.Operational Modes

The drive system whose block circuit diagram isictegd in Fig.3.1 may operate in
six different modes. The modes are illustratedimn B.2 and Fig.3.3. The drive system is
represented by the rectifier, inverter, dc bus capaCgys dc-dc converter and the ultra-
capacitor. The dc bus inductbgys is not relevant for this analysis and therefores ijust
indicated in the circuit as an inductance betwéenrectifier and inverter. Fi@.4 illustrates
relevant waveforms for different operating conditgo The signification of voltage#susmax
VBusmin Ucomax Ucoinm @andUcomin that appear in Fig.4 will be discussed shortly after.

MM ) Motoring from the mains is illustrated in Fig.2 (a). The drive operates in
motoring mode, being powered from the mains. Theuwkvoltage/gys is slightly lower than
the input phase to phase peak voltage. The dc+uecter controls the ultra-capacitor voltage
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to Ucoinv, In Order to prevent energy flow between the wtmpacitor and the drive dc bus. In
this mode, the rectifier voltaggec is determined by the mains voltage and condudtate
of the rectifier diodes, where the diodes statdetermined by dc bus filter capacitor, inductor

and load48].

B) Braking and energy storing mode is illustratedrig. 3.2 (b). The drive operates in
braking mode. As the dc bus load is negative (tbédomturns to be a generator), the dc bus
capacitor is charged and therefore the dc busgmitas increases. Once it reachéssmax
the dc-dc converter starts to regulate the ultgc#or currenico in order to regulate the dc
bus voltage td/susmax The ultra-capacitor current is positive and theatcapacitor voltage
increases. The braking energy is stored into the&-ghpacitor. Since the dc-dc converter
controller is designed to maintain the dc bus \gatdsysmaxgreater than the input phase to
phase peak voltage, the drive rectifier is blockgtus the drive input current is zero and the
rectifier voltagevrec is equal to the dc bus voltageys The ultra-capacitor is sized to store
certain energy during a braking phase. Thus, aetiteof a braking phase the ultra-capacitor
voltage has to be lower than the maximum ratedagelt) comax

irec>0 isus IrEC= Isus Dcsus
> p

3
ld Frrrn 4

]

The mains supply

<— VBUS —>
AY
/1 Chus
—o/o—o/o—
The drive load
—o/o—o/o—
The drive load

™~
A
<—— Vrec —>

The mains supply

Ultra-Capacitor

T

Fig.3.2 The power flow for different operating modeste) mains motoring mod&IM ), b) braking
mode B).

Ultra-Capacitor
AY|
/1

STB) Standby mode: There is not energy flow betweendtive, mains and ultra-
capacitor. The ultra-capacitor voltage is constaaking any value betweebcomax and
Ucoinm. The control system is designed in such a wayamtain the dc bus voltage Y@ usmax
whenever the ultra-capacitor voltage is greaten theyinw. Therefore, if this is case in stand-
by mode, the dc bus voltage will stay constatzatmax

MC,) Motoring and energy recovery mode is illustratedrig. 3.3 (a). The drive
operates in motoring mode, being powered from the-gapacitor. The ultra-capacitor
voltage is greater thadcoinm. The dc bus voltage controller acts on the dcaltverter, in
order to maintain the dc bus voltage const&gt{ma). The ultra-capacitor is discharged and
its voltage decreases towards the intermediatd ldyg.m. The energy is restored from the
ultra-capacitor. Once the ultra-capacitor has lkstharged to the intermediate lel®ioinwm,
the dc bus voltage falls to the nominal voltage dreddrive rectifier diodes start to conduct.

The drive is again powered from the mains.
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RT) Ride-through mode is illustrated in Fi§.3 (b). The mains supply is interrupted
and the dc bus voltage starts to decrease quiCkige it has reached the minimum voltage
VBsusmin the dc-dc converter starts to discharge the -glacitor and maintain the dc bus
voltage toVsusmin The drive is powered from the ultra-capacitor.eThitra-capacitor is
discharged deeper below the intermediate Ie\sghm towards the minimum levé comin

MM-CH ) The ultra-capacitor charging mode is illustrated~ig. 3.3 (b). The mains
supply is recovered and then the ultra-capacitoeéharged to the intermediate lelglinw.

irec>0 isus>0

3
7 [RLRRA

irec=0 Isus DcBus,
. » i -
— > d
+

Py

/ I CIH/S

—o/o—o/ o—
The drive load

<«—— Vrec —>
The mains supply
<
-
Y

The mains supply

—o/o—o/o—
The drive load

iCﬂ

Ultra-Capacitor
I__
P A
\\

Ultra-Capacitor

(@) (b)

Fig. 3.3 The power flow for different operating modesengrgy recovery mod&iC ) and ride-through
mode RT), b) the ultra-capacitor charging modéN-CH ).

3.2.1.Definition of the Reference Voltages

Let us now explain the signification of the referervoltages/susmax Veusmin Ucomax
Ucoinm @andUcomin Fig. 3.5 () illustrates the signification of the refece voltages/susmax
andVgusmin OBF signifies Over-Braking Fault, while USF sifigs the Under Supply Fault.
When the system operates in the mains motoring mibéedc bus voltage takes a value
between minimum and maximum input voltage. In orkeravoid unnecessary charge and
discharge of the ultra-capacitor, the dc bus veltegference¥gusmin and Vsusmaxmust stay
outside of the normal operation range, as showfign3.5 (a). On other side, to prevent the
system fault, either OBF or USF, the dc bus voltagferences must not be in the forbidden
regions. Therefore, the referen®gusmin IS located within an interval [USF, Min Input
Voltage] while the referencésysmaxiS located within an interval [Max Input VoltageBF].

The ultra-capacitor voltage takes value withinraernval Ucomax Ucomin], @s shown in
Fig. 3.5 (b). The maximum voltagdcomaxis determined by the ultra-capacitor rated voltage
This limit must not be exceeded in any case; otlsenthe ultra-capacitor will be damaged or
even totally destroyed. The minimum voltddeyminis determined by the current capability of
the power converter and the ultra-capacitor; tiveelovoltage the higher current capability
and vice versa. The intermediate voltafigi,v can take any value between the maximum and
minimum, depending on the design criteria (ratidh&f braking energy capability to the ride-

through energy availability).
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MOTORING -THE BRAKING-ENERGY STAND-BY MOTORING - THE RIDE- | CHARGING ; MOTORING -THE
MAINS SUPPLY STORING ENERGY RECOVERY THROUGH MODE MAINS SUPPLY
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Fig.3.4 The waveforms for different operating modes:rttaéns motoring modeMM ), braking mode
(B), stand-by modeSTB), energy recovery mod&IC), ride-through modeRT), the ultra-
capacitor charging mod&iM-CH ) and the mains peak power filtering motiéPFM ).
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Fig.3.5 Definition of the reference voltages, Y&)ismax Veusmin @and, bUJcomin Ucoinm aNAU comax

3.2.2.Some Experimental Waveforms

Block diagram of an experimental set-up is depidtedrig. 3.6. A general purpose
variable speed driv&dTV71(5.5kW 400V) was used in the test set up. An witpacitor
module of 0.4F rated capacitance and 800V ratethgelwas connected to the drive via the
custom designed bi-directional dc-dc converter. €baverter was controlled by a digital
signal processor (DSP) TMS 320F2808 and interfa@nglog/digital electronic circuitry
(measurement, gate driving and protection). Difiereperation modes were analysed and
some waveforms recorded. The waveforms are depictddiiscussed hereatfter.
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IMAINS

Fig.3.6 Experimental set-up. An ultra-capacitor is cae@ to a general purpose variable speed drive
ATV71 5.5kw via the dc-dc converter.

Fig. 3.7 (a) shows waveforms of the dc bus voltagg, the drive input currenfans,
the ultra-capacitor currentico and voltage ucp when the drive operates in
motoring/braking/motoring cycle. The drive systeonsg in motoring modeMM ) being
supplied from the mains. The ultra-capacitor vatag)Ucoinv, While the dc bus voltage is
determined by the mains phase to phase voltagedlVuans ). Once the drive load is
inverted, the drive enters in the braking ph@&eand the energy being transferred from the
load to the drive dc bus. The dc bus voltages elevates up to the upper refereNegsmax
and then stayes regulated to that level. At theestaame, the input curremfans falls to zero.
The ultra-capacitor voltage increases and the oudecreases (charging/discharging power is
roughly constant). When the braking phase is fedsthe drive load becomes again positive
and the drive enters in motoring modé(,), being supplied from the ultra-capacitor. The
currentico turns negative and the voltage, starts to decrease towards the referehggw.
When the ultra-capacitor voltage reaches the reéerdcoinv the current droppes to zero and
the dc bus voltage falls to the nominal value. Thea-capacitor discharging is finished and
the drive is again supplied from the maihi\ ).

Fig. 3.7 (b) illustrates the system behaviour when tfakibg energy is greater than
the ultra-capacitor storage capability. In this ecabe ultra-capacitor is charged to the
maximum voltagéJcomaxbefore the braking is finished. As the voltage hescthe maximum,
charging is stopped to prevent break-down of theaidapacitor. The dc bus voltageus
starts to increase until reached over-braking ptmie level and drive system falls into over-
braking fault OBF). Shortly before the ultra-capacitor voltage hesched the maximum, the
dc bus voltage started to increase and followtleesiase in the ultra-capacitor voltage. This is
caused by the dc-dc converter duty cycle saturdtiorax=97.5%).

Fig. 3.8 (a) shows the waveforms in case of the maiost shterruption. The drive
runs in the mains motoring modsl!i ). Once the mains is interrupted, the dc bus veltag
falls to the minimum referendésusmin and stays at that level regulated by the dc bltsge
controller. The drive operates in the ride-thromgbde RT), being supplied from the ultra-
capacitor. The ultra-capacitor voltage decreas&swcoinv towardsUcimin. Once the mains
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is recovered after 1.5s, the ultra-capacitor isharged tdUcoinv (the mains motoring and
charging modeNIM-CH )).

Fig. 3.8 (b) illustrates a case when the power inteioaps longer than the specified.
The ultra-capacitor is discharged to the minimurtiage Ucomin, and then the ultra-capacitor
discharge currenty falls to zero. Since the dc bus voltage is notratled any more, it falls
below the limit, and the drive falls into under-piypfault (USF).
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Fig.3.7 Experimental waveforms of the ultra-capacitarentic, [SA/div] and voltageuc, [100V/div],
the dc bus voltagesys [100V/div] and the mains curreiians [50A/div] during an entire

braking-motoring cycle. a) The ultra-capacitorisgerly sized, and b) the ultra-capacitor is
under-sized.
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Fig.3.8 Experimental waveforms of the ultra-capacitarentic, [5A/div] and voltageuc, [100V/div],
the dc bus voltagesys [100V/div] and the mains curreitains [50A/div] when the mains is
interrupted. a) Short power interruption, and mglgower interruption.

3.3. Ultra-capacitor Selection and Design

The ultra-capacitor design and selection criteiobased on the three parameters. 1)
Rated voltage of the ultra-capacitor module, 2) utliea-capacitor rated capacitance, and 3)
the ultra-capacitor losses and conversion effigienc
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3.3.1.Voltage Rating

The ultra-capacitor module rated voltage dependgheninterface dc-dc converter
topology. In this analysis we have assumed thadthdc converter is a non-isolated direct
dc-dc converter with voltage gain not greater thaity uco/vsus<l. Therefore, the ultra-
capacitor voltage cannot be greater than the dosbligge. As the ultra-capacitor is charged
when the drive dc bus voltage is maximum (the disvéraking), the ultra-capacitor rated
voltageUcomaxiS

U C Omax < VBUSmax . (3 1)

The ultra-capacitor minimum operating voltage ised@ined by the dc-dc converter
current capabilitycomaxand conversion powét,

U > Ry

COmin = I
COmax |

(3.2)

Very often, the minimum voltage is limited to 40506% of the rated voltageJ)omin
=O.4_O.5 UCOma)).

3.3.2.The Capacitance

Most of the ultra-capacitor models presented initeeature consider a non-linear (the
voltage dependent) transmission line or a finitelex RC network76]. For simplicity of the
analysis, the transmission line effect is neglected a first order nonlinear model depicted
in Fig. 3.9 is used75]. The equivalent series resistariRg is the frequency-independent
resistance. The ultra-capacitor total capacitasdbe voltage-controlled capacitance defined
as

CCO(UC):CO+kC [uC 4 (33)

whereCy is the initial capacitance that represents thetelstatic capacitance of the
capacitor, andkc is a coefficient that represents effects of thituged layer of the super-
capacito69].

Rce

M .

ico

Ca:o_?é_ Co §

O <«— UHco—»0

Fig.3.9 First order RC model of the ultra-capacitor.

Energy storage capacity of the ultra-capaci®oB) is

C 2

c__0 §0max_ co/T 5 comax  “~co/? .
B =2 U~ )+ Sk Uima~UE) (3.4)

whereUcomaxiS the ultra-capacitor maximum voltage, which haen defined in3(1)
andUco is the ultra-capacitor initial voltage. The init@apacitanceC, for the given braking
energyEg and coefficienkc can be computed fro(B8.4) as
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_ékc(ug(max_ugoinM )j (Uz 2 ' (35)

2
C Omax U COinM )

G, =[EB

where the ultra-capacitor voltadécoinv IS the intermediate voltage thhas been
defined in Fig3.5 (b). The braking enerdsg is

tg

E, =77, [ R(t)dt, (3.6)

0
where 5g is efficiency of the entire conversion system,luding the motor, drive

converter, dc-dc converter and the ultra-capa@tbiciency. PowerPy(t) is the motor shaft
power andg is braking time.

The ultra-capacitor energy that is available fdefthrough cycle is

ERT =%(Uéomlv| _UéOmin)+§kC(U§0inM _USOmin)’ (37)

whereUcomin IS the ultra-capacitor minimum voltage that hasrbdefined in Fig3.5
(b).

The ride-through energigrt, which the ultra-capacitor has to provide to thivel
during a power interruption, is

1 tRT
ERT =— J R)(t)dt’ (38)
IV

M

wheretgr is the ride-through timeyy is efficiency of the entire conversion system,
which depends on the motor shaft powg(t) and internal resistance of the ultra-capacitor.

The ultra-capacitor intermediate voltadepinm is selected according to the application
requirement, for the braking energy capabilig (3.6) and the ride-through energy
availability Err (3.8). The intermediate voltadécoinv can be computed fron8.6) and 8.7)
as

E.UZ _+EUZ _
U ) D RT™ C Omax B~ COmin , .
CoinM \/ EC + ERT (3 9)

whereke/D.

Fig. 3.10 illustrates the ultra-capacitor intermediatdtage Ucoinm Versus braking
energy Egg and minimum discharge voltagacomin The ultra-capacitor voltages are
normalized on the rated voltagkomax While the braking energy is normalized on thestid
through energyErr. For example, if the ride through energy is 25%he&f braking energy
(Ebr/Ert=4 on thex axis) and minimum discharge voltage is 50% (theeblrace), the
intermediate voltage is approximately 63%.

3.3.3.Current Stress and Losses

The ultra-capacitor current, in general case has e@ssentially different frequency
components: 1) Very low frequency, and 2) high skitg frequency current.
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100

90|

uCOmin/uCOmax=60%

uCOmin/uCOmax=50%

uCOmin/uCOmax=40%

Relative voltage uCoinM/uComax [%]

0.5 1 1.5 2 25 3 3.5 4 4.5 5
Relative braking energy [Ebr/Ert]

Fig.3.10 The ultra-capacitor intermediate voltagg,v versus relative braking energy (determined as
ration between the braking energyand ride-through enerdsky) and relative minimum ultra-
capacitor voltage (determined as ratio of minimommeximum ultra-capacitor voltage).

Very low frequency current corresponds to the epergnsfer between the drive dc
bus and the ultra-capacitor (braking and motoriognfthe ultra-capacitor). Considering that
the ultra-capacitor is a linear capacitkg[{D.) and neglecting the internal resistaig one
can find the ultra-capacitor charging current as

C
i., OP 0
lco CO\/COU 2 T 2Pcot ) (3.10)

COmin

where the initial ultra-capacitor voltageUgomin.
Discharging current has similar form

C
0 I N .
co 0P| CU% 20 (3.11)

where the voltagelUco is the ultra-capacitor initial voltage. The ultapacitor
charging/discharging pow& is constant.

The ultra-capacitor losses are computed fr@3rh@) and 3.11) as

TE CO+2P " CHARGING
P(t) DRoPGy 0 - (3.12)
£ DISCHARGING

CUZ, —2P. t

The losses modeB(12) is correct only if the frequency of the chaggdischarging
current is lower that the ultra-capacitor cut-a#duency. Otherwise the losses have to be
computed using the method described in se@idr?.

High frequency rippledico could be neglected because the ripple is norneliye
smaller than the average current. If this is natase, the additional high frequency losses
have to be taken into account.

PC(HF) DRCO(HF)Aiéo(RMS) d (3.13)

whereRconr is the ultra-capacitor resistance at high frequency
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3.3.4.Conversion Efficiency

As given in B.12), the ultra-capacitor losses depend on a fesarpeters: the series
resistance, capacitance and the ultra-capacitialinbltage. Is it possible to select the ultra-
capacitor for the losses given as a design paratéte find answer on this question, let us
consider that the ultra-capacitor is charged (lmgknode of the drive system) froBtoinu
toward Ucomax With a constant powed?co. The losses-time profile and the energy lost durin
entire charge time can be defined as

C
P. (t) OR.,PS ° , 3.14
¢ o COUéOmaX - 2EBR + 2Pcot ( )
Tcw 2
Elosses I:“)copczo I 2 S dt= ReoFecCy In CZ:OUC Qe ) (3.15)
0 CoUc omax 2B, + 2Pcot 2 COUCOmaX —2E,,

whereTcy is the ultra-capacitor charge time, in this cdmelraking time.

The ultra-capacitor resistance depends also on dheacitance. The greater
capacitance the smaller resistance

Reo = f1(Go) s
LAC I (3.16)

0

Fig. 3.11 shows an example. The ultra-capacitor seessstanceRcy versus the
capacitanceC, is plotted for an 800V ultra-capacitor module. Thedule is composed of
series/parallel connected ultra-capacitor cellsdan 2.8\[91].

W

T

*

W
T

R

= UCo=780V
RCo0=0.19+1/Co

Equivalent series resistance RCo [Ohm]
Il

(=)

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Capacitance Co [F]

Fig.3.11 The ultra-capacitor resistariRg versus the capacitan€g. The red squares are value from
datasheet and blue line is interpolation. The mediarranged as series/parallel connection of
2.8V rated ultra-capacitor cells. The module ratelthge isUcoma=800V.

Substituting 8.16) in 3.15) yields the conversion energy losses as aimon the
capacitance€,

E o022 (0120C, +1)in— CWcomn (3.17)
LOSSES 2 0 COUSOmaX _ 2EBR .

Charge/discharge (round trip) energy efficiency is
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n =10({1— 2EILE°—SSESJ =10c{1—ﬁ(0.190o +1)In

BR BR

0™~ C Omax

COUCZOmax j .
U2 omax — 2Eer

(3.18)

Fig. 3.12 and Fig3.13 illustrate the conversion efficiency versus tapacitanc€&,
the intermediate voltadécoinm and cost of the ultra-capacitor module.

100

The round-trip conversion efficiency versus the ultra-capacitor size (capacitance)
!

85

80r

751

The conversion efficiency [%]

70

95

90}

/5.5kW
Ve
4/kw/ TAKW 11IKW |spw
L L L L
0.5 1 1.5 2 2.5 3

Capacitance Co [F]

Fig.3.12 The conversion efficiency and intermediateagat)qinv vVersus the ultra-capacitor rated
capacitanc€&, and the ultra-capacitor module cost. The ultra-ciémamodule rated voltage
Ucoma=800V, braking timelgr=20s, the conversion powBg=4kW, 5.5kW, 7.5kW and 11kW.

The ultra-capacitor volatge UC0inM versus the ultra-capacitor size (capacitance)
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The conversion cfficiency versus the ultra-capacitor cost
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Fig.3.13 a) The intermediate voltaeinv versus the ultra-capacitor rated capacitabycd) The
conversion efficiency versus the ultra-capacitodmie cost. The ultra-capacitor module rated
voltageUcoma=800V, braking timélzr=20s, the conversion powBg=4kW, 5.5kW, 7.5kW and

11kW.
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The conversion efficiency versus capacitance amtg® is computed fronB8(5) and
(3.18).The module cost is computed using prediatibh.28 $/kJ for an ultra-capacitor cell.
Taking into account that the module cost is appnaely twice of the cell cost, we have 2
€/kJ of total stored energy capacity.
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4. THREE-LEVEL INTERFACE DC-DC CONVERTER

4.1.Background and State of the Art

For the sake of better flexibility and higher eificcy of the controlled electric drive
with the ultra-capacitor energy storage, the utmpacitor cannot be directly connected to the
drive dc bus. An interface power converter is neags The converter is controlled in the
way depending on the system control objectivestrobrof the dc bus voltage, the ultra-
capacitor state of charge, active sharing of therggnbetween the drive and ultra-capacitor
and so on.

Typical dc-dc converter and variable speed dri\stesy is specified as follows:

The drive is supplied from a three-phase 400V 5idastrial network,
* The converter input is the dc bdsusmir= 450V, Veusmaz 800V,

* The converter output is the ultra-capacitd¢omir>250V, Ucomac 780V,
* The converter output current ripplico<20%

» Effective switching frequencysw 50kHz,

» Passive components: minimized,

» Efficiency: >95%.

Most of dc-dc converter topologies are based ormnary two-level single-phase or
multiphase interleaved topologig30]-[35], Fig. 4.1 (a) and (b). The main drawback of these
topologies is the fact that the switches are rétedhe full dc bus voltage. As the dc bus
voltage may go up to 800V, or more, the switchesrated on 1200V. This becomes an issue
if the converter switching frequency is high, let say above 20kHz. Two-level dc-dc
converter with soft switching is an alternati{@6]. This solution offers lower switching
losses. However, since the converter operatessgodtinuous conduction mode (DCM), the
peak current and ripple current are quite gredian tof that one operates in continuous
conduction mode (CCM). This causes problem of tidctor losses, particularly the core
losses. Fig4.1 (c) and (d) shows circuit diagrams of singlag#boost-back and buck-boost
topology. Those topologies are used in applicatibias require large variation of the ultra-
capacitor voltage around the dc bus voltage. ledlatc-dc converter topologies with soft
switching have been analyzed [B7], [38]. These topologies are attractive solution when
ratio of the dc bus voltage to the ultra-capacimltage is high, greater than 2. If the ratio is
lower than 2, the efficiency is lower than effioogrof a non-isolated topology.

4.2. Three-Level DC-DC Converter

Three-level converter is well adopted solution pplecations with high input voltage
and high switching frequency. The switches aresstd on half of the total dc bus voltage.
This allow us to use lower voltage rated switcheth wetter switching and conduction
performance compared to the switches rated forfatledc bus voltage. Therefore, the
converter overall performances, including cost &fiiciency, can be significantly better
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4. THREE-LEVEL INTERFACE DC-DC CONVERTER

MOSFETSs are used as the switches.
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Fig.4.1 State of the art topologies of the inter-cotineadc-dc converters. a) single phase two le®gl ,
three phase two level, c) boost-buck, d) buck-boost

Fig. 4.2 shows a circuit diagram of a three-level bediional dc-dc converter. The
converter is composed of four switch®¥is, SWg, SWa and SWg and four freewheeling
diodesD;a, D1g, D2a @andD2g, an output filter inductokco and two input filter capacitorGg;
andCBz.
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Fig.4.2 Circuit diagram of the interface bidirectiodaldc converter based on three-level topology.
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The input filter capacitors are series connected s@rve as a capacitive voltage
divider to split the dc bus voltaggys into two equal voltagesc; andvc,. The capacitors
mid-point is connected to the switching cell midfo

4.2.1.Analysis

The switchesSWa andSWg states are determined by a switching funcipand the
complementary function, while the switch&Wh\sg and SW, states are determined by a
switching functions, and the complementary function. The switching fioms s; ands; are
generated by the pulse width modulatBs8&M1andPWM2 The switching functions; and
s are

1, kTSW<tsTSW[k+%j &Tsw(k+1—%]<ts(k+1)'l'sw
s(t)= 4 g
0, Tsw(k+?1j<tsTSW(k+1—Elj

: (4.1)
1, kTSW<t—-I—S7WsTSW(k+d—22j &Tsw[k+l—d—22j<t—TSTWs(k+1)I’SW

st)= d T, d
0, Tsw(k+72j <t—%sTSW(k +1—72j

wherek is an integek O[,+») andTswis the switching period. The modulation signals

d; andd, are duty cycles generated by the control circliite control circuit controls the
ultra-capacitor currenty and balances the voltages andvc,. The modulation carriers are
triangular signalsr; andvy, shifted forz radians and running at the same frequdpgysee
Fig. 4.3 ). Fig.4.3 (a) shows the converter waveforms widgrd,<1/2, while Fig.4.3 (b)
shows the waveforms wheth=d,>1/2. Depending on the switches state, four differe
topological stages can be distinguished, namel3, AC and D. Equivalent circuit diagrams
for these stages are illustrated in g (c). The input filter capacitors are modeleddasl
voltage sourcegc; andvcs.

The stage A): The converter can be in this stadye ibthe duty cycles are lower than
1/2. The switcheSWg andSWa are closed, while the switch&W\, and SWs are opened.
As the currentcg is assumed as positive according to the circaigi@dim, the currenigg and
Ioa are negative; the freewheeling diod2s andD,a are conducting. The output voltage is
Vout=0, and therefore the curreigh decreases.
di u

oo —| _Heo | <
w12 @2

The stage B): The switché&Ma andSWp are closed, while the switch&W\g and
SWg are opened. The currenf is positive and the currenta is negative; the freewheeling
diode D4 is conducting. The filter capacit@sg; is discharged by the currenk. The output

voltage isvout=Vci1. The currenico decreases or increases. It depends on the uliecitar
voltage (duty cycle consequently).

di., 1 >0 Uco < Veu
== (v, —u
dt L, (v CO)L 0 Uy >V (4.3)
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The stage C): The switch@&\g and SWg are closed, while the switch&\, and
SWg are opened. The currentis positive and the currentz is negative; the freewheeling
diode D3 is conducting. The filter capacit@s; is discharged by the curreng. The output
voltage isvout=Vc2. The currentco decreases or increases, depending on the duty, cycl

i >0, U., <V
dic, 1 (ch_ CO){ co S Ve2

dt L, <0, Uy,>V, (4.4)
A A
nN— V11 SVT2 P nN— V7L SVT2 P
\\ ’/ N ,/ N VRN ’ di d
e S 4 \\ Vs . ) ’ \ S0 draz=
\ di d2 (N
Ny, - 2 \ 7 - / \ //,’\\//‘\\\ /’,\\
Py AY) » Py AY) »
] §2 [ ! 52
! s1 ! s1
A B i4; C {Ai B i4 D:C iD:B \D: C D
VBUS T VBUS
L ISWE | UCO —
< > Tsw
vBUS/2 Ll - vBUS/2 Yoot
ueo — < Tsw N2 Tsw ke >
ico ico
NN ~T N T T T
T4 1371
iIB iw
~" LT~ |~ | —
1771 I
LT~ T~ P | —
L iZB
(b)
D (—\
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I
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S E D
i
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- &
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Fig.4.3 Different topological stages of the three-led@ldc converter: a) ideal waveforms for d<1/2, b)
ideal waveforms for d>1/2, c) equivalent circuits the stages A, B, C and D.
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The stage D): The converter can be in this stagjeibthhe duty cycles are greater than
1/2. The switcheSW andSWg are closed, while the switch&W\g andSWa are opened.
The switches currenisa andig are positive. The output voltagevisu=Vsus, and therefore
the currenticp increases.

di 1
ﬁ:L_w(VBUS_UCO)>O (4.5)

Instantaneous output voltageyr can be expressed as
Vour (t) = VBUSSl(t)+V01(S1(t)_SZ(t))’ (4-6)

wheres,(t) andsy(t) are the switching functiond.(l).

Assuming thatl;=d,=d andvci1=vco=Vveud2 (this is a case when the converter is well
designed and controlled), from.{)-@.5) and Fig4.3 follows that

T
Voo 04722 2, ),

4.7)

Tsw

1
Ueo = T_ JVOUT (t)dt = VBUSd .

SW 0

As (4.7) shows, the output voltage is periodic functiath periodTsw2. That means
the effective fundamental frequency of the outpattage vour and therefore the output
currentico is twice switching frequencysw.= 2fsw. This has a significant influence on design
of the inductolLco, as it will be shown in the following section.

4.2 .2 Filter Inductor L g

Two main parameters are relevant for the inductsigh: 1) the inductandep,and 2)
lossesP, co.

4.2.2.1.Inductance L¢g

To compute the inductandey,, peak to peak current ripplecomaxhas to be defined.
From @.2)-@.5) and the assumptionk=d,=d and vci= vVc=Veud2 one finds the current
ripple as a function of the duty cyade

\Y

%(1—2@(1, d<1/2
Ai,(d)= 03 sw . (4.8)
—8 _(2d-1)1-d), d=>1/2
LCOZfSW
Maximum of the current ripple is
Dic oo = Do (d)emara = —20s
C Omax co\HJ4=12 L f 16 (4.9)

CO0 " sw

From @.9) one finds the inductanteo
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V,

> BUSmax (410)

L . ,
AI C Omax fSW16

CO

where the dc bus voltage (input voltage) is maximuoitage Vsus=Vsusmax 1The
current rippledicomaxiS given as a design criterion.

Please note that the inductandel(Q) is 25% of the inductance of two-level dc-dc
converter for the same current rippléecomax and the same switching frequenigy, That
means the inductor volume is 25% of that of theveational converter. Figd.4 shows the
current ripple versus duty cycle for the ordinawodilevel converter and the three-level
converter.

—_
T

TWO-LEVEL CONVERTER |

e
®

The current ripple [p.u]
o o
» o

THREE-LEVEL CONVERTER

<
[\V)
T
I

0 0.2 0.4 0.6 0.8 1
Duty cycle

Fig.4.4 The inductor current rippléico versus duty cycld (the duty cycle corresponds to the ultra-
capacitor voltagec). The ripple is normalized on the maximum currgople when two-level
dc-dc converter is used.

4.2.2.2.The Inductor Losses

The inductor losses consist of the copper (windiog¥es and the core losses. Both of
them depends on the inductor instantaneous cuifaatinductor current can be expressed as

3

ico (t) =1 co(pc) + Z I co(2nfgy) Sin(zna)swt + ¢(2na}sw)) ! (4-11)

n=1

wherea, = 27f,,. The converter switching frequency 5, andn is the harmonic
order.

The copper losses can be found in a general form

Pcu = ZléoRMS(n)RCU(anSW) ' (4-12)

n=0

whereRcy(n) is the inductor winding resistance that dependtherirequency.
The core losses can be defined in similar way,

Pc DZICZ;ORME{n)Rc(nszW) ’ (4-13)
n=0

where Rcentsw) IS the core equivalent resistance that modelsctre losses as a
function of the frequency92]-[98]. Here we have to highlight that the core Issseodel
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(4.13) is an approximation of the real core log§88§. The core losses modet.(3) was
extensively discussed |82]. Experimental verification o#(13) was also given.

The inductor losses mode#.(2) and 4.13) takes into account harmonics of the
inductor current. To simplify analysis, one cangiibte the current ripple by an equivalent
sinusoidal current with the RMS value and frequeseoye as the total current ripple. Such an
approach is not completely correct, but it is suéint for simplified calculation.

RMS value of the equivalent sinusoidal currentlegp

_ 4 ((1-2d)d, 0<d<1/2
0 — (4.14)

i ;
cormS(ztaw) Comx 31 (2d —1)(1-d), 1/2<d<1
wheredicomaxiS the current ripple4(9).

The inductor average current (dc component) is edetpfrom output powePc, and
the ultra-capacitor voltage: as

co

S (4.15)

PCO
UCO

Substituting 4.14) and 4.15) into 4.12) and 4.13) yields the inductor total losses,

PLCO(PCO’d)DRDC( PCO J

VBUSd

( iz, 16 (1-2dfd®>, oOsds1/2’ (4.16)
+ R:U(Zfsw)+R:(2fSW) |conax€ (Zd—l)z(l—d)z 1/2<d <1

where Rpc is the inductor resistance at low frequency, WRdgrsw) and Reorsw) are
the inductor winding resistance and the core edgmiaresistance at twice switching
frequency.

4.2.3.Filter Capacitors Cgy, Cg2

The filter capacitors are designed for two mairetia: 1) the capacitors peak and
RMS current, and 2) the input voltage ripple. Far@icity of the analysis one can neglected
the current rippleAico [D), and assume thdi=d,=d andvc1=vVc=Veud2.

Fig. 4.5(a) illustrates waveforms of the currents ic, and the voltageg:,, Ve, when
d<1/2. Fig.4.5 (b) illustrates the case whdrl/2. The capacitors current and the voltage
ripple are periodic functions with a peridgw= 1/fsw

4.2.3.1.Peak and RMS Current

From Fig.4.5 one can define the capacitors instantaneousrduas follows

ic1(t) = ico(d - Sl(t))

. . . 4.17

) =ico(d-5,0) (@47
As the dc-dc converter is loaded by constant pdwgrthe capacitors current has to

be defined as a function of the powes, and the ultra-capacitor voltageo.. Using the
assumptionfico [0 and substitutingd(7) and 4.15) into @.17) yields the peak current
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i — | — I:’CO ma){l, (1_ dmin)J
Clpeakmax ~ 'C2peakmax d ’
VBUS

(4.18)
min
and RMS current
P, [{1-d
I arws = lezrus = —— g (4.19)
Veus
ar ico
™ ™ — —T T —
D CiDi B D CiD
0 >
A A
ic 0 >
0 > e
N~ ~———— — e —
A
iCZ T
. N 0 >
ic:
y Tsw i TswE « Tow | Tswe | |
SN

>VQ Ve AN >Q >( :sz

ic
%
\

Y

(@)

>

Y

(b)
Fig.4.5 The filter capacitors currentg and &, and the voltageg.; andvc, at different duty cycle: a)
d<1/2 and b) d>1/2.

Maximum of the capacitors RMS current is

- | - I:)CO 1_ dmin
CIRMSmax C2RMSmax .
VBUS dmin

(4.20)
The capacitors losses are

P, ) (-d,,)
P01_P01:(VCOJ d min R

ESR?
BUS

min

(4.21)
whereResris the capacitors equivalent series resistance.
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4.2.3.2.Input Voltage (DC Bus Voltage) Ripple

For this analysis, the filter capacitors are taksnidentical Cg:=Cg,=C. The input
voltage peak to peak ripple is

5 (1-2d), d<1/2

Co _ .
Cvae2fay | (2d —1)1Td), d>1/2 (4.22)

Dg5(d) =

Comparison of the input voltage ripple of an ordynéwo-level and the proposed
three-level dc-dc converter is given in Fg6 The voltage ripple is computed for the same
conditions: the capacitan€g output powelPco and switching frequencigw As seen from
the graph, the three-level converter ripple iselotver than that of two-level converter. The
ripple ratio depends on the duty cycle range. & tluty cycle is in a range 1/2 to 1, the
voltage ripple of the three-level converter is rolyg20% of that of two-level converter. That
means the filter capacitor can be five times smdhan that of two-level converter for the
same voltage ripplévsus

—_

e
)

o
o)

TWO-LEVEL CONVERTER

e
IS
T

The capacitor voltage ripple [p.u]
o
o

THREE-LEVEL CONVERTER

1 L 1
0 0.2 0.4 0.6 0.8 1
The duty cycle

Fig.4.6 The capacitors voltage ripplegys versus duty cycle d (duty cycle corresponds tautira-
capacitor voltageco). The conversion powdl, and the dc bus voltadéysare considered as
constant. The ripple is normalized on the maximudtage ripple when two-level dc-dc
converter is used.

Maximum of the input voltage ripple is

P (1-2d,, ) d<1/2
Av =—c0 .
susma = Gy 210y | 8242 l 5 d=1/2 (4.23)
The capacitanc€ is computed from4.23) as
C > ma{ CO (1 dmm) CO (3 2\/_) J (424)
VBUS BUSma><2f BUS BUSmax2f
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4.3.Design and Selection of the Active Components

4.3.1.Advanced Semiconductor Switches

The most common power semiconductor switches usedwitch mode power
converters are Si based insulated gate bipolasist@m (IGBT), metal oxide semiconductor
field effect transistors (MOSFET) and PIN diodd®94]. In last decade, we have seen
intensive development of SiC based power semicdondsavitches, such as Schottky barrier
diode (SBD) and junction filed effect transistoFET) [105]. Fig.4.7 illustrates comparison
of performance of the most used semiconductor besic The conduction losses (on-state
voltageVcon) and switching losses of three types of activedwes, Si IGBT, Si MOSFET
and SiC JFET are compared at two different voltageg, 600V and 1200V. Comparison is
illustrated in Fig4.7 (a). Regarding overall performance, switching aonduction, in both
voltage ranges the SiC JFET is superior. 600V r&f€aSFET and IGBT have similar
conduction performances, while the MOSFET is superegarding switching performance.
In 1200V range, the MOSFET has superior switchiegfggmance in comparison to the
IGBT. The situation for conduction performance pgposite; the IGBT is superior. Here, we
have to highlight that technology of 600V and 1200@SFET is different. In 600V range,
super-junction technology is domingt01]. This technology offers significant improvente
of the switch conduction performance. However, eéhisr not possibility to implement the
super-junction technology in 1200V range.

Esw[nlJ/VA/ Esw[mJ/VA]
1200V Si IGBT 1200V Si PiN DIODE
600V Si IGBT
1200V Si MOSFET 7
600V Si MOSFET - 600V Si PiN DIODE
600V SiC JFET
1200V SiC JFET 1200V SiC SBD
600V SiC SBD
0 Veox [V]— 0 Veon [V]—

(@) (b)

Fig.4.7 Advanced power semiconductor switches perfooesnersus rated voltage. a) Active switches
and b) diodes.

600V and 1200V rated Si PiN and SiC SBD switchirgglds are compared. Note that
switching losses of SiC SBD are quite lower thaat tf Si PiN diode. The difference in on-
state voltage is less significant. SiC PiN diodaas considered because such type of diode is
applicable in very high voltage rather than in heitage applications.

4.3.2.Voltage Rating

The switches and diodes voltage rating is defingdhe switch transient blocking
voltage

V,
Vi =V, =%+Av, (4.25)

(max) D(max)
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where4V is the commutation over-voltad#00].

Since the switch voltage rating is a half of thebds voltage, a device rated for 500 to
600V can be used. It could be either 550V CoolMOBBEG600V IGBT. The first one offers
better switching and similar conduction performanoepared to the IGBTL01]. However,
the intrinsic FWD of the ColIMOSFET has inferiorashcteristics in comparison to the PiN
diode used in the IGBT module. This issue couldsblred by the use of some complex
topology, but it cause additional expenses andetosghus, 600V IGBT with an integrated
FWD is used as the switch.

4.3.3.Conduction and Switching Losses

The switches and diodes output characteristicsapproximated by the first order
functions

oF (ig,).

al S =VSWO +rSV\/lSW’
S

VSW ( )DVSWO
(4.26)
Vp —v( )DV +av6|( )I =Vpo +1pip s

D

wereVswoandrsware the IGBT threshold conduction voltage and dyinaesistance.
Vbo andrp are the freewheeling diode (FWD) threshold conduacvoltage and dynamic
resistance.

The switch and FWD conduction losses can be cordduben @.26) as

1 S
SW(CON) = T_ J swdt Dszo SWAV) swl éW(RMS) )
0
(4.27)
_ 1 2
D(CON) _T_ _[ ' dt DVDOI D(AV) +rDID(RMS)
SW 0
Commutation losses are
1 : : Eo +E
Pswsvv) = T_ (EON (VSW(ON) | SV\(ON))+ Eon (VSW(OFF) ' ISW(OFF))) 0 fswwvsv&sw ’
N"N
(4.28)

Pysw O fswivDiD ,
N'N

whereEon, Eorr andEq denotes turn on, turn off and reverse recoverynootation
energy, which are given at the rated volt&ge currently and 125°C junction temperature.

Let us consider that the curreidb is positive (the ultra-capacitor is charged). The
switches and freewheeling diodes current is detegthby the current, and the switching
functionss; ands; as follows,
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iS\MA = iCOSl(t) iS\NlB =0
[ =0 [ =i t
.ssz_ . .swza_ . cEfz_( )(t)) . (4.29)
Ipia = Ioie = lco S,
Ip2a =ico(1_sz(t)) ipse =0
The losses are computed from15), @.27), ¢.28) and4.29) as
P P2 ). 1 P
Pswia = Powes = (szo <+ Fsw 2cod J LY cod (EON + Eoee )fsw
Vaus Vaus 2Vl , (4.30)
CONDUCTION SWITCHING
Pswie = Pswza =0
P P2 \(-d) 1 P
PDZA = PDlB = (VDO -+ ' 2C0 J ( )+_ = Q'sw
Vaus Vgued ) d 2V, 1,d _ (4.31)
CONDUCTION SWITCHING
Poia = Poss =0

Remark: The losses equation4.80) and 4.31) have been derived assuming that the
ultra-capacitor current is ripple-fregi{o/0D) and duty cycles are balanceld=d,=d).

If the current is negative (the ultra-capacitodischarged), the losses have the same
form as 4.30) and 4.31) but redistributed to the complementary des/id&hen the duty
cycle is varying in time, as it is a case whenuhea-capacitor is charged/discharged, the total
loses profile can easily be computed frofn30) and 4.31) substituting the ultra-capacitor
current profile 8.10) and 8.11).

4.4.The DC-DC Converter Design Example

A 5.5 kW prototype was designed (see Big) and the proposed bi-directional dc-dc
converter experimentally verified. The converteedfication and parameters of the selected
main components are given in TABL£&L. Active power components (IGBTs and FWDs)
were selected for the target switching frequencybds voltage and ultra-capacitor current.
The filter inductorLco and input filter capacitor€g; and Cg, were designed and selected
according to the specification in TABLE-1 and the criteria4(10) and 4.24). Roc is the
winding resistance at low frequency dRqt is the winding resistance at switching frequency,
which was computed taking the high frequency rasist factor of 20102]. The resistance
Rc is the core equivalent resistance as a modeleottne losses4(16). The core resistance
was computed at the inductor rated current, usiegrianufacture datash¢&d3].

The inductor losses were computed frofil6) and the parameters in TABIZ=1.
Fig. 4.9 (a) shows 3-D graph of the total inductor logeissus output power and duty cycle.
As seen, the core losses are dominant in moseodplerating region. The core losses and the
total losses reach a peak at duty cyclede8/4 and d=1/2 and full load The first peak
corresponds to the maximum current rippde9} (and core losses), while the second one
corresponds to the maximum conversion power (andiequency copper losses).

The IGBTs and FWDs losses were computed frdm3(Q), 4.31) and data given in
TABLE 4-1. Fig.4.10 shows 3-D graph of the total losses (switclaindg conduction) versus
conversion power and duty cycle, where the dutylecyporresponds to the ultra-capacitor
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voltage. As seen from the graph, the losses reactinmm of roughlyl25Wat the maximum
output poweiPoy1=5500W and minimum duty cyckk=1/2.

TABLE 4-1. The converter specification

Nominal power Pco=5500W
DC bus nominal voltage Veus570V
DC bus braking voltage Vsusmax 700V
DC bus ride-through voltage Veusmir=450V
Switching frequency fsw=25kHz
The current ripple Aico=3A

IGBT/FWD 600V 30A

Vce Ree *EontEorr Vbr o *Eor
0.8V 27 80pJ/A 0.9V 20 R 10pJ/A
*Switching losses at =300V T=150°C
FILTER INDUCTORLcq CAPACITORCgy, Cg,
High Flux Powder Core (2x) 58192-A2 MKP EPCOS B3#3%106
L Roc Rac Re c ESR
580uH 38M0 0.80 30 2x10pF 3.75

Fig.4.8 Prototype of 5.5kW three-level dc-dc converter

Losses [W]
w

4000~ — 00 |

i
005 %6 Duy

0 05 Duty cycle d (~uCo/Vbus)

Fig.4.9 The inductor losses versus the load powgaRd duty cycle (that is proportional to the ultra-
capacitor voltage~eicy/Veys). Veus=700V and the inductor core temperatiligg100°C
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The switches losses [W]

0l

5000 e
4000

Load PCO [W] 2000 =

LS
1000

Duty cycle d (~uCo/Vbus)

Fig.4.10 The switches total losses versus the load pBwand duty cycle (that is proportional to the
ultra-capacitor voltagg=ucy/Veys). The dc bus voltages =700V, the switch junction
temperaturd;=150°C.

W]

v
3 e
S ]
</

The switch conduction losses [
v

The switch switching losses [W]
N
S

E .

.7

3000
2000 R 0
Duty cycle d (~uCo/Vbus)

S 2000 2
Load PCO [W] 1000 55 96 pytycycle d (~uCo/Vbus) Load PCO [W] 1000

o
<

—— 06
0.5

(@) (b)

Fig.4.11 The IGBT losses versus the load poRgrand duty cycle (that is proportional to the ultra-
capacitor voltage~ucy/Veug). @) Conduction losses, b) switching losses. Theus voltage
Veus=700V, the switch junction temperaturg=150°C.

Fig. 4.11 and Fig4.12 show graph of the IGBT and FWD losses versuwersion
power and duty cycle. The IGBT switching losses dominant and quite dependent on the
duty cycle. In contrast to this, the IGBT conduntiosses are almost constant overall whole
range of the duty cycle. The FWD losses, partitylaonduction losses vary significantly
with the duty cycle.

Fig. 4.13 shows the converter efficiency versus outmpwey and duty cycle. This
calculation shows that the converter efficiencyuste high, from 95% (at minimum output
power of 550W and duty cycle of 3/4) up to 99% atimum output power and maximum
duty cycle (d=1). In this calculation, the filteapgacitorsCg; andCg, losses and the control
circuit and gate drivers’ losses were neglectec filker capacitors losses are quite small,
below 1W in the worst case@£1/2 and maximum power). The control circuit and tjae
drivers’ losses were not calculated.
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The diode conduction losses [W]
" >
The diode switching losses [W]

v
3 ©
=
S

3000 = 03

2000 - 0.7
Load PCO [W] 1000 s 06 puiyeycle d (~uCo/Vbus)

(a) (b)

Fig.4.12 The FWD losses versus the load pogrand duty cycle (that is proportional to the ultegpacitor
voltaged=ucy/Vgys). @) Conduction losses, b) switching losses. Thbus voltagers =700V, the
switch junction temperaturg=150°C.

Efficiency [%]

Duty cycle d (~uCo/Vbus)

Fig.4.13 The switches losses versus the load powgar®l duty cycle (that is proportional to the ultra-
capacitor voltage~ucy/Veus). The dc bus voltage =700V, the switch junction temperature
T;=150°C, the inductor core temperatlige=100°C

Fig. 4.14 and Fig4.15 show waveforms of the converter output voltager, the
ultra-capacitor voltageico and the currentco when the ultra-capacitor voltageo takes
different value. Fig4.14 (a) and Fig4.14 (b) show the waveforms whag<vsud?2 (d<1/2).
The output voltage takes discreet value of zero an@2, which corresponds to the
topological stages A, B and C (F§3).

Fig. 4.15 (a) and Fig4.15 (b) show the waveforms whego>vsud2 (d>1/2). The
output voltagevour takes discreet value ofsyd2 or vsys, which corresponds to the
topological stages B, C and D (F#§3). Fig.4.14 (b) and Fig4.15 (b) show the waveforms
when the ultra-capacitor voltage is slightly loveergreater thangyd2. In the both cases the
current ripple almost disappeared, as giverif)(
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YOKOGAWA  2000/05/26 16:19:28 Normal @Hold Off YOKOGAWA  2000/05/26 16:20:33 Normal @Hold Off
Stopped o7 2.5GS/s Stopped T 1738 2.5GS/s
Va1 250k 10us/dr Van 1 250k 10us/di
4 : 2 Loy
A pr ico 2N\ /'/‘-\ 8\ e EEIR RN
=N Nl \ n;’/ NN s A e s e il e S S
v Z
& AN W & AW
v v ¥

|
[CH1 INPUTD]

CHZ INPUTT CH3 INDUT Edge (CHI INPUTQCH2 INPUTE CH3 INPUT Edge
IDC Full IDC Full IDC Full fcri K3 IDC Full IDC Full IDC Full
2.00 A/div 100 V/div {100 V/div 004 A 2.00 A/div 100 V/div (100 V/div 004 A .
10A:1V 100:1 200:1 DCOFF A =L 10A:1V. 100:1 200:1 DCOFF # *©

(@) (b)

Fig.4.14 Experimental waveforms of the output voltager [L00V/div] the ultra-capacitor curreid
[2A/div] and the ultra-capacitor voltagr, [L00V/div] for different duty cycle d. a) d<1/2) b
d=1/2-¢, wheree~0. Vgys=500V, icoay=10A, Lco=60QuH, fsw=25kHz

YOKOGAWA  2000/05/26 16:20:57 Normal @Hold Off YOKOGAWA  2000/05/26 16:25:05 Normal @ Hold Off
166 1400

Stopped 2.5GS/s ons_| Stopped 2.5GS/s [_ins |

Main : 250k 10us/div] Main : 250 k 10us/di

Your

B

CHi INPUTTCHRINPUTE 1 13 INPUT Edge
IDC Full
2,00 A/div
1AV

Edge
111 B
004 A .
DCOFF A =

(@) (b)

Fig.4.15 Experimental waveforms of the output voltager [L00V/div] the ultra-capacitor curreid
[2A/div] and the ultra-capacitor voltagr, [L00V/div] for different duty cycle d. a) d=1/2:+
wheree=0, b) d >1/2vgys=500V, icoay=10A, Lc=600uH, fsy=25kHz

Fig. 4.16 (a-c) shows waveforms of the output currerd an component of the
voltagesvci, Vcz andvgus when the duty cycle takes different valuesda}/4, b) d/1/2, c)
d/B/4. Noise in the voltage waveforms is the commutataise picked up by the active
voltage probes that were used to measure the ¢apaoltages. The output current ripple and
dc bus voltage ripple are practically disappearetha duty cycle approaches 1/2.

Fig. 4.16 (d-f) shows the output current, the ac compboéthe voltagesc: andve,,
and the capacitors mid-point curretit when the duty cycle takes different valuesdd}/4,
e) d/1/2, f) d/B/4. The capacitors mid-point currentic is alternative current having
symmetrical positive and negative segments. Spikasare seen in the current waveforms
(the red ellipses) are the FWD reverse recoverseatr

-66-



4. THREE-LEVEL INTERFACE DC-DC CONVERTER

@scale
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Fig.4.16 Experimental waveforms of the capacitor voltage vc,, [5V/div], the dc bus voltagess
[5V/div] and the ultra-capacitor curreigh [SA/div] at different the duty cycle. afD.25, b)
dD.5and c)dD.75The waveforms of the capacitor voltages Ve, the mid point capacitor
currentdic and the ultra-capacitor curragg at different duty cycle. dj{0.25, e)d.5and f)
dn.75 VBUSZSOOV,iCO(Av):lOA, LCUZGOQJH, fsW:25kHZ
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5. MODELING ASPECTS ANDCONTROL SCHEME

5.1.Modelling Techniques

In last two decades we have seen much researchtiastiin field of modeling of
switching mode power convertefd06]-[107]. To give background of these modeling
techniques, let us consider a power converter wiosait diagram is depicted in Fi§.1.
The converter consists of an input voltage sowgea linear and time invariant passive
network, a switching network, a vector of contr@riables and an output load given as
constant curreniy. The switching network terminal variables age v, i1 andi, .The input
variables are/y andip, andoutput variables arg andin. The control variables can be duty
cycle as wewll as switching frequency. In case afrencomplex converters, such as full-
bridge phase shifted converters, the control végigan be phase shift of the bridge driving
signals.

|
| [
o M -
+ [} —| e : 7]
! |
ViV |
O — ) _
| | i2
| /\/\/
! LINEAR & TIME INVARIANT | r\/\
SYSTEM ]
|
M S U S S R S — P —
NON-LINEAR & TIME ]
VARIANT SYSTEM i
F-===----=--5 01 — L o >
il VS »
A [} & | 12 e I o e
T 1 ] N
[}
Vi o } : v ) .
l I I L l 7
| 1
| 1Y V2
___________ ]
N/ I - - ~ o - o - }
CONTROL(d, fsw, §) Isw

(@) (b)

Fig.5.1 An example of switching mode power convertet ttonsists of a linear passive network and a
non-linear switching network. a) Circuit diagranddy) waveforms of the switching cell
voltages and currents.

The terminal variablesv{, v, i1 andi,) are periodic signals with the period equal to
the control signal period (as given in Figl (b)). Therefore, the terminal variables can be
expanded in Fourier series.
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w(t) = YV, (K)sin(ke7t, + ¢, (k)

-~ (5.1)
v,(t) = YV, (k)sin(k274,,, + ¢, (k))
L0 = 31, (K)sin(ker,, + ¢, (K))

(5.2)

L) =31, (K)sin(ker,,, + i, (K))

The analysis could be simplified if the followingsmamptions are made:
* The linear & time invariant passive network is esisdly a low pass filter, and
+ Dominant time constant of the linear passive netwemuch greater than the switching
period, Tsy<<T .

The terminal variables now can be approximatednsy élement of the Fourier series.
The first elements of the Fourier series are awekague computed over a switching period,
so-called local or moving average varialjE33].

1 t+Tsw

(v,)(t) = — [vi(r)dz

SW t

t+Tsw (53)
(v,)(t) =Ti [v@)dr
(== [iomdr
(5.4)

t+Tsw

(i,)(®) :Ti [i,(r)dz

SW t

Note: The switching periodiswis not necessarily constant.

The switching network variables are generally ranéigquency variables. In such a
case, multi-dimensional Fourier series can be agdpto obtain multi-frequency moving
average valug¢109]. Typical power converters that show such be&raare power factor
correctors.

The voltage(v,) and current(i,) are commonly treated as dependent variables, which
are nonlinear functions of voltages), (v,,), (v, the currentsi,), (i,), (i,) and the control

variablesd(t) and f,(t).
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(v)(0) = F1(<v2>,<v|N ) (Vo)) )+ (i), (E), fsw(t)’t),
(i,)(®) = F2(<V2>’<VIN D (Vo) (i) (i ) (i), d(t) fsw(t)’t)’

where nonlinear functiof; andF, (5.5) depends strongly on the converter topology
and operation mode, continuous conduction mode (C@Mliscontinuous conduction mode
(DCM).

To perform transient analysis, nonlinear equati(®m®) are linearized around the
steady state. The nonlinear equatioBsb) can be expanded in multidimensional Taylor
series. Neglecting higher order elements yieldsinarized equation that describes the
switching network.

(5.5)

3(0) 0250, (1) + -2 v, )+ -2 g, )+ 2 1)

o(v,) (Vi) 0(Vy) a(i,)
oF, - oF, - oF, - oF, ¢
N L T e i
- oF, _ oF, _ oF, /. OF, - 56)
lz(t) D0<V2> Vz(t)+ a<VIN>VlN (t)+m\/0(t)+mll(t)

oF, - oF, -\, OF, - oF, - 1y
) S a5 )

The circuit given in Fig5.1 can be now analyzed as a standard linear titldnear
differential equations in time domain or unilateraplace transformation in complex domain
are used. The output variables, in this case agooents of the output voltage and the
input currentiy are determined as a function of ac componentseiriput voltage, output
current, duty cycle and switching frequency, asesged in matrix form

{vo (S)} _ {Gdo(S) Gfo(S)}{ fd(s) } . {Gmo(S) Goo(S)}{vm (S)}

n(8)] | Gun(s) Ginl8)] fauls)] | GulS) GonlS)]l () | (5.7)
CONTROL DISTURBANE
where a transfer functioB, (s)is defined by the definition as
6, (5= .
AS)omegeonmsste (5.8)

VARIABLES-0

Remark: This approach is not completely correct. The snsadjnal model is
developed assuming that an instantaneous variable be de-composed in one variable that
is constant over time (steady state or equilibrippmt) and one superimposed ac variable.
Frequency of that ac variable must be lower thanNkquist frequency, in this case half of
the switching frequency. Applying the Laplace tfansation, however, does not give any
limitation of the signal spectra. It means thatsfgnal could be any regular signal having the
Laplace transformation, including the step functaomd even the Dirac function. This is in
contradiction with the first assumption of usingadinsignal model; limited spectra of the
superimposed small signal.
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5.2.The DC-DC Converter Model

Fig. 5.2 shows the converter equivalent circuit diagréhe input filter capacitors are
modeled by ideal capacitofSs;, Cgo. The capacitors leakage current is modeled by the
current sourcesg; andigy. ResistanceR co is the inductor resistance that is a constant
(frequency independent) resistance.

+ A
.+’}

D Ve

+ VBUS

D Vci

Y

Fig.5.2 The dc-dc converter large signal (average) model

5.2.1.Large Signal Model

Assuming thatgys=const the circuit in Fig5.2 can be described by the following set
of equations,

d{i '
Leo < Co> = <V01>d1 +<ch>d2 “Ugo ~ RLCO<ICO>

dA<VC> = 2 (<ico>(d2 _dl)+ (iBZ _iBl))

dt Cy +Cy,
1y, . .
:E(<|co>(d2 _d1)+ (laz _IBl)

1

{Vey) = 5 (<AVC )+ <VBUS>)

whereA(v. ) =(v.,) -(v.,), andis1 andig are the filter capacitors leakage current.

, (5.9)

Cp1=Cp2=C

Duty cyclesd; andd, are modulation signal®WM, andPWM,), which are generated
by a non-linear controller, where the control l&w i

d, ="Moo 4 pg
! j“z : (5.10)
d,=—2"teo _pg
V

BUS

Up is the main control variable, whiléd is the balancing duty cycle as an auxiliary
control variableuco is the ultra-capacitor voltage amgls is the dc bus voltage. The control
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variableup is generated by the current controller, whikkis generated by the voltage error
controller(4vg). This is discussed shortly after in secttof.2.

Substituting $.10) into 6.9) yields
dfi .
Leo <dct0> =Uu, '|'A<VC >Ad - RLCO<ICO>
: 511
dave) 2, 1 (5-11)

T - _E<|CO>Ad _EAiB

whereAi B:i B]_-i B2-

5.2.2.Linearization and Small Signal Model

The state and control variables of the systérhl() are approximated by the first order
perturbation model

<iCO> = ICO +iCO <AVC> =AVC +A\7C
Ad=AD+Ad Ai, =Al, +Ai, u, =U, +0, (5.12)
——

o

Substituting $.12) into 6.11) yields small signal model

I—co% = AO + AVCA& + ADA\?@ - RLCOiACO

) ) 5.13)
dAv 2 ~ 2 ~ 1 - (

dtc = _E l.,Ad _EAD|00 __él,_‘%

Circuit diagram of the small signal model is degitin Fig.5.3.

Rico Loo

ico NW“

AvcAD

2\

A
+

S |
SN 3 < ] c?
P QPP T

P

Fig.5.3 The dc-dc converter small signal model.

Appling Laplace transformation orb.03) yields the system transfer functions in a

matrix form
Jve] P Pl 019

vCB
%,_J

%f_/
ouT CONTROL
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where the transfer functions are

G = ics(S) _ sC

“ U(8) e S'LeoC +SCRg, +2AD°
G = ico(S) _ SCAV, -2ADI,

Ad(s)|, o SLeeC +SCRe, + 24D
(5.15)

o Av(s) AD

0 U(8) g SLeoC *+ SCRe, + 24D
G = Ave (S) =-2 Sleolco + (RLCOI cot ADAVC)

" Ad(S) |, e s?L.,C +SCR, + 2AD?

The capacitors leakage curretig is not included in transfer functiob.(5) because
this current is not dynamic variable (the capasitteakage current is constantto).

However, the leakage current has to be taken intmumt when computing steady state
balancing duty cycléD.

Al

I, =1
AD - — = B2 Bl
2 2 (5.16)

Fig. 5.4 (a) illustrates a block diagram of the smalinai model %.15). This model
will be further used for synthesis of the curreantroller (co) and the input voltage error
controller Avc). The transfer functions5(15) are second order functions, wherein the
nominators and denominator coefficients dependhensteady state variable$Vc, 4D, Uy
andlco. If the system is well designed and controllee, skeady state voltage balancing error
IS AV, =0. Furthermore, from5.11) follows that the duty cycledi andd, in steady state
must be equal, and theref@® =0. This is a case only if the filter capacitors leg& current
can be neglected\(g=ig1-ig2=0), for example when high quality film capacitore arsed. If
electrolytic capacitors are used, leakage currasttb be taken into account. In that case,
steady state balancing duty cycle is given®hy§).

Substituting conditionsAV, =0 and AD =0 into (5.15) yields simplified transfer
functions,

1

SLCO + RLCO 1
Gicons =0

GiCOuO =

(5.17)
GvCuO = O
— Ico !
vad 2 SC
The transfer function&ic,o and Gycag have become first order functions. The cross-
coupling termGicag andGicong are zerolp has no influence on the voltage balancing error
Avc and4d has no influence on the output currejat Bode diagrams of the transfer functions
(5.15) have been computed for different conditiond depicted in Fig5.4 (b), (c) and (d).
To prove small signal modeb.(L5), the dc-dc converter frequency response \vaslated
under different conditions. The results are inctude the Bode diagram of Figh.4 at
different frequencies; 1Hz, 10Hz, 100Hz and 1kHz.
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Fig.5.4 a) The dc-dc converter small signal model. Baidgram of the system transfer functions: b) the
. . icolS
control to the ultra-capacitor current system tfanfinctionG,.,, = CO(( )) , C)
Up\S
Av,(s) ico(S) Av,(s)
Gy =—~v,and d)Gy =205, Gepo =— v -
vCAd Ad(S) iC0Ad Ad(S) Cuo uo (S)

5.3.The DC Bus Circuit Model

In this section, general case of the dc bus loadeins discussed. Then, PWM fed
variable speed drive is analysed as an applicattample.

5.3.1.A General Case

In real applications, such as lose-less power asiwe the dc bus load is more
complex than a simple current source. It couldlbe eonstant resistance and constant power
as well as a combination of all the three loadss Tbhuld be an essential issue for the system
control, particularly the dc bus voltage and ovesgstem stability. To cover all these cases,
we shall consider a generic load composed of cohgt@werP oap, Cconstant current oap
and a passive resistive lo&loap, as given in Fig5.5, [110]-[111]. The dc bus filter is
modelled by an ideal capacit@gys and equivalent series resistaftgr The dc bus supply
is indicated by a curremys

From Fig.5.5 we have the load equivalent currgnt

. . 1 p
I e~ loamt 5 Veust =2, (5.18)

IQLOAD VBUS
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Linearization around an equilibrium point yieldseaty state (DC component)
variables

+ VBUS + PLOAD , (519)

=
L_E LOAD
oro Veus

and small signal variation (ac component) arolnedsteady state

2
R1_OAD VBUS BUS

PLoao-R._e graph for different type of load, active constaoiver load and passive
resistive load is given in Figh.6. As seen from Figh.6, the load incremental resistance
(small signal resistance) is negative if the laagasitive constant power, while the resistance
is positive when the load is either passive rasdthad or negative constant power load.

: ~ 1 P - 1
IL_e = liono +£ - jvsus + vV Proao - (520)

L4 _; +x
g

$

iLoap
La )
o/
Riow
[—
—J
pLosp
Vaus

DC BUS FILTER DC BUS LOAD

Fig.5.5 Model of the dc bus filter and load.

Dynamic resistance versus power
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Fig.5.6 Incremental (small signal) resistance versesithbus load

5.3.2.PWM Inverter fed Variable Speed Drives as DC bus lad

Basically, two different operational modes of a iable speed drive can be
distinguished, namely constant power and constaqué mode. Most of today’s drives work
in constant power mode thanks to accurate confrifleospeed. Typical examples are lifts in
constant speed mode, conveyers, pumps fans, andnsorhere are, however, some
applications with constant torque control. Typiedamples are high performance servo
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positioning drives, such as robot applications,libgo machines and so on. In such

applications the shaft speed is varying while tgue is controlled by an inner control loop.

However, even in this case, the inverter behavesasstant power load. The inverter output
voltage is controlled to be constant, controllihg inverter duty cycle. Therefore, on short
term scale in order of several 100ms, the invertgput power is constant too. If the inverter
losses can be neglected, as it is case when tleetenvs well designed, the inverter input
power (dc bus power) is constant too, regardlesgheninput voltage (dc bus voltage)

variation.

5.4.The Entire Conversion System Model

5.4.1.Large Signal Model

The large signal (nonlinear) model of the entirev@oconversion system is depicted
in Fig. 5.7. The input rectifier is modeled by a voltageirse vgec, diode Dg and filter
inductorLgys Here, we consider that the drive operates inibgaéir motoring mode from the
ultra-capacitor. In that case the dc bus voltagm@sted, being greater that the input voltage,
and therefore the input rectifier diodes are bldckéhus, the input voltaggec, diodeDg and
inductorLgys can be dropped from the model. This is indicatgthle dashed lines in Fi§.7
(a). The dc bus capacitor is modeled by an ideph@#tor Cgys and its equivalent series
resistanceResg The dc bus load, in this case a controlled etedrive, is modeled by a
constant power loag oap.

The bi-directional dc-dc converter is modeled bpss-free power converter with an
input (vsug) and an outputucg). The input is modeled by a power soupggthat is connected
on the dc bus side. The output is modeled by aentirsourcedco that is connected on the
ultra-capacitor side. Details are shown in Bg. (a). Block diagram of the converter model is
depicted in Fig5.7 (b).

The dc-dc converter contains an indudteg that is carrying the currerdo. The input
to output instantaneous power balance is

dic,

Ico Ficoleo ol

pco - uco'co co

(5.21)

However, if the dc-dc converter is designed in saighay to have switching frequency
quite greater than bandwidth of the dc bus voltegrol loop, the effect of the inductance

Lco can be neglected, and therefore it can be assmlrm{Lco%j - 0.Thus, the input
instantaneous power is equal to the output inst@atias power,
pCO = uCOiCO : (522)

Without losing generality of the analysis, one ncapsider that the currerdy is well
controlled by an inner current controller and a& the currenico will be taken as the system
control variable.
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Fig.5.7 Model of entire power conversion system. ap@irdiagram and b) bloc diagram.

The system of Figh.7 can be described by following set of nonlineguations

(o +2kcuc)%° Zigo, (5.23)

dv
CBUS dtB - _ pco _ pLOAD ’ (524)

VBUS VBUS

uCO = uC + RCOICO’

5.25
Veus = Vs ~ RESR(h + —pLOADj . ( )

BUS
Veus Veus

5.4.2.Linearization and Small Signal Model

Applying Taylor series expansiob.6) or the first order perturbation modBslX2) on
(5.23), 6.24) and %.25) yields a linear model,

dd, _ 1 c o Ko o o6
dt (C,+2kU.)® (C,+2kU.) (5.26)
C dvs - _ Ico G _Uco i“CO+Uco|co+PLOAD\7 — 1 [3, (5.27)

2 BUS
VBUS VBUS
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uCO = uC + RCOICO’

! Usor _Yeoleo+R 1 (5.28)
V. .=V -R CO (j 4—coj _coco oAby 4 ﬁj
T SR[VBUS < Vaus co Vl32US e BUS

where a variablex= X, + x is represented by the steady st&i@and a small variation
x around the steady state.

Applying Laplace transformation orb.6)-6.28) yields the transfer functions in a
matrix form,

D;‘;(fﬁﬂ{cf;‘;(é)ﬂiw@)*[eisﬂ Prools)- (5.29)

CONTROL DISTURBANE

Block diagram of the small signal mod8lZ9) is depicted in Fic.8.

Proap (s )
G,(s)
'Y Vs (S )
ico (S) Gpus (s) A
Gey (s) Uco (s)

Fig.5.8 Block diagram of small signal model of the cersion system of Fich.7.

The ultra-capacitor current to voltage transferctions is

S+ G- ZFICORCO ZZk(Uco + IC(S)RZCO)
_ R.o(Cy +2k(U ., — 1o R _ S+,
Gco(s) - Rco =0 2k|((::(()) €00 - RCOM! (530)
+ 2
(Co + 2k(Uco - IcoRco))
wherewz andwp are a zero and pole that depend on steady stasbdhesUco, 1co and
the ultra-capacitor parameters.

The control and disturbance to the dc bus volteayester functions are

— - (I coCeo (S)+Uco)(l+ SCBUSRESR)\/BUS
SCaus NBZUS - RESR(U colco ¥ Ploo ))_ (U colco* PLOAD)

G, (S) - _VBUS(1+ SCBUSRESR)
SCBUSWBZUS - RESR(UCOI cot PLOAD))_ (UcoI cot PLOAD)

whereVsys andP_oap are the dc bus voltage and load power in steadg ahdGco is
the ultra-capacitor voltage transfer functi@i3Q). When the electric drive operates in steady
state, being supplied from the ultra-capacitor,ltia-capacitor power and load are balanced,
Ucolco + Poap = 0. Substituting this condition int®(31) yields

GBUS (S)

(5.31)
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GBUS (S) - _ (I COGCO (S) 22500351"' SCBUSRESR)

GP (S) - _ (1+ SCBUSRESR) )
SCBUSVBUS

If the ultra-capacitor is large enough to be cosed as an infinite capacitance
compared to the dc bus capaci@@yys as it is case in most of the applications, th@gfer
function G,,, becomes

I|m GBUS - — (1+SCBUSRESR)(UCO + ICORCO) .

Ceo -
co=® SCausVaus

Transfer function could be further simplified. Thétra-capacitor voltage is high
enough and therefore the voltage droop on the semsistance can be neglected,
U, >> 1, R.,- The dc bus voltage transfer function is

G D _ (l+ SCBUSRESR)J co
BUS -
SC:BUSVBUS

(5.32)

(5.33)

(5.34)

5.4.3.Discussion on the Model

As well known from the literature, a dc-dc convemeay have right half plane zero
(RHPZ) in the control to the dc bus voltage tran$éfiection[106], [112]{114]. The control
variable can be either duty cyaen voltage control mode or output curreggin the current
control mode. Location of the zero depends on thipud currenico. The positive current the
negative zero and negative current the positive.Z€his causes an issue when the dc bus
voltage control loop has to be fast, in the sandeoas the output current control loop.

Please note from5(34) that the zero of the transfer function isejpehdent on the
output current. In fact, when linear model of tlmnwersion system has being developed, it
has been assumed that the dc-dc converter is aedthat satisfies the instantaneous power
balance %.22). That means the dc-dc converter does noenbany energy storage element,
neither an inductor nor a capacitor. This is justagproximation. If the dc-dc converter
contents an inductdtco which cannot be neglected, the instantaneous pbalance %.21)
has to be used. Substituting41) into 6.24) and %.25), yields a transfer function that has a
zero, whose position in complex plane depends enstbady state currehdy; the positive
current the negative zero and the negative cuthenpositive zero. If the dc-dc converter is
designed in such a way to have switching frequenate greater than bandwidth of the dc
bus voltage control loop, the RHPZ can be neglentettie transfer functio®Ggys Also, in
this case, the current controller response timebeameglected.

5.5.Control Scheme

5.5.1.The Control Objectives

The primary control objective is to control theraltapacitor currenico and the
voltage balancing errodvc [92]. The secondary control objective is to asyrtipadly
regulate the dc bus voltaggus to desired reference, where the reference dependse
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system operation modd14]. Last but not least control objective is &gulate the ultra-
capacitor state of the charge, where the statehafge reference depends on the operating

mode[114]. The system operating modes and corresporndifeggences have been discussed
in chapter 3, section 3.2.

5.5.2.Control of the Ultra-capacitor Current and Voltage Balancing Error

Fig. 5.9 illustrates small signal block diagram of thenwerter, including control
scheme for the ultra-capacitor current and theageltbalancing error. The converter model
and two controllers can be distinguished. The abletr Gicp controls the ultra-capacitor
currentico, While the controlleiGAvc controls the voltage balancing erudwe. The current
reference iscorer While the reference for the voltage balancingtcmler is zero.

icorEF(S) i- uo(s) +
——>&> Gio +—>| Gicos —>()——>
+ L +A  ico(s)

GAvca

|—> Gicos
Gdvc > GAvcad

LN

Y

Ly :Z: Avc(s)
|—> Ad(s) +
()
Ad(s) uo(s)
......... Y. X
Gicosd G4avca

____________________
=

s uo(s) + . +y
iCOREF(S, Gico »  Gicoa ﬁéiw@ ’_> Gve M(S)} GAves Avc(s)
+

T -
(b) (c)

Fig.5.9 Control algorithm for the ultra-capacitor cuntrand the voltage balancing error. a) Small signal
model, b) the ultra-capacitor current control loapd c) the voltage balancing control loop.

5.5.2.1.The Control Scheme Realization

Design and realization of the current controllestate of the art, and therefore it is not
discussed. The voltage balancing controller deargh realization is discussed in some more
detail. As seen from5(17), gain of the transfer functi@,y depends on the output current;
the positive current the negative gain and oppp#it controller parameters depend on the
currentico. To avoid the use of complex adaptive controltbe controllerG,c,qs can be
designed considering positive output current. Thiea,output of the controller is multiplied
by functionsgn(ig). Simple realization is illustrated in Fi§.10. If the currenico is positive,
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the control signalid is the controller output signal. If the curregd is negative, the control
signal4d is switched to the inverted output signal of thatcoller GAvc.

Fig. 5.11 illustrates the functionality and performarafethe ultra-capacitor current
controller and the voltage balancing controllereTdurrentico is cycling between -9A and
10A, and the voltage&; andvc, were recorded. Please note that the voltageandvc, are
qguite well matched. When the load current is pasithe voltages are decreasing and when
the current is negative the voltages are increadihgg is caused by the power supply current
limitation. Fig.5.11 (b) shows details when the output curigptrises from -9A to 10A,
while Fig. 5.11 (c) illustrates the details when the currallsffrom 10A to -9A. High
frequency oscillations (when the current risesgjadire caused by the input filter inductance
(not included in the analysis and the circuit dsaugy).

HARDWARE
L _ DSP CONTROL SYSTEM .................... _><_ SYSTEM _____
A/D 14— Huco
A/D [<— vBUS
AD < ico
iCOREF) -l wo +Y Y 4 d
=) > Gico

&)

+Y

—»{ LPF > sgn T
-Y x + +

DC-DC converter

Avc,
> Gdve |— > PWMI |—>
1 T ot
2 |« EA@<— vcr

Fig.5.10 Realization of the ultra-capacitor current #ralvoltage balancing error control.

5.5.3.The Ultra-capacitor and the DC Bus Voltage Control

To describe the control scheme, three operatiomales that are important from the
control point of view are considered: 1) The mamsetoring mode, 2) the braking and
motoring from the ultra-capacitor, and 3) ride-tigh modg114].

Fig. 5.12 illustrates the proposed control scheme. @mnedecstinguish an inner current
controller Gicp and three outer controllers. The inner controfB, regulates the ultra-
capacitor currenico. This was discussed in the previous section. lfethis section, it will
be assumed that the curregb is well controlled and it follows the referencethvaut
significant error.

The outer controlleiG,co regulates the ultra-capacitor voltagey. This controller
generates referenceyrer) for the ultra-capacitor current controller. Thelues voltage/sus
is controlled by two outer voltage controll&Bsgusmaxand Gysusmin The controllerGygusmax
regulates the dc bus voltage when the drive opeiatbraking and motoring mode from the
ultra-capacitor (modeB andMC,, Fig.3.4), while the controlleG,susminregulates the dc bus
voltage when the system operates in the ride-thraugde (modeRT, Fig. 3.4). The ultra-
capacitor voltage referencacorer) IS sum of the output signals of the dc bus voltage
controllersGygusmax@ndGysusmin
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Fig.5.11 Experimental waveforms of the capacitor volsage v, [10V/div] and the ultra-capacitor
currentico [5A/div]. The ultra-capacitor current commutes from -9A tOAL
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Fig.5.12 Control block diagram of the converter, exglgccontrol of the ultra-capacitor current and

voltage balancing error.
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5.5.3.1.The Mains Motoring Mode

The dc bus voltage is determined by the mains geltgyd 1.41Vuans WhereVyains
is the mains phase-to-phase RMS voltage. As defindelg. 3.5 (a), the dc bus voltage is
lower than the referencésysmaxand greater than the referendgsmin Hence, the dc bus
voltage controlleiG,gusmaxiS saturated t&coinv, While the controlleiGysusminiS saturated to
zero. The ultra-capacitor voltage reference isatoee

uCOref = UCOinM + O = UCOinM * (535)

The controllerG,co maintains the ultra-capacitor voltage constarth&®intermediate
level Ucoinm in order to prevent energy flow between the utipacitor and the drive.

¢ VBus ZADC
ADC
Uco v :Z|
,/'"-—-f'l.l—ca LOOP 4_100_% 2l -
&2 T ” <—Vcr1] ApC %
:q E U COREF)=Const - Toomer ;e 3 i o
2 _ 3 \— ] - P H =
N g A z Guar [ == 28 d1+IZEI L
Z -Icomax S E i -
S Uco =8 —d>-[rwmr
© CONTROLLER © |
CONTROL (SOFTWARE) SYSTEM

Fig.5.13 The ultra-capacitor voltage closed loop.

5.5.3.2.The Drive Braking Mode and Motoring Mode from the Ultra-capacitor

The drive load is inverted (the motor operates gererator) and therefore the dc bus
capacitorCgys is charged. The dc bus voltageys increases until it reaches the reference
Veusmax The dc bus voltage controll€,sysmaxgoes out of saturation while the controller
GususminStays saturated to zero. The ultra-capacitor eafsr voltage starts to increase from
Ucoinv towardsUcomax and therefore the ultra-capacitor current increa$@e magnitude of
the current is adjusted by the cascaded contrdB@figsmaxandGyco to such level to maintain
the dc bus voltage constant. If the braking ené&sgyreater than the ultra-capacitor capability
the voltageuco will reach the maximuncomax Then the dc bus voltage controll@ysysmax
will be saturated at/comax The ultra-capacitor voltage is regulateddgymaxand the current
ico falls to zero. Charging of the ultra-capacitorsiepped. The dc bus voltage starts to
increase until activation of the braking resistar tbe drive over-voltage (over-braking)
protection.

When the drive operates in motoring mode, the d#pacitor has to be discharged to
the intermediate valuBcoinv in order to be ready for the next braking phadee @c bus
voltage controllerG,gysmaxmaintains the dc bus voltage Yausmax The controllerG,susmax
output decreases, and therefore the ultra-capamttage reference decreases towdsdgm.

U 2 uCOref J'ZUCOinM " (536)

COmax —
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The ultra-capacitor is being discharged, supplyhg drive. Once the ultra-capacitor
voltage reaches the intermediate valiginv, the dc bus voltage controll&,gusmaxWwill be
saturated at the referenté-oinv. The ultra-capacitor voltage is regulated Wepinv, and
therefore the ultra-capacitor current falls to zeBscharging of the ultra-capacitor is
finished. The dc bus capacitor is being discharged,therefore the dc bus voltage decreases
until the drive input rectifier starts to condu@he drive is being supplied again from the
mains.

5.5.3.3.The Ride-Through Mode

When the mains is interrupted the dc bus voltagessto decrease until it reaches the
lower referencé&/gusmin The controlleiG,susmingoes out of saturation and its output starts to
decrease below zero towarls comir=UcomirUcoinm. Since the controlleG,susmaxiS Saturated
to Ucoinw, the ultra-capacitor reference voltage startsetwrebse below coinm towardsUcomin

UCOinM 2 uCOref 12 (UCOinM +UC0min _UCOinM = UCOmin)' (537)

It allows deeper discharge of the ultra-capaciéod regulation of the dc bus voltage
to the minimum leveMgusmin If the power interruption is longer than specifi¢kde ultra-
capacitor will be discharged to the minimum lelMebnin The ultra-capacitor current will fall
to zero and then the dc bus voltage will start éordase until it reaches the under-voltage
supply fault (USF) level.

5.5.4.The Controller(s) Synthesis
5.5.4.1.The Ultra-capacitor Voltage Controller

Fig. 5.14 shows the ultra-capacitor voltage control |oofhere G¢p is the ultra-
capacitor current to voltage transfer functi®i30), Gyco is the voltage controller an@g is
the feedback filter.

THE PLANT

Beoer o CURRENT i, .
CO(REF o » .
— =@ Gy (S) 27 1 CONTROLLER J G (s)
* - ' DELAY u
—————————————————————————————————————— >
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, uco LOOP
LPF <

Fig.5.14 The ultra-capacitor voltage closed loop.

The ultra-capacitor voltage closed loop transfection is

1S . GL(95m0)
EE(S) T+ Goo (9500 (9G; 9
RoocolS+ ) ’ (5:38)

) ST, + S(1+TFa)P + kPCORCO)+(a)P +a)szcoRco)
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wherew; andwp are the zero and pole of the ultra-capacitor geltaiansfer function
(5.30). The ultra-capacitor voltage controller islassical proportional (P) controller and the
filter G is a low-pass filter

Gyeo(S) = Koco (5.39)

1
G:(s)= ST +1° (5.40)

Characteristic equation 05.38) is

(1+TFa)P + kPCORCO) + (a)P + kaPCORCO)
T T

= Sz + SZZCOwCO + a}éO

Dyco(s) ="+

, (5.41)

where{co Is damping factor an@dco is the closed loop natural frequency. Proportional
gain of the controller and time constant of th&efilcan be computed frors.80) and %.41)
using the binomial criterionfo=1).

However, the question is how to define the natfrejuency, or simply speaking how
to define the close loop band-width? To answerh@duestion one has to keep in mind some
system limitations. In fact, the controller bandilids determined by the ultra-capacitor
voltage tracking error. In section IV it has beeplained how the control system works when
the ultra-capacitor is charged (the drive brakingde) and discharged (the drive motoring
from the ultra-capacitor). In both modes, the ultapacitor voltage reference slowly
increases/decreases. The ultra-capacitor voltaged#&llow the reference. If the tracking
error is too big, the ultra-capacitor current refexe will be too small, and therefore the dc
bus voltage can not be maintained constant.

Maximum bandwidth is limited by the converter cmtreapability. If the bandwidth is
high, the ultra-capacitor voltage controller wikrgerate the current reference greater than
maximum current of the dc-dc converter. Therefdhe current controlleiGico will be
saturated, and as consequence the ultra-capamttage controller will not be able to
regulate the voltage; the control loop is saturated

From 6.41) follows relation between proportional anagral gain

(1+ a)PTF + kPCO RC0)2
4ZCZOTF

- _C‘)chocho =0. (542)

From Fig.5.14 and %.39) one can determine the ultra-capacitor volexger as

AUy (8) = UZEF() = U (9) = oo (8)—— . (5.43)

kPCO

Let the ultra-capacitor is charged/discharged withstant currentomaxand the ultra-
capacitor charge/discharge timeTis One can compute the ultra-capacitor voltage ersor

i
Aug, =-== (5.44)

kPCO

Fig. 5.15 illustrates§.44) in two different cases: the ultra-capacitoltage is lower
than the maximunUcomax and the ultra-capacitor voltage is high, slightiyer than the
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maximum Ucomax The ultra-capacitor is charged by constant ctrien The current is
determined by the dc bus voltage controller viattliea-capacitor voltage reference in such a
way to maintain the dc bus voltage constant. Atehd of charging, at the momenRy, the
voltage referencelcorer) is limited on Ucomax While the ultra-capacitor voltage is still
increasing. Therefore, the error starts rapidlyrel@sing, causing decrease in the ultra-
capacitor current. The decrease in the currentcalise lost of the dc bus voltage control. If
the charge/discharge time is long, the ultra-cdpaaioltage error is low at the end of
charging, afly, Fig.5.15 (a). The most critical case is when the wapacitor initial voltage

is close to the maximudcomax IN this case that is not possible even to stamtrolling the

dc bus voltage. This case is illustrated in Bid5 (b).

+ U,

C Omax

REF u( "0

Ucy

(a) (b)

Fig.5.15 Relation between the ultra-capacitor contrgien and control performance. a) The ultra-
capacitor voltage is lower than the maximUgymax b) the ultra-capacitor voltage is high,
slightly lower than the maximumtdcomax

The controller proportional gakpcois computed fromH.44) as
[
Kpco 2 =5 (5.45)

PCO =
AuC Omax

Finally, substituting §.45) into 6.42) yields the filter time constant as a functan
the ultra-capacitor parameters and the closeddaopping factor

1 + (wP + wszcoRco)A'Zgo - 2(1+ cho Rco)
T = 5 - .
ng t \/((wp + wzkpco Rco)“'(czo - 2(l+ choRco)) - 4(l+ choRco) wé

(5.46)

Fig. 5.16 shows the filter time constant versus the dagnhfpactor and the ultra-
capacitor voltage controller gain.

5.5.4.2.The DC Bus Voltage Controller(s) Synthesis

The dc bus voltage closed loop is illustrated ig. Bil7. The ultra-capacitor voltage
control is cascaded with the dc bus voltage conffblis may cause a problem in the
controller synthesis because the ultra-capacittiage control loop is in order of magnitude
slower than the dc bus voltage control loop. Lesers how the analysis can be simplified and
the dc bus voltage controller designed.

The ultra-capacitor voltage control loop appearthendc bus voltage control loop as
transfer function

ico (S) - Gyco (S) - Keco (TF S+ 1)(5 tap ) )
uggF (S) 1+ G (S)Gco (S)GF (S) SZTF + S(1+ @ Te + Koo Rco) + @, + W, R Ko

(5.47)
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The filter time constant versus the controller gain and damping factor
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Fig.5.16 a) The filter time constamt versus damping factor and the controller gRif.=2Q, Cco=0.3F
kc=0.1/700 F/\ b) T versus damping factor at fixed controller giig, =5.
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Fig.5.17 Block diagram of the dc bus voltage closeg loontrol.

Assuming that the ultra-capacitor is large eno§ll7) can be simplified as

im G,co (3) — Keco (STF + 1) )
Ceo-e| 1+ Guco(S)Gco(S)GF (S) ST + (1+ kPCORCO)

(5.48)
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Because current capability of the dc-dc convesdimited, the bandwidth of the ultra-
capacitor voltage controller is much lower than dwaidlth of the dc bus voltage controller.
Therefore, the filter time constamt can be assumed as infinite in comparison to thbugc
voltage response timeb.48) is therefore simplified as

T'![nm( Koo (ST: +1) )J =Koy - (5.49)

STF + (1+ kPCORCO

This simplification can be done straightforwardnfr@s.47) if taken into account that
the dc bus voltage controller is much faster thhe tltra-capacitor voltage controller.
Therefore, one can assume that the ultra-capaaititeige referenceicorer)is a unity step
function and then apply the initial value theorenoi.47).

UNITYSTEP
FUNCTION

Frequency response of the transfer functmd{) and the approximatiob.60) have
been compared. The comparison is illustrated in %8 Note that the approximated model
and the original one are quite well matched atuesgies above 20Hz. In low frequency
range, there is deviation in amplitude and phaseaciteristic.

Bode Diagram
i ———

R Kpc0=5 : H

5| H
ol H H i

5| CcO=inf

Magnitude (dB)

Cc0=0.4F

Cc0=0.4F

Phase (deg)
2

Kpc0=5

0
107" 10° 10! 10° 10° 10*
Frequency (Hz)

Fig.5.18 Bode diagram of the transfer functi®m{). The ultra-capacitor feedback filter time stamt is
Tr=100ms. The ultra-capacit@-o=0.4F (the red trace) and an infinite capacitatioe ilue
trace).

Now, the dc bus voltage close loop transfer fumcisodefine as
Vaus (S) - GVBUS(S)GBUS(S)kPCO -
VBRLIJE; (S) 1+ GvBUS(S)GBUS(S)kPCO
_ choUco(1+ S&SR)CBUS)
SZCBUS(VBUS - kP RESRkPCOUCO) - S(kP + K RESRCBUS)kPCOUCO - kl choUco

The dc bus voltage controller is the classicalditioller

(5.51)
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Gous(e) =225 (5:52)

The characteristic equation of the closed loopsfemfunction $.51) is given by
(5.53), where&gysis damping factor an@gysis the closed loop natural frequency.

D (S) =g?-g (kP + K RESRCBUS)kPCOUCO _ k| chou co
vBUS >
CBUS BUS - kP RESRkPCOU CO) CBUS(VBUS - kP RESRJ(PCOUCO) (553)
= Sz + SZZBUSC")BUS + aéUS
Proportional and integral gains are computed uiagButterworth criterialgys=0.7)
k - — a‘BUSCBUSVBUS(l'4 - a’BUSRESRCBUS)
P
choUco(l_ a)BUSRESRCBUS(lA' - a)BUSRESRCBUS))
. (5.54)
k - — a’éUSCBUSVBUS

I choU co (1 - a)BUSRESRCBUS (1'4 - a)BUSRESRCBUS))

If the dc bus capacitor series resistance can gkected,1>> ., R Cpoiss (5.54) is
simplified and the controller gains computed as

k - — a’BUSCBUSVBUS 14
P
kPCOU Cco
(5.55)
k - — aéUSCBUSVBUS
|
kF’COU Cco

The controllers’ gains depend on the ultra-capacitdtage, which is in general case
not constant over time, taking value from the munmUcomin to the maximunJcomax The
dc bus voltage controller has to be designed it suway to provide sufficient damping in
the worst case of the ultra-capacitor voltaf®. To determine the worst case, one can draw
the close loop root locus versus the ultra-capagibitage. The root locus is depicted in Fig.
5.19.

Root Locus
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Fig.5.19 The dc bus voltage closed loop root locus eettsel ultra-capacitor voltadée,. Veys=700V,
faus=25HZ kogys=0.08 kpys=16.

As seen, the damping factor increases as the adpacitor voltage increases.
Therefore, the controllers have to be designedh®minimum ultra-capacitor voltad-omin
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In that case, the damping factor will not be lowean the desired for any value of the ultra-
capacitor voltage.

The gains of the dc bus voltage controllers can beweomputed from5(54), taking
the dc bus voltage and the ultra-capacitor voltafgrence from Fig3.5.

kPmax = kP (\/BUSmax’UCOinM )

I<I max = kI (VBUSmax'UCOinM ) (5 56)
Pmin = kP (VBUSmin’UCOmin ) .

k
kI min = kI (VBUSmin ’UCOmin )

Bode Diagram

TF=100ms
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Fig.5.20 Bode diagram of the dc bus voltage transfectian vguds)/susrer(S) for different time
constant of the ultra-capacitor voltage feedbatdrfi

5.5.5.Simulation and Experimental Results

The model and control scheme presented in this tehawere simulated by
Matlab/Simulink. For simulation purpose, non-lineaodel (Fig.5.7) was used. The model
and control scheme were also experimentally vetifiSome of the simulation and
experimental results are presented and discussedftex. The control algorithm, PWM and
protection functions were implemented in a fixedap&2 bit digital signal processor (DSP).
The complete control algorithm is executed at 5@.KFhe controllers were implemented as
ordinary proportional-integral (PIl) controllers. &ltontroller parameters were computed in
continuous time domain (s), and then translated discrete time domain, (z), using the

1-7°

approximatiors = , Where T,=200wsis the sampling period. The control system

S

specification is given in TABLEB-1 on the next page.
5.5.5.1.Simulation Results

Fig. 5.21 shows the waveforms during an entire operatyae: the mains motoring
(MM), braking B), the ultra-capacitor motorin@/C o) and the mains motoring moddi ).

Fig. 5.22 (a) shows the dc bus voltage and the ultraaitgy current and voltage
waveforms during transition from the mains motormgde to braking mode. Fi§.22 (b)
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shows the same waveforms during transition fronkibgato the ultra-capacitor motoring
mode.

TABLE 5-1. Specification of the control system.

ULTRA-CAPACITOR DC BUS
Ucomax 780V Vausmax 700V
Ucoinm 350V VBusmin 450V
Ucomin 250V Caus 820uF
Cco 0.4F Resr 190mR
Reo 2Q Bandwidth 50Hz
ControllerUg GUCO(Z) =5 ControllerVaysmax G (z) - o145 0,0025
1-z
Feedback filter G, (z) _ _— 1 _ ControllerVsysmin Goe (z) 02— 000_?
5001-27)+1 1-2

The de bus voltage and the ultra-capacitor voltage ‘The ultra-capacitor current
700,
Vbus r 5
650 ico
10
600,
= _ s
5550 co =
@ S
2500 R
S 3
> 5]
450, -5
400, -10
350 -15
MCo MM B Mco MCo MM B MCo
30 L | | |
Yo 15 20 25 30 35 10 15 20 25 30 35
Time [s] Time [s]

Fig.5.21 Simulation waveforms of the dc bus voltageg, the ultra-capacitor voltage,, and currenicg
during the mains motoring- braking-the ultra-capganotoring modevgysmaz 700V, f=50Hz,
PLoap=*/- 5000W Cgys=820uF Cco=0.4F

The de bus voltage and the ultra-capacitor voltage The dc bus voltage and the ultra-capacitor voltage

700 00 P | —

650, 650 4

600 600~

uCO(REF)

2,550 2.550
S .
g g uco
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Fig.5.22 Simulation waveforms of the dc bus voltageg;, the ultra-capacitor voltage,, and currenic.
a) transition fronMM to B, and b) transition frorB to MCO modeVgysmaz 700V, fs=50Hz,
PLOAD:+/' 5000W CBuy_SZOHF, Cco=0.4F

-91-



5. MODELING AND CONTROL ASPECTS

5.5.5.2.Experimental Results

The control system was experimentally tested udd&rent conditions. Fig5.23 (a)
shows the waveforms when the drive runs on thesfpudled and then is stopped suddenly. The
dc bus voltage rapidly increases within 30ms umtiches referencésysmac 700V. At that
instant dc bus voltage controller starts to reguldt bus voltage with slight overshoot of
approximately 12V. The ultra-capacitor current ppm@ximately 13A. Similar test was done
in case of power interruption. The drive is loaded then the mains is interrupted. The dc
bus voltage falls to minimundzysmi=450V within 10ms, and then stays well regulatéhett
level. As seen from Figh.23 (b) the dc bus voltage has an under-shogbmioximately 12V
during settling time of about 30ms. The ultra-cajoaadischarge current is approximately -
13A. The initial step in the ultra-capacitor vokageen in the both experiments is caused by
the voltage drop across the capacitor internal stasce Rco. The ultra-capacitor
charging/discharging power computed from the utpacitor voltage and current is roughly
4500W.

YOKOGAWA 4 2009/07/22 12:30:50 Normal @ scale YOKOGAWA 4 2000/07/22 12:29:11 Normal @Position
1 H 1 o

Stopped 12.5M5/s [ pov ] Stopped 12.5M5/s % |

an 1250 20ms/di] Man :25M 20ms/div|

VBUSmax

VBUs " VBus
\\'\,’\‘\I\V\/\J\N\‘\f\\

VBUSmin

Ucy

icy

EMAINS ] ] 1

(M2 CATH] [EEBERRTNIN Edge [ MATH]
[Moving Avg |[Moving Avg [Moving Avg |[Moving Avg ¥ [Moving Avg [Moving Avg |[Moving Avg |[Moving Avg 1
500 A 100V 100 v 500 A 658V o 500 A 100V 100 V 500 A 58V
4 32 32 4 pDcisk A oL 4 32 32 4 pcisk  # El

Fig.5.23 Experimental waveforms of the ultra-capacitorentic, [5A/div] and voltagaico [100V/div],
the dc bus voltagesys [100V/div] and the mains curreitans [50A/div]. a) Transition from the
mains motoring mode to the braking mode. b) Tramsitiom the mains motoring to ride-through
mode.

Fig. 5.24 illustrates the functionality of the dc budtage braking controlleiGysusmax
The ultra-capacitor is charged on 550V. B4 (a) shows the ultra-capacitor voltage and
current, ac component of the dc bus voltage andiezcurrent when the drive switches from
stand-by mode to the ultra-capacitor mode. Therobet response time is approximately 8
ms, while the voltage undershoot is approximaté\- Fig.5.24 (b) shows the waveforms
when the drive switches from the ultra-capacitordeido stand-by mode. The voltage
overshoot is approximately 14V. The controller masge time is similar to the previous one.

5.5.6.Discussion on the Current Controller Response Timand the DC Bus
Voltage Control

In the above analysis, response time of the cuentroller has been neglected and
the currenico has been taken as an independent control varigbig.is sufficiently accurate
approximation if the dc bus control is slow compmhate the current controller. In most of the
applications that is the case. The current comrotesponse time i3ico<50Qus, while
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response time of the dc bus voltage controller,ig,gf5ms. Therefore, the current controller
can be considered as a pure gain without delay,tlaadic bus voltage controller can be
designed as it has been described.

However, in certain applications the dc bus voltagetroller has to be fast, having
response time in order of 1ms. Typical applicat®omariable speed drive converter equipped
with a small dc bus capacitor. In such an appheatthe dc bus voltage controller has to be
able to regulate the voltage regardless on the wk lbad variation. Thus, the current
controller response time has to be taken into adcathen designing the dc bus voltage
controllers.

YOKOGAWA 4 2010/03/11 11:24:06 Normal @H-Position YOKOGAWA 4 2010/03/11 11:24:18 Normal @ H-Position

Stopped H 625K5/5 [ o] Stopped 625K5/5

200M1 : 125Kk 20ms/div Z00M1 : 125k 20ms/div

ica

LREC REC
M2 MATH MIERENIEN Edge
Moving Avg |[Moving Avg [[Moving Avg v [Moving Avg |[Moving Avg [Moving Avg |Moving Avg |(EXI8 &
500 A 100 V 100V 500 A 100V 100V 5.00 A 0.00 A
2 2 16 2 2 6 2 DCOFF  #

(a) (b)

Fig.5.24 Experimental waveforms of the ultra-capacitorentic, [5SA/div] and voltageauco [100V/div],
the dc bus voltagesys [100V/div] and the rectifier curremtec [SA/div]. The dc bus voltage
controller response on a step load. a) Transitiom fstand by mode to the ultra-capacitor
motoring mode, b) transition from the ultra-capacinotoring mode to stand by mode.
Vsusmaz 700V, Ucg=550V ande=50HZ.
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6. DISCUSSION AND CONCLUSIONS

6.1. Concept of the Ultra-capacitor Based Controlled Eletric Drive

To compare the ultra-capacitor based regeneratectrie drive with state of the art
solutions, the following two features are considere

1. The drive immunity on the mains interruption, and
2. The drive system cost versus braking and ride-tjindime.

6.1.1.The Drive Immunity on the Mains Power Interruption

Comparison of the ultra-capacitor based regeneraiiive with back-to-back and
matrix drive is summarized in TABLB-1. The ride-through time in braking and motoring
mode are compared. The back-to-back drives hav#-&hm ride-through capability, in order
of 20ms, while the matrix converter drives do nawé ride-through capability at all. In
contrast to this, the ultra-capacitor based drheege the ride-through capability, wherein the
ride-through time is the system design parameter.

TABLE 6-1: Comparison of different drive concepts regagdide-through capability.

Back-to-back drive Matrix drive converter The ultra-capacitor basgd
converter drive

Ride-through time in Depends on the load. A No ride-through From 100ms up to

motoring mode full load and 100% capability several seconds or
interruption, the ride- minutes, depending on

through time is less thar the design criteria

100ms

Ride-through time in Normally less the maing No ride-through From few seconds up tg
braking mode period (20ms) capability minutes, depending on

the design criteria

6.1.2.The Drive Cost Comparison

The cost of the ultra-capacitor based controllestteic drive depends on the braking
and ride-through capability. Longer braking andertdrough time the bigger the ultra-
capacitor is. In contrast to this, cost of backtawk and matrix converters is practically
independent on the braking time. If the brakingetiim shorter than the critical tinfeg, the
ultra-capacitor based solution is more cost effecthan back-to-back and matrix solution.
The critical braking tim8cris currently between 10 and 15s. This limit wil gp in the near
future with development of new technology of thaicapacitors. Regarding extended ride-
through capability the ultra-capacitor solutiortie most cost effective solution regardless on
the ride-through time. Reason for this lays infduet that an additional energy storage device
and dc-dc or dc-ac converter are required for badikack and matrix solution. Fig.1
illustrates the drive cost versus braking and tideugh time for different drive technology.
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Back-to-back converter with limited ride-through capability

Matrix converter without ride-through capability

»

>
Braking & Ride-through time

~

E

C

Fig.6.1 Cost comparison of the ultra-capacitor basgdmerative drive versus back-to-back and matrix
converter regarding braking time and ride-througtet

6.2.Interface DC-DC Converter

When comparing different power converter topologies few parameters are
important. The first one is power rating of theiaetswitches. The second one is size of the
passive components, particularly inductors. Finalye conversion losses and efficiency are
parameters to be also considered.
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Yy
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Fig.6.2 Two-level versus three-level dc-dc converter.

6.2.1.Semiconductors Switches

Power rating and surface of chip of the semicormlustvitch are defined by two
parameters: the switch utilization facfée], [115] and the switch voltage rating.

6.2.1.1.The Switch Utilization Factor SUF

The switch utilization factor of a power convertdrat consists of N switches
(including diodes) is defined as
SUF= PCO = N PCO ,
W ZVSmax( ])l Smax(j)

=1

(6.1)
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wherelsmaxand Vsmaxare the switches peak current and peak voltagePanis the
conversion power.

The switch utilization factor of two-level and teréevel topology is computed from
(4.15) and§.1) as

P P d
SUF,,, = co — _co == 6.2
Ssw  Vaudleo T Veusley 4 (6.2)
SWITCHES FWD
P P d
SU (3L):S:O: V. . <0 Vo :Z’
woatsi rgtesi, 6.3)

%/_/
SWITCHES FWD

where subscript3l) and @L) denote three-level and two-level. Please, noa¢ tie
SUF of the two-level and three-level convertetis same. Fronb(2) and 6.3) it seems that
the two topologies are equivalent.

6.2.1.2.The Switches Voltage Rating

The switches voltage rating has been taken intowatdcas a parameter in the switch
utilization factor 6.1). However, this is not sufficient to compareotwopologies with
different voltage rating of the switches. Semicartdu switch conduction and switching
performance depend strongly on the switch voltageng and the switch technology.
Generally, lower voltage rating means lower coniduckosses, better switching performance,
higher efficiency and lower cost. For example uettonsider a 400V supplied variable speed
drive. The dc bus voltage varies from 500p to850V. For two-level dc-dc converter (Fig.
4.1 (a), (b)), the switches and diodes voltagengais the full dc bus voltage. For this voltage
rating, 1200V IGBT and 1200V fast diode are useu.tHis case, maximum switching
frequency is limited by the switching performandetlee IGBT and the diode. To reduce
switching losses, soft switching techniques carrbployed36].

In contrast to this, for the three-level convertbg switches and diodes voltage rating
is a half of dc bus voltage. In this case, 600\daGBT or 500V super junction MOSFET
and ultra-fast diodes can be used. Switching logsE680V rated IGBT and diode are three to
four times lower than the switching losses of aQ\20ated IGBT and diode. Conduction
losses are lower too in comparison to a 1200V @eVfccompare two MOSFETS, one 1200V
and one 600V rated, the difference in conducticssds is significant, because the drain
source on-state resistance depends strongly orottege ratind41].

6.2.2.Passive Components
6.2.2.1.Filter Inductor L ¢

Comparison of the filter inductor is based on thenparison of the inductande, at
the same conditions: the current ripple, switchireguency and the dc bus voltage. The
inductance of the three-level topology is computedh (4.8), while the inductance for two-
level topology is computed from following equation
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Bic,(d) =2 (1-d)d (6.4)

B LCO fSW
The inductors size is compared frofn§) and §6.4) as

S128y) _ Loy peacian) ! rmstar) _ Loga) (6.5)

SiZ%L) Lo(zL)IPEAK(ZL)IRMS(ZL) I‘0(2L)

where subscript.) and) denote three-level and two-level.

Fig. 6.3 shows the inductor relative size versus mininduty cycledni,, where the
minimum duty cycle corresponds to the ultra-capaaminimum voltageUcomin (3.2). Note
that the inductor for the three-level topology B2 of the inductor for two-level topology
when the minimum duty cycle is inferior to 1/2. Timeluctor size increases from 25% up to
50% as the minimum duty cycle increases from l¥#atds 1. Comparison of the inductor
size computed by6(5) is not sufficient to compare the inductor wvotu For that, the inductor
losses have to be alos considered and comparetcdimparison is given in secti@n?2.3.

The inductor size versus minimum duty cycle dmin

TWO-LEVEL TOPOLOGY

o o

[} =
T

I

The inductor size [pu]
o
~

THREE-LEVEL TOPOLOGY

<
[S)
:

0 0.2 0.4 0.6 0.8 1
Minimum duty cycle dmin (~uCo/Vbus)

Fig.6.3 Comparison of the filter inductor size versusimum duty cycle (corresponds to the minimum
ultra-capacitor voltage).

6.2.2.2.The DC Bus Filter CapacitorsCsgy, Cg>

The filter capacitors are compared at the sameittonst the voltage ripple, switching
frequency, dc bus voltage and conversion power. filker capacitor of the three-level
topology is computed from4(22), while the capacitor of the two-level topoldg computed
from equation

PCO

CVBUS fSW

AVBus(d): (1_d)' (6.6)

The capacitors size (volume) is compared from theacitor(s) total energy, taking
into account that the voltage rating of capacijoigsdifferent. One filter capacitor rated for
the full dc bus voltage is used in two-level togplpand two capacitors rated for half dc bus
voltage are used in three-level topology. Frdn22) and §.6) follows
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1 2
Siz€y) 2[20(3” C“L’j - Cen

SiZ%L) %C(ZL) 2 ZC(ZL)

C(2L)

where subscript,) and.) denote three-level and two-level.

(6.7)

Fig. 6.4 shows the capacitor relative capacitance amdggn(which corresponds to
size) versus minimum duty cycth,i,. Note that the capacitance of the three-levelltapois
below 20% of that of two-level topology when thenimum duty cycle is inferior to 1/2. The
capacitance increases from 20% up to 50% as thamomn duty cycle increases from 1/2
towards 1. The capacitors total energy (size) ganem 10% at minimum duty cycle of 1/2
up to 25% at duty cycle of 1. The capacitor lossesnot compared because high quality film

capacitors are used and therefore the losses caegbected.

The filter capacitance versus minimum duty cycle dmin
T T T

1
TWO-LEVEL TOPOLOGY
_08
S
&
So6
£
Q
g
50.4r
©
0.2
THREE-LEVEL TOPOLOGY
L L
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Minimum duty cycle dmin (~uCo/Vbus)
(a)
The capacitor energy versus minimum duty cycle dmin
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0.8 8
k)
A=
~0.6
&
g
=1
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i i
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Minimum duty cycle dmin (~uCo/Vbus)
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Fig.6.4 Comparison of the filter capacitance (a) amdfilker capacitor total energy (b) versus minimum
duty cycle (corresponds to the minimum ultra-cajpaeioltage). The capacitance and energy are
computed as ratio of the capacitance and enerthedflter capacitor of two-level to three-level

topology.

6.2.3.Conversion Losses

The switches losses are computed from the modeBO) and 4.31), and data in
TABLE 4-1. Fig.6.5 shows 3-D graph of relative losses versus treersion power and
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duty cycle, where duty cycle corresponds to thetdapacitor voltage. The relative losses are
computed as ratio of the three-level converterded® the two-level converter losses. The
losses vary from 85% at maximum duty cycle up t%&8 minimum duty cycle. That means
heat sink of the three-level converter is 10% t86018maller than that of the two-level

converter.

The inductor losses are computed from the lossedeh(d.16) and data in TABLE
4-1. Fig.6.6 shows the inductor relative losses versus tmversion power and the ultra-
capacitor voltage. The relative losses are compagatio of the three-level converter losses
to the two-level converter losses. Please notettieatelative losses vary between 25% and
45% at full load, while at light load the lossesywiiom approximately 5% up to 50%.

The switches relative losses versus duty cycle and conversion power

0.9
=
=
172
8088
2
8
£0386-
g
i
w2
0.84-L
5000 e
4000 e Y R
3000 e LT = 08
Load PCO[W] 2000 oo 0.7
1000 55 96 pyycycle d (~uCo/Vbus)

Fig.6.5 The switches (IGBT+FWD) relative losses versuy dycle and conversion power. The relative
losses are computed as ratio of total losses ofdwel dc-dc converter to the three-level dc-dc

converter.

The inductor relative losses versus duty cycle and conversion power

—_
/

Inductor losses [pu]
=
W

0-
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e o7
Duty cycle d (~uCo/Vbus)

Fig.6.6 The filter inductor relative losses versus digle and conversion power. The relative losses are
computed as ratio of total losses of two-level dednverter to the three-level dc-dc converter.

6.2.4.Model and Control Scheme

Most of the control method presented in the litenatare focused on hybrid electric
vehicle and power sourc§s4], [27]-[29], [32], [33]-[35], [43]-[47]. Only a few publications
are focused on control of the ultra-capacitor baséettric drives[5], [21], [22]. In
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comparison to state of the art, the model and obsitheme proposed in this part of the
dissertation has the following features:

0 The entire conversion system is modeled, consigeaxiihparasitic effects, such
as the voltage-dependent capacitance of the wlfpaeaitor. This is particularly
important for the ultra-capacitor voltage controtiesign and synthesis.

o The dc bus voltage is asymptotically regulated tpre-defined reference,
where the reference depends on operating mode afrive.

0 The ultra-capacitor voltage is asymptotically regedtl to a desired reference,
where the reference is determined depending orapipécation requirement.
Doing this, the drive system is kept ready forrnieat braking and ride-through
sequence.

6.3.Conclusions

Application of ultra-capacitor based energy storagwices in controlled electric
drives has been discussed in this part of thised&on. The ultra-capacitor is used to store
the drive braking energy and restore the energyneNer it is possible. Moreover, the ultra-
capacitor can be utilized as emergency energygtdracase of the mains power interruption.

Because it is not convenient to connect the w#@acitor directly to the controlled
electric drive, an interface dc-dc converter isassary. State of the art topologies of interface
dc-dc converters are discussed and a new threk-tlevdc converter is proposed. The
proposed topology is analysed and design guidelaresgiven. The model of the entire
conversion system is developed and a new contha@rse is proposed. The control objective
of the proposed control scheme is to control theatdapacitor current and the dc bus mid-
point voltage. The second control objective isggnaptotically regulate the dc bus voltage to
desired reference, depending on the operating moéde. ultra-capacitor state of charge
(SOC) control is third control objective.

In comparison to state of the art solutions, sushback-to-back and matrix drive
converters, the proposed ultra-capacitor basedraltad electric drive has the following
advantages:

o0 The system ride-through capability is extended. dihee time autonomy is a
design parameter. Depending on the applicationidleethrough time could be
extended up to 15s. Above this limit, it is not tceffective to use the ultra-
capacitors. Electrochemical batteries are morallgtsolution. This limit will
move up with development of new generation of uipacitors.

o0 The system functionality, including braking capapilis not linked to the
mains reliability.

0 Regarding the system installation cost, the propogkra-capacitor based
regenerative electric drive is cost effective iplagations that require braking
time up to 10 to 15s. Above this limit, back-to-ka@nd matrix converter based
drive is better solutions.

The three-level dc-dc converter has the followiegtéires in comparison to state of the
art topologies:

o0 The semiconductors losses are smaller than thathefstate of the art
topologies, such as two-level topology and isolatgublogies.
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0 The output inductor is smaller than that of the-texel topology. The inductor
size depends on the ultra-capacitor minimum voltagel it varies from 25%
to 50% of that of the two-level converter.

o The input filter capacitor is also smaller. The aapor volume varies between
10% and 25% of that of the two-level converter.
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/. BACKGROUND AND STATE OF THE ART

7.1.Background

Three-phase ac-dc power converters (rectifiers)adely used in many applications,
such as variable speed drives, UPS, data centdreelatom power supplies and many other
applications. The rectifier main design objectias efficiency, size, reliability and cost.
Recently, the input current harmonics have becommoae and more important design
criterion. In some applications, the dc bus volthgs to be constant and greater than the
mains voltage regardless on the mains voltage ti@mgmand disturbances. A further issue in
the application of three-phase rectifiers is sifgfi@ase supply operation. Single-phase supply
could be the mains degradation when one phasstisifosuch a case, the rectifier is supplied
with one phase-to-phase voltage and from the recsfdeequvalent to a single-phase supply.
Another application example is rural single-phasémork or some specific application of
variable speed drives, such as irrigation systems.

7.2.State of the Art

Numerous different rectifier topologies have beesspnted in literature and used in
applications. The most important topologies areflyripresented in this section as state of the
art solutions.

Three-phase diode front-end rectifier with pasdive filter is the most common
rectifier topology. The circuit diagram is depictedrFig. 7.1 (a). This is the simplest and the
most robust solution. However, it has numerousd¥igatages, which make it undesirable in
many applications. The input current total harmatigtortion (THD) is relatively high and
the power factor (PF) is low. THD depends on tloiator and capacitor size, and it could be
as high as 100%, or higher. The dc bus voltagentontrolled and slightly lower than the
mains phase-to-phase peak voltage. In addition,flegqquency voltage ripple is significant
too. The dc bus filter capacit@gysand inductotgys are bulky, lossy and expensive.

The single-switch three-phase continuous conductiode (CCM) boost rectifier is a
solution that offers some advantages comparedetditde front-end rectifigd9]-[51]. The
circuit diagram is shown in Figi.1 (b). The rectifier output curreitec is constant and
therefore the mains current is a square waveform2wB radians with a THD of
approximately 30%. The dc bus voltage is controled boosted above the mains phase-to-
phase peak voltage. Low frequency voltage ripplenegligible compared to the diode
rectifier. A variant of this topology is discontious conduction mode (DCM) boost rectifier
[52]-[55] (Fig. 7.1 (c)). This topology offers lower THD of the upcurrent than CCM boost
rectifier. The common disadvantage of those twolmgies is power rating of the switch and
the boost diode. Both of them are rated at fulbde voltagevsys and full rectifier current
irec The double-boost rectifier, Fig.1 (d), is a solution that offers better efficigrand
smaller filter inductor in comparison to the singleitch boost topology.

An electronic smoothing inductor (ELSI) has beeoposed in61]-[63] (see Fig.7.1
(e)). A low voltage H bridge with a low voltage eagtor and a small filtering inductor is
connected between the rectifier and the dc busrglilisThis emulates an infinity inductance
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and maintains the rectifier current constant. T¢teva components are rated on a fraction of
the dc bus voltage. The main disadvantage of tslogy is the fact that the dc bus voltage
is equal to the average value of the rectifieragdt This means the dc bus voltage is even
lower than that of the ordinary diode rectifier witapacitive filter. In some applications, this
is a serious limiting factor.
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Fig.7.1 State of the art rectifier topologies a) difat end rectifier, b) continuous conduction mode
(CCM) single switch boost rectifier, ¢) discontimsoconduction mode (DCM) single switch
boost rectifier, d) double boost, and e) an eledtremoothing inductor (ESI) rectifier.

7.3.A Novel Half-DC-Bus-Voltage Rated Boost Rectifier

In this part of the dissertation, chapters 8 to dovel hybrid half-dc-bus-voltage
rated boost rectifier is presentgid 6]. The core of the presented solution is a ineational
power conversion device, so-called the loss-fraesfiormer (LFT), see. The LFT has two
output and input terminals. The output is seriesneated between the rectifier plus rail and
the dc bus plus rail. The input is parallel conedcwith the dc bus. Because of such a
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connection, it is possible to control the rectifteirrent and to boost the dc bus voltage above
the mains phase-to-phase peak voltage. The LFDBngposed of two uni-directional dc-dc
converters. The first converter is rated on halfthef dc bus voltage and full rectifier current,
while the second one is rated on half dc bus veltagd a fraction of the input rectifier
current. The first converter regulates the rectifi@rrent and the dc bus voltage, while second
one assists to the first one. Power rating, sizeedficiency of the entire conversion system
depend strongly on the ratio of the dc bus voltagke rectifier voltage (boosting factor). For
example, if the boosting factor is low, below Xl efficiency is around 98 to 99%
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8. HYBRID HALF-DC-BUS-VOLTAGE RATED BOOST RECTIFIER

8.1.The Basic Principle

The basic principle of the proposed boost rectifellustrated in Fig8.1. One can
distinguish a three-phase diode rectifier, a dcfilies capacitorCgys, the dc bus load and a
two-terminal device designated as loss free-transto (LFT).
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Fig.8.1 a) Basic principle of the proposed boost rieetib) the rectifier voltagexec the dc bus voltage
Vgus and the compensation voltagg the mains phase-to-phase voltaggys the mains phase-
to-neutral voltag&@mwansphase@nd the mains phase curréidins
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The output terminal of the LFT is connected betwienrectifier plus rail and the dc

bus plus rail, while the input is connected in flatavith the dc bus. The LFT is controlled by
a control variablen(t).

Let the mains be symmetrical three phase mainsphiise to phase voltages given as

. 2r
VMAINS(t) =Veeak S”-(wmt - p?j J (8.1)
wherep=0,1,2is the phase order.

Let the rectifier currenizrec be constant or pseudo constant (being controlethé
LFT). Since the rectifier operates in continuousdigction mode (CCM), the rectifier output
voltage is

VREC(t) =Voea Binwmt

60°<at<120° (8-2)

with the periodT=T,/6, whereT,, is the mains period. The rectifier voltage, thebde

voltage, the mains phase voltage and phase-to-phalssge, and the mains current are
illustrated in Fig8.1 (b).

The rectifier average voltage and average curment a

6 4 3
VREC(AV) = T_ jVREC(t)dt =VPEAK_ ’ (83)
m T% T
. P, Pow 7
Irec(av) :\/Li :%5' (84)

REC(AV)

As it can be seen from Fi§.1, the dc bus voltaggusis sum of the rectifier voltage
Vrec and the auxiliary boost voltagg(t), wherevy(t) is generated and controlled by the LFT.
Hence, the dc bus voltage can be directly contidie the boost voltage(t) via the LFT,

regardless on variation of the mains voltage ared db bus load. The instantaneous and
average boost voltage is

Vo (t) =Vays ~ VREC(t) ) (85)
3 n-3
Vo(Av) = Vaus _VPEAK ; 2VPEAK T . (86)

8.1.1.The LFT Realization

Some possible realizations of the LFT are illusiiain Fig.8.2. The LFT consists of
two uni-directional dc-dc converters, namely DC-D@hd DC-DC2, and two series
connected capacitofZs; andCg,. Output of the converter DC-DCL1 is connected betwine
rectifier and dc bus plus rail, while the inputcisnnected in parallel with the capacit@s,.

The average power of the converter DC-DC1 is not 8&avirect0). Therefore, the current
i1, which flows into the capacitors mid point, is zetro. Since the capacitors average current
must be zero in steady state, one additional cegverust be connected on the capacitors mid

point in order to compensate the currentThe converter DC-DC2 could be connected in
three different ways.
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The case A: The DC-DC2 output is parallel conneetétl the capacitoCg,, while
the input is connected in parallel with the dc (fig. 8.2 (a)).

The case B: The DC-DC2 output is connected on théus, while the input is
connected in parallel with the capaci@ (Fig. 8.2 (b)).

The case C: The DC-DC2 output is connected in [ghnaith Cg,, while the input is
connected in parallel wit8g; (Fig. 8.2 (c)).
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Fig.8.2 Realization of the LFT with two dc-dc convertexsDC-DC?2 is connected on top capacitgs C
and the dc bus, b) DC-DC2 is connected on bottgmaditor Gz; and the dc bus, and c) DC-DC2
is connected ofg; andCagy.
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The best of the three possible topologies dependbe power rating of the DC-DC2
converter. To examine this, let us compute powgngaf DC-DC2 converter for all the three
cases.

The average currenisandi, are computed from the power balance as

. . P T
li(av) = la(av) = kCLi)/AD (ksoosrg_lj’ (8.7)
2 "BUS

where the top capacitor voltage Vs, =k.,v,,.. The dc bus voltage boosting factor
Ksoostis defined as

V,
Keoost =2 = 1. (8.8)

VF’ EAK

From @.7) and Fig8.2 one can find power rating of the DC-DC2 corsert

The case:
Poa =lo(an\Ves = PLOAD(kBOOST]_; ‘1) : (8.9)

The casés:
P = lo(an\Ver = % PLOAD(kBOOSTI_sT ‘1j : (8.10)

The caseC:
T B e ] 6.11)

The converter relative power rating versus theagmt/c, is plotted in Fig8.3.
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One can see from the graph, R8g3, that the power rating of the converter of case
(Fig. 8.2 (a)) is constant. In contrast to this, the poraéing of the converter in case B and C
(Fig. 8.2 (b) and (c)) strongly depends on the voltage From the graph, one can conclude
that the topology C requires minimum power ratih¢ghe DC-DC2 converter.

A particular case that is considered in the dissiert isvc,=Vci=vsud2 (the DC-DC2
is connected as in case C). Because some of thentds of the DC-DC1 and DC-DC2
converters are connected together, the circuitigf &2 (c) could be further simplified as
given in Fig.8.4 (a).

Detailed circuit diagram is depicted in Fi§.4 (b). The DC-DC1 converter is a
converter connected in three points; plus railhef input rectifier, plus rail of the dc bus and
mid point of the capacitor€g; and Cg,. The DC-DC2 converter is a switched capacitor
converter that is connected between mid point efcipacitor€g; andCgzand plus/minus dc
bus. Detailed analysis of these two convertersvisigin section$.2 and.3.
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Fig.8.4 Realization of the LFT using two three-pointamected dc-dc converters, and b) some details of
a possible realization.
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8.1.2.The Mains Current Quality

The mains current quality has become an importaatié recently with broad
application of nonlinear loads such as diode briggssive rectifiers. Such loads generate
higher harmonics in the mains current, which caadditional heating of the distribution
transformers, capacitor banks and neutral line h&f low voltage distribution network.
Moreover, the higher harmonics generates electraetayinterference (EMI) with analog
communication equipment.

Based on the international IEC stand§td], total harmonic distortion factor (THD)
and partially weighed harmonic distortion facto'W(RD) are defined as

SN r= (8.12)

k
PWHD= kT‘ . (8.13)

1

Please notice that harmonics up td"4fder are taken into account in the THD and
PWHD definition[13]. In the near future, it is expected that tkendards will be modified
and higher order harmonics (abové™@ill be taken into account.

In this dissertation, an intermediate solutionigedssed. The mains current is square-
waveform with certain level of higher harmonics. ieal waveform is depicted in Fi§.5
(a), while the current spectrum is depicted in Big. (b). The THD and PWHD factors are
indicated in Fig8.5 (b).

The current harmonics magnitude versus harmonic order
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Fig.8.5 a) Ideal waveform of the mains current, andrbplitude spectra up to #harmonic. The THD
and PWHD factor are computed from definitioBsl@) and §.13).

TABLE 8-1 shows the current emission limits applicable tbree-phase variable
speed drives. In most industrial applications,ghert circuit coefficientsdly is greater than
300. In this case, the square waveform currensfgegi THD limit but not PWHD limit.
Further improvement of the current shape regarthed®WHD factor is possible.

Fig. 8.6 (a) shows some experimental waveforms thatithtie the functionality of the
proposed boost rectifier. Waveform of the mainssehi@-phase voltaggains, currentiyains
and the dc bus voltaggus are given. The current is a square-waveform, aeard from
theoretical analysis. The dc bus voltage is constgple-free and boosted above the mains
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phase-to-phase peak voltage. The same waveforieus ofdinary diode rectifier are depicted
in Fig. 8.6 (b). The waveforms were recorded at the samdittons: the load and the mains
voltage. The mains current peak and RMS value &A& a8nd 12.5A respectively in
comparison to 10A and 8A in case of the proposesbtrectifier. Fig8.7 shows the mains
current amplitude spectra. F&}.7 (a) shows spectra in full frequency range, feokiHz up to

150 kHz, while Fig8.7 (b) shows spectra up to"™¥Barmonic.

TABLE 8-1: Current emission limits for balanced threegghaquipment, based on the IEC 61000-3-12

standard13].

Short circuit

o
ratio =&

Admissible individual current harmonicgli [%]

Admissible harmonic
distortion factors

N
Is Iy I lis || THD PWHD

33 10.7 7.2 3.1 2 13 22

66 14 9 5 3 16 25

120 19 12 7 4 22 28

250 31 20 12 7 37 38

>350 40 25 15 10 48 46

The relative values of even harmonics up to 12 stalexceed 16/n %. Even harmonics above ordg
are taken into account in THD and PWHD in the samag as odd order harmonics.

ri2

Il and I are the network short circuit current and the eapgipt nominal phase

current.
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Fig.8.6 Experimental waveforms the mains curigpis [5A/div] and voltagemans [200V/div] and the
dc bus voltagegys [200V/div]. a) Rectifier with proposed half-dc-busltage rated topology. b)
An ordinary diode rectifier with capacitive filteVyans=400V, Veys=650V, P oap=5.5kW.
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‘The mains current amplitude spectra The mains current amplitude spectra
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Fig.8.7 The mains current amplitude spectra. a) Fromzakhito 150kHz, and b) up to 3@armonic.
The THD and PWHD factor are computed from definisi@h12) and §.13). The bars in red:
spectra of a standard diode rectifier current,lzerg in blue: spectra of the boost rectifier curren
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8.2.The DC-DC1 Converter

In this section, the DC-DC1 converter is analyzed some design guidelines are
given.

A circuit diagram of the DC-DC1 converter is depitin Fig.8.8. The input rectifier,
DC-DC2 converter and the dc bus load are not @etagjust indicated as gray shaded boxes.
Equivalent circuit diagram and waveforms (the induaurrentirec and voltagevi o) are
given in Fig.8.9. The input rectifier is represented by a vatagurcevrec The capacitors
Cg1 andCg; are modeled as a voltage sourggsandvc, that are assumed to be constant. Let
Since the capacitors could be large enough to leehaconstant voltage sources over a short
period (order of switching period). However, ondoterm, the voltag®c: has tendency to
increase antlc, has tendency to decrease because the mid porentiyris non-zero positive
current. To keep those voltages in a constant,raticauxiliary converter DC-DC2 is used.
Selecting a proper topology, it would be possildentaintain the voltageg:; andvc; in
constant ratio regardless on the currigntn this analysis, a particular case;=vsud?2 is
considered.

L i ~_ +
incc| X I S PLUS BUS
IREC
-— VYV Pt
A+ Lo Do .,)\ +
€ g
P R
~ 2
5 it N S . 8
E > > 4 3 S
S i iz T~ 2 ~
ST * g
(= CURRENT & <)
[‘.] VOLTAGE CONTROL Cai M~
E T T ™ 8
irec VBus
Y
DC-DCI DC-DC?_ | MINUS BUS

Fig.8.8 Circuit diagram of the DC-DC1 converter.
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8.2.1.Analysis

The converter basically operates in the same wdgieasrdinary boost converter: the
switch & conducts during periodTs and the inductor curremntec increases. The boost diode
Do conducts during the complementary perftet)Ts and the inductor current decreases and

charges the dc bus capaci@ys The difference between the ordinary boost coeveahd
the proposed one is that the switghis connected to the mid point of the capacitssand
Cg2. That means the inductor voltage swing is theag@tc,=vgyd2.

VREC

+

Vaus

(@)

A
Lo VREC-VCI N
y
@
0 t >
>
VREC-VBUS i
4
IrEC
J N S, .
IREC
B LY B - = [RECUAV)= = = = =
Ln —
g dTs Ts >
(b)
4;
VBUS' [+ f_;
A TN A e
A Y | veec /| 47
\
/ \/ AN/ \/ :
I |
? + t >

(©)

Fig.8.9 a) The equivalent circuit of the DC-DC1 congerb) Waveforms of the inductor voltagg, and
the currenty,, and c) the voltagegeg Vi, Veus Vo, Ve1 andves.
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In the standard single-switch boost topology, théch is connected to the minus dc
bus and therefore the inductor voltage swing isfthledc bus voltage/sus This has direct
influence on the inductor size, losses and elecpmatic interference (EM[L17]{118].

The circuit of Fig8.9 (a) is described by equation

®dt (Ve -V dT, <t<T,' (8.14)

Rec ~ VBus

| Oigec {VREC ~ Vg, 0<t<dT,

whereTs is the switching period and is the duty cycle. From8(14) and the volt-
second balance it follows that duty cycle d is

Vrec — 2VBUS ~ VRec , (8.15)

Ve, V

d= Vaus ~

Veus ~ BUS

wherevci=vgyd2. Substituting 8.2) into 8.15) yields duty cycle

sinw. t
dt)=21- m
( ) { kBOOST]

Fig. 8.10 shows 3-D graph of the duty cyc&1() versus the boost factor and angle

(8.16)

60°<ayt<120°

.

Maximum boost factor and the dc bus voltage areprded from 8.16) and the
condition that the duty cycle is maximunh,g=1) at minimum of the rectifier voltage.

_ 2sinw,t
BOOST(max) — W d=1

nt=n, (8.17)

k

VBUS(max) = \/TOVPEAK

The boost factor (and therefore the dc bus voltaifethe proposed hybrid boost
converter is limited, in contrast to the ordinapobt converter that has theoretically unlimited
boost factor (in reality limited by the circuit @aitic resistance). In most of the applications,
the boost factor is often lower than 1.5, and toeesthe limitation 8.17) is not relevant.

The duty cycle versus boost factor

T apis3
p1

1.2 ; 2pif3
ot[rad]

The boost factor 1 pi/3
Fig.8.10 Duty cycled versus the boost factkgoosrand anglawis the mains angular frequency.

Fig. 8.11 (a) illustrates the functionality of the DC-DConverter. Experimental
waveforms of the rectifier voltageec rectifier currentirec and the voltage; are shown.
The voltagev; is the voltage between the inductor and minuswdc(see Fig8.11 (a)). Fig.
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8.11 (b) shows a zoom of the waveforms. Pleasecaaibtches in the rectifier voltage
waveform and corresponding distortion in the reati€urrent waveform, which are caused by
the mains background voltage distortion.

YOKOGAWA 4 2009/11/17 11:43:51
Stopped 108

T/DIV_:_ ims/div Normal Dscale YOKOGAWA - 2009/11/17 11:43:05 Normal @scale
H SME/S [ toofv ] Stopped 545 H 2568/s [ 100 Qv ]
N : 125K K ms/div ‘ ‘ Man : 125K : 5 us/di

CH2 INPUT | CH3 INPUT ML_MATH Edge [CH2 INPUT TCH3 INPUT ML MATH Edge

DC Full IDC Full 1IR LowPass F DC Full IDC Full IR LowPass. £

100 V/div  |[100 V/div 500 A 29A 100 V/div (/100 V/div 5.00 A 29A

200:1 200:1 1.0000MHz DCOFF 200:1 200:1 1.0000MHz DCOFF

Fig.8.11 a) Experimental waveforms the rectifier curigg: [5A/div] and voltage/rec [100V/div] and the
switching voltagey; [100/div]. b) Zoom at maximum rectifier voltagéyans=400V, Veus=650V,
PLOAD: 5500W.

8.2.2.Design Aspects

In this section, some aspects of design of the thiadsictorL,, the dc bus capacitor
Cgusand boost switcly and diodeDg are discussed and design guidelines are given.

8.2.2.1.Boost Inductor Lg

Design of the boost inductor is one of the mostdrtgmt design steps in a boost
converter design. The design is based on two @itéhe inductance (for allowed current
ripple dire) and the inductor losses. The current ripple hgisifscant influence on the total
losses and the inductor thermal design. For geheidl the analysis, it is assumed that the
maximum current ripple is given as a design paraméefhe boost inductor losses are
computed, however the thermal design is not digzlissdetail.

0 The Inductance and Current Ripple

The inductor current ripple is computed fro&1(4) and volt-second balance as

. V
Digee = =25 —(d -d?),
e =gy (- 7) (8.18)

wherefswis the switching frequency. Fi§.12 shows the current ripple versus boost
factor and angled.
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The current ripple versus boost factor

2 T T T
=
i
2 15_ 7
)
4=y
: kboost=1.2 kboost=1.3
5 1
E kboost=1.4 ~—
kboost=1.5
Q
0 5/ kboost=1.1 ~
0.
H
i L 1 1 L L S 1 1 L ]
p/3 pi/2 2pi/3
ot[rad]
(a)
The current ripple versus boost factor
El
&1~
2
=)
3y
-
= 0.5~
5
=
3 AR \
R
& O~ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\}\\\\\\%\\\\\\\\\\\\\\\\\
= 16 l N o
= 2pi/3

I I
1.2 oA pi/f2
The boost factor 1 pi/3 o[rad]

(b)

Fig.8.12 The rectifier current ripple versus the boost fakteesrand anglext, wherewis the mains
angular frequency. The ripple is normalized onrtfaximum current ripple achieved at d=0.5.

14

Substituting 8.16) into 8.18) one can find the maximum current ripple

Vaus [_2_,_3 \/§ __3 J

2L0fSW kBOOST kéOOST kBOOSTsi
Do = ) (8.19)
VBUS
8L0 fSW

K > 2
BOOST 3

The boost inductance is computed for the worst @dsg.19) and the maximum
current rippleAimax

V
LOZ—SAiB“Sm;‘: : (8.20)
max ' SW

0 The Inductor Losses

The inductor losses consist of the winding lossekthe core losses.

Po=>I 2LORMS(n)(RL0(nfSW) + RC(nfSW))7 (8.21)

n=0
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whereR_osw) IS the inductor winding resistance that dependentthe frequency. The
resistancéRcsw) IS the core equivalent resistance that modelsohe losse§92]. The losses
model 8.21) takes into account harmonics of the inductorent. To simplify computation,
the current ripple can be substituted by an eqgentadinusoidal current having the same RMS
value and frequency as the total current ripplecé&s be seen fron8(18), the ripple current
Is time varying because duty cycle varies withittstantaneous rectifier voltag®.2). Hence,
the ripple RMS current varies too. It could be ¢desed as local RMS current.

Ai REC(RMS) (t) :Ai;;\/%(t) (8-22)

Substituting 8.22) into 8.21) yields local average losses of the inductor

Ro(t) =Ry ( ] # (R + Rel )2 RE°(I)' (8.23)

BUS

LOW FREQUENCYLOSSES HIGH FREQUENCYLOSSES

whereR opc) is the inductor winding resistance at low frequenc

Substituting 8.18) into 8.23) one can compute the inductor average |0$8e%4).
Here, we have to highlight that the losses mo8&l4) is not very accurate, but sufficient as
an initial step in the inductor design procedure.

2
6 P, T
- d'[ - RL ( LOAD o _J
LO(AV) Tm J; o(pc) s BOOST 3
LOW FREQUENCYLOSSES
16
(RooCiow) + Rel(om iz, (8.24)

* (4]1(;OOST 7ZKSOOST (39\/§ + 26”)kI§OOST - 132(BOOST + 67T+ 27\/2§j
X

k4

BOOST

HIGH FREQUENCYLOSSES

8.2.2.2.The DC Bus Circuit

The dc bus capacitor is designed with the dc bltag®e ripple as the design criterion.
The dc bus voltage ripple at low frequency is cotagdrom the instantaneous power balance
equation

VRECI REC = I:>LOAD + VBUSICBUS’ (825)

where icgus is the dc bus capacitor current. 18.45), it has been assumed that
instantaneous power of the capacit@s, Cg2 and Cs, and inductord, and Ls could be
neglected in comparison to the dc bus capacitoe. r€ltifier current is assumed as constant
(actively controlled by the DC-DC1 converter).

The rectifier voltage§.2) can be expanded in Fourier series

3 3 2 .
VREC(t) =VpEAK 7_T +VPEAK ;ZWSIH(GHC%'[ + ¢(n)) . (826)
n=1
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From @.25) and 8.26) it follows that

0

icsus(t)z Ploao Z (Gn)22_1sin(6na)mt+¢(n))D@£sin6a)mt. (8.27)

Veus(av) =l Vaus(av)

Here, it has been assumed th&t fearmonic of the instantaneous pow8t26) is
dominant, and the dc bus voltage ripple is sigaiiity lower than the average dc bus voltage,
AVg,s <<Vgusavy - THUs, the peak-to-peak voltage ripple can be coetpas

2 2P
AV D— LOAD . 828
o 35 VBUS(AV) (GmeBUS) ( )
From @.28) it follows that the dc bus capacitance is
2 2P
C > < LOAD ,
o 35 VBUS(AV)AVBUSmaXGwm (829)

where Av, ..., IS maximum dc bus voltage ripple given as a depa@ameter.

8.2.2.3.The Switch and Boost Diode

Three parameters are important for design andtsateaf the boost switch and diode:
1. The device voltage stress,
2. The device current stress, and
3. The device losses and associated thermal stress.

The device voltage rating, current stress and fossk be analyzed. Thermal aspects
however will not be discussed because that issreigvell known and presented in literature,
[119].

0 The Device Voltage Rating

The device transient voltage defines the switchdiade voltage rating

V max,
VS o(max) = VD dmax) = % +AV, (830)

where4V is commutation over-voltage

AV = LC% DLC%

" C (8.31)

L. is the commutation inductan¢®00], I, is the switch peak current and is the

current fall time. Notice that the voltage ratisgoine half of the dc bus voltage in contrast to
the ordinary boost converter.

0 Current Stress and Losses

The switch average and RMS current are
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3%% P T
I So(Av) :]_.[ %lsod (m) ﬁz(g kBOOST_lj )
(8.32)
3%7%. P s 3
| = |= [ i d{at) =00 — 1- .
SO(RMS) ﬂ% o ( ) s BOOST 3 2{ mBOOST]
The switch losses are computed from the switch in@ti@pter 5) andg(32)
P ook
P.=V_| +r_]2 + Losp BOOST(E +E )f '
S0 ' s0(Av) 0" SO(RMS) 2\/N| . ON OFF / 'sw (833)

CONDUCTIONLOSSES

SWITCHINGLOSSES

wherefsyis switching frequency. The swit& is approximated by threshold voltage
Vso and dynamic resistanegs Eon and Eorr are switching energy at the given conditions;
rated voltagéd/y and currenty.

Similar calculation is applied on the boost diddle Average and RMS currents and
losses are

P, V4
I po(av) — ﬁ(z_gksooyj )

Vaus
(8.34)
— PLOAD U 6
I DO(RMS) ~ BOOST§ 7K -1,
BUS BOOST
P.=V__ | + | 2 + PLOADkBOOSTE f
DO DFO' DO(AV) rDo DO(RMS) oY Qlsw (8 35)

N'N
SWITCHING

CONDUCTION

where the diode is approximated by threshold vel¥ag, and dynamic resistancgy.
Eq is reverse recovery energy at given the conditicated voltage/y and currenty.

8.3.The DC-DC2 Converter

As already mentioned in secti@l, the role of the DC-DC2 converter is to balance
the voltages/c; andve,. The circuit diagram of the proposed convertegiven in Fig.8.13.
Basically, the converter is a variant of a switclkagacitor convertdd18]. A switch legS; S
is connected across the bottom capacigy and a diode le@®: D, is connected across the
top capacitoiCg,. The capacitoCs is the main switched capacitor that transfersethergy,
while inductorLs is an auxiliary inductor used to reduce conductasses and achieve zero
current switching (ZCS)118]. The switchess, S are driven with complementary control
signals at periods, The duty cyclal, is constant, around 50%.

8.3.1.Analysis

For simplicity of the analysis, one can assume tti@tcapacitor€gs; andCg; are large
enough to maintain the voltages, andvc, constant over one switching cycle, Also, the
switches and diodes are modeled by constant vokagecesVsy and Vpro. One complete

-120-



8. HYBRID HALF DC BUS VOLTAGE RATED BOOST RECTIFIER

cycle Ts, can be divided into four stages, namely stage Atége D. Fig8.14 illustrates
topological stages and waveform of the resonameatii,.

+ /f+
Ch:

Irec PLUS BUS

o D: I2r
ey -
Cs <
D: E a
¥ v
E — —> ==
1] + 12 Ls g -
f S: =)
x
Chr DU »\ =
5 —— !
= T
s Ty
+— =
X x
DC-DCl MINUS BUS
& owm '—

Fig.8.13 DC-DC2 converter circuit diagram.

Stage A Switch S is closed at the instatt0. The capacitoCs is charged fronve;
via the switchS, diodeD; and the inductoks. The current,r and voltage/csincrease. Once
reaches the maximum, the current starts decretmivayds zerol(sCs resonant circuit).

Stage B The currenti,g reaches zero and diod® is blocked at the instamtTq/2.
The current remains zero until commutation of théch S.

Stage C The switchS; is closed at the instatitTs/2. The capacitoCs is discharged
(into vcy) via the switclht,, diodeD; and the inductoks. The current,g increases in negative
direction with respect to the direction in Fig. fieTvoltagevcs decreases. After reaching the
maximum, the current starts decreasing towards (x&f@s resonant circuit).

Stage D The currenti,g reaches zero and diod®, is blocked at the instant
t=Tsd2+Ty/2. The current remains zero until the commutatiothefswitchS; at the moment
t=Ts2 One switching cycle is finished.

Neglecting the circuit resistance, the curremt can be described by fractions of
sinusoidal function,

(—1)ki25ksina6(t—kh) kT2 et <tz 4 To
i,e(t) = 2 To 2 2 2 2
- ' (8.36)
0 ks Tocpg(krr) s
2 2 2
where the circuit natural frequency is
% :2_]T: 1
T, JLC.' (8.37)

andk is a floor integer defined as INT(%).

S
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Fig.8.14 Different topological stages of the converfgrS1, D1 are conducting, B) S1 is conducting B1 i
blocking, C) S2, D2 are conducting, and D) S2 isduating D2 is blocking.

The current, is the current of the switc® (the converter DC-DC1), and is a purely
discontinuous current. However, because of presehtiee capacitor€s; and Cg; that are
assumed sufficiently large, the curreptcan be considered as a constant currghh. In
steady state, the capacitors voltages are con#tarihe capacitors are large, but not infinite
capacitance, it follows that the capacitors curerdr a certain period must be zero. Hence,
I2(avy=iiavy From @.4) and 8.16) it follows that

, . Bow 7T ,
Lo(avy (t) = IRECd (t) :VLEZ(kBOOST_SInwmt) . (838)

BUS T <ant<2,

Please, note thaivyt) is the current averaged over a switching pefigd So, it can
be considered as the local average culEdf]. Also, note from&.36) and 8.38) that peak

of the resonant curremr changes with the rectifier voltage; the lower ifemt voltage the
greater peak current.

8.3.1.1.The Voltage Transfer Ratio

The converter DC-DC2 can be considered as semsemaat converter that operates in
discontinuous conduction mode (DCM), modfL21]. The input is voltagec; and output is

voltagevc,. The voltage gain of the series resonant convegierating in this mode is unity,
regardless on the load and switching frequency.

M - VCZ —

=1, 8.39
Ver ~ (Vso +VDF0) ( )

whereVspandVpg are the switch and diode voltage droop.
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The bottom and top capacitor voltages are compubea (8.39) as

+V, +V -Vg, =V,
v, = Veus 2 DFO -y = Veus 2 DFO (8.40)

As is it can be seen from8.@0), the ratio ofic; to Ve is constant. That means there is
no need for direct measurement and control of titepmint voltage.

Fig. 8.15 illustrates the functionality of the DC-DC2neerter. Waveforms of the
rectifier voltagevrec and currenirec and the resonant currenk are shown. Note that the
peak of the currenbr changes as the rectifier voltage changes, asgbeedin 8.36) and
(8.38). Fig.8.16 shows a zoomed in disply of these wavefornasvattagevs; of the bottom
switch S (circuit in Fig.8.13); Fig.8.16 (a) is zoomed at the peak of the rectifietag# and
Fig. 8.16 (b) is zoomed at the minimum rectifier voltayete that the switches commutate at
the zero current condition.

YDKOGAWA 2009/ 1? ?3 16:44:33

M Edge
IDC Full IDC Full 2
100 v/div (/5,00 A/div 5. 160 V.
200:1 10A:1V DC1sk M

Fig.8.15 Experimental waveforms of the rectifier curiiggg [SA/div], the rectifier voltage/rec [100/div]
and resonant circuit curreigb[SA/div]. Viyains=400V, Veys=650V, PLoap=5.5kW.
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Fig.8.16 Experimental waveforms of the rectifier curiigpg [SA/div], the rectifier voltagerec [100/div]
and resonant circuit curreigb[5A/div]. a) Zoom at peak of the rectifier voltaged b) zoom at
minimum rectifier voltageVyans400V, Veys=650V, P oap=5.5kW.
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8.3.2.Design Aspects
8.3.2.1.The Switches and Diodes

The switches and diodes average and RMS currenputeth over a switching cycle
(local averagind108]) are

2(Av)

Tav) = 5
8.41
. . m T, ( )
's{RMs) - |2(AV)2_\/§ T_ .
0
The average and RMS current computed over a funqumeriodZ—; are
H I:)LOAD (ﬂ j
gy =220 D 1],
S(AV) Voue 3 BOOST
(8.42)

i — PLOADi & Kk 2+1_12kBOOST_3\/§ )
gRMS) Vous 3 ZTO BOOST 2 2T

Now, having average and RMS current, one can coenpanduction losses of the
switch and diode as

Ps =V SI S(Av) +r 4 ZE{RMS)’
) (8.43)
PD :VDFI gAV) + rDI S(RMS) *

The switches and diodes are approximated by candteeshold voltagd/s andVpe
and dynamic resistance andrp. Switching losses are neglected since the switcbhesnute
at zero current conditions. If necessary, the wskee to the switch parasitic capacitance can
be taken into account.

8.3.2.2.LC Circuit

The resonant circuit RMS current and losses dementhe load poweP oap, the
boosting factokgoostand ratio between the switching and resonant &eqy,

_ Pow i\/h(k 24 1 _M] . (8.44)

lrms = Vv To BOOST E 2T

BUS 3

The role of the inductoks is to minimize the conduction losses and ensueez#éro
current switching condition. It follows from8@37), 8.42) and 8.44) that the greater
inductance the lower conduction losses. The zeroeot switching condition is defined
asT, < T, . From this condition and(37) it follows that

T 2
LC,s| =22 . 4
c.s(32] (8.45)
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The capacitor and inductor have to be selecteaniarmum size, cost and losses of
the LC circuit. Total volume of the capacitor and induatan be expressed in general form

(C)+F, G;j , (8.46)

where function$; andF, depends on the capacitor and the inductor tecggolo

The functionF; has been interpolated for EPCOS film capacitor@@3 at 450Vdc
rated voltagg122]. Fig.8.17 shows the capacitor volume versus capacitd&tee squares are
the data sheet values and blue line is first argerpolation,

F,(Cs) = 19+ 235[C,[cn?]. (8.47)

Volume of the air-core short inductfit23] can be approximated by a second order
function

F,(Ls)= 124+ 05L, - 0022 . (8.48)

The capacitor volume versus capacitance at 450Vdc rated voltage 45 e O T e L S et e ent
T T ml -

V=1.24+0.5L-0.02L2

V=1.9+2.35C

Volume [cm3]
Volume [cmw]

6 8 10 1 4 6
Capacitance [uF] The inductance [uH]

(@) (b)

Fig.8.17 a) Volume of MKP Epcos film capacitors B32&B4sus capacitances at 450Vdc rated voltage. b)
Volume of an air-core inductor versus the inductéaac10Arms rated current.

From @.47) and 8.48) and the condition

(TSZ jz
[| 2

S
oW _ 0F,(C,) .

=0 ,
aC,  aC, aC,

the capacitanc€s and inductancés can be found that gives minimum volume of the
converter. Another parameter that has to be vdriethe capacitor RMS current. This is a
trivial problem of optimisation and as that it wilbt be further discussed.
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8.4. A Design Example

A 5.5 kW prototype was designed and the proposdddhébus-voltage-rated boost
rectifier experimentally verified. A picture of thgrototype is shown in Fig8.18. The
converter specification and parameters of the sademain components are given in TABLE
8-2 Active power components (MOSFETs, IGBTs and B)Rere selected for the target
switching frequencies, dc bus voltage, boost faetod rated powerRpc is the winding
resistance at low frequency aRdc is the winding resistance at switching frequefi§2].
The resistanc®&c is the core equivalent resistance as a modeleottine losses8(21). The
core resistance was computed at the inductor @ie@nt, using the manufacture datasheet
and design software tofl03].

The inductor losses were computed fro8m2() and the parameters in TABLE=2.
Fig. 8.19 shows 3-D graph of the total inductor losesw output power and boost factor.

The switchS and diodeD, losses were computed fror®.83), 8.35) and data given
in TABLE 8-2. Fig.8.20 and Fig8.21 show 3-D graph of switching and conductiorséss
versus conversion power and boost factor. The bwatnduction losses strongly depend on
the boost factor. They are dominant at full powsd high boost factor. In contrast to this, the
switch commutation losses are less dependent omdbst factor. The boost diode losses,
particularly conduction losses vary significantlitwthe boost factor.

TABLE 8-2: Specification of the half-dc-bus-voltage rabest rectifier.

| Nominal power | Pco=5500W |
DC bus voltage Veus 650V
Minimum input (line RMS) voltage Vmains= 350V
Switching frequency DC-DC1 fswiE=100kHz
Switching frequency DC-DC2 fsw=50kHz
The current ripple Aigec=2.5A
| So: MOSFET 500V 20A | @ FAST DIODE 500V 20A |
Vso I'so *EontEo Voro oo *Eq
0 2002 10uJ/A 1.13V 11 @ S5uJ/A

| *Switching losses at ¥=300V T=150°C |

BOOST INDUCTORL, DC BUS CAPACITORCgys
High Flux Powder Core 58439-A2
Lo Roc Rac Rc C ESR

325u | 40m || 0.8 4.40 820uF 0.11

S/S, D./D, | Ls | Cs |

IGBT 600V 10A FAST DIODE 600V 10A ["Air  core NKP
Ve s Vo o inductor
08v | som || o09v | 100nm@ | 06uH | 10uF |
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(b)
Fig.8.18 a) Prototype of the boost converter. b) Tlkemant air-core inductor 0.6uH 10Arms.

The boost inductor losses versus boost factor and conversion power

= ; , N
Elo St
%
g 5.
—
0L
5000

I

T
1000 1 "~ The boost factor

Conversion power Pload [W]

Fig.8.19 The boost inductdy, losses versus the boost factor and conversionmpowe

The switch conduction losses versus boost factor and conversion power The switch commutation losses versus boost factor and conversion power
AN

[N
<

[
<
%%
/.
.
//

Losses [W]
Losses [W]
=

i 16 200%000, = 16
Ploag 201000 12 The boostfact 2000, 1 T2
Conversion power Pload [W] 1 ¢ boost Tactor Conversion power Pload [W] 1000 4 “ The boost factor

(@) (b)

Fig.8.20 The switclg, losses versus the boost factor and conversionmpowe
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The diode conduction losses versus boost factor and conversion power The diode comutation losses versus boost factor and conversion power

._.
w

—_

e

210 3
"
g s g >
S =
o] | 0l
30004500 Ny 30004000, = 16
3000, B i 14 3000, - e — 14
2000159 1.2 200,690 1.2
Conversion power Pload [W] . The boost factor Conversion power Pload [W] UL e
(@) (b)

Fig.8.21 The diod®, losses versus the boost factor and conversionmpowe

The switchS,;, and diodeD;/, losses were computed from losses mo8et3) and
data in TABLE 8-2. The computed losses versus conversion powerbaost factor are
illustrated in Fig.8.22. Fig.8.23 shows the converter total losses and convesdiiciency
versus conversion power and boost factor. The tzlon shows that the converter efficiency
is quite high, from 97% at minimum output powebd0W and boost factdgoosE1.7 up to
99% at maximum output power and minimum boost fa&teos=1. In this calculation,
losses of the filter capacitofSs; and Cg, and resonant capacit@s and inductorlLs were
neglected. The control circuit and gate driversskes were also neglected.

The switches S1,S2 conduction losses versus boost factor The diodes D1,D2 conduction losses versus boost factor
and conversion power ) and conversion power
104 10 kN
3 z
g s g s
3 &
— —_
0= 0-
5000 E T E i
40005500 g = 1.6 30004900, 3 16
3000, 500, g 1y 4 3000, - g o
Conversion power Pload [W] LCCU " The boost factor Conversion power Pload [W] 1000 " The boost factor
() (b)

Fig.8.22 The switcls,; and diodeD,,, losses versus the boost factor and conversionpdiue losses
are computed per one device (total losses are twice

The total losses versus boost factor and conversion power

The conversion efficiency versus boost factor and conversion power

g — 100~

; 100 S
= 5 99 .
g 50- g =
I _
= =

" Shoiy %X

~ . e 5000, T e
4000, , = [
3000, 07 14 ee 4000 30007~ L AT ——— 1.6
Conversion power Pload [w] 1000 1 " The boosting factor Conversion power Pload [W]1000 7} 1.2 "The boost factor
(a) (b)

Fig.8.23 The conversion total losses and efficiencyugetle boost factor and conversion power.
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9. MODELING ASPECTS ANDCONTROL SCHEME

The model of the half-dc-bus-voltage rated boostifier is developed and discussed
in this chapter. As mentioned in chap®r the half-dc-bus-voltage rated boost rectifier
consists of two converters (DC-DC1 and DC-DC2). Klddr each converter and then model
of the entire rectifier system have to be develogde model of the DC-DC1 converter is
more or less state of the §t06] and therefore it is not discussed in detalshis chapter.
The model of the DC-DC2 converter is less knowrthia literature, and is developed and
discussed. Finally, a large signal and small signablel of the entire boost rectifier is
developed. The model is verified by the Matlab datians and a set of experiments.

In second part of this chapter, the control schésndiscussed and the controllers’
synthesis procedure is given. The proposed costreéme is verified by Matlab/Simulink
simulation and a set of experiments. The resuéipegsented and discussed.

9.1.Model of Series Resonant Converter

As discussed in chapt®; section8.3, the DC-DC2 converter is the series resonant
converter that operates in type 1 discontinuougdgction mode (DCM)121]. The series
resonant converter topology is well-know topologywce the age of vacuum tube high
frequency generators and SCRs power convdit@ry. In the 1980s and 1990s this topology
was in focus for high-density dc-dc conversion aggpions[124]. Two of the most often used
methods to model series resonant converter (SREC$iausoidal approximatidd24]{127],
and discrete time modellinfL28], [129]. However, those modelling techniques are not
appropriate if the resonant converter operatesointicuous conduction mode (CCM) at
resonant frequency or in type 1 discontinuous cotidn mode (DCM)121]. The concept of
the quantum modelling and control technique intozalin[130] can be used in analysis of
type 1 DCM resonant converter.

The circuit diagram is given in Fi§.1 (a). The capacitoiGg; andCg; are modelled
by the ideal voltage sources; andvc,. The equivalent circuit diagram is depicted in.Bid
(b). The model consists of two voltage-controlledtage sourcesvé: andvey), two current-
controlled current sourceg @ndip) and an equivalent inductance. The controlled voltage
sources are knownvd; andvcy). The controlled current sources and the equivatetuctance
Le have to be determined.

To determine the equivalent inductante, the following virtual experiment is
performed. Let us consider steady state and no ¢oadition, meaning thabnay=0, and
Vg, =V, =V, . The switch and diode conduction voltages areawted,V, =V, C0. Hence,
the resonant circuit currenk is zero, and the capacitGs initial voltage isv., =V, . Then, at
the instant=0, a step\V¢ is applied on the input voltage, while the voltage/c, remains
constant. Then, the average currerdp andi, will be computed. Finally, the inductante
will be computed from variation of the average eutr..

The switchS, (Fig.9.1 (a).) is closed and a step voltagé: is applied on the voltage
sourcevc; at the instant=0, while the voltagec, remains constant.
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Ve; =Veoh(t + ) + AV h(t)

Veo :V(:oh(t + 00) ’ (91)
whereh(t) is the step function defined as
0 t<0
h(t)—{l e (9.2)

PLUS BUS

PLUS BUS

O DT

T O b

Ve
O+
-/

Vez

« 7
134

Ve

Is +
—&0)0, MINUS BUS -
D=50% - MINUS BUS DC-DC2

(a) (b)
Fig.9.1 a) Simplified circuit diagram of the DC-DC2 e®nter, and b) the equivalent circuit diagram.

Neglecting the circuit resistance, the instantasecwrrentsizg, iz, is andip can be
described by a train of half-sinusoidal pulses wykle by cycle increasing magnitude. The
waveforms are illustrated in Fi§.2 (a). The phase portrait of the resonant ciiisushown in
Fig. 9.2 (b).

The equations describing the currensi,, isandip are

(_1)k (k +1)AV(; Sln%(t_kkj kh<t < k&+£
_ _ L 2 2 2 2
IZR(t)_ T T T ’ (93)
0 k-2 4+ -0 <t<(k+1)-32
2 2 2
—(k+1)LAV°sina%[t—kT—;2j kT—;Z<tskT—;2+12°
=] A T T, .
0 k-2 +-0 <t<(k+1)-52
2 2 2
—(k”)LAVCsin%(t—kT—;ZJ kT—;2<tskT—;2+T—2°
W= A = o o)
0 k-2 +-0<tsg(k+2)-2
2 2 2
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0 k&<ts(k+1)&
2 2
i, (t)= %sinw{t—(kﬂf—;j (k+1)T—;2<ts(k+1)T—;2+T—2°. (9.6)
T T,
0 k+1)-2+2<t<(k+2
(+)2+2< <(+)2
Average values of the curren&3)-©.6) are
1E AV T2
_T—! (t)dt = (2k +3)—<- 712L o
: 1 AV T?
)== [is(thdt = (k +1)—°—°, :
IS(AV) TS ‘!‘ )j ' nzLS TSZ (9 7)
: 1 AV T2
ID(Av)(k):-l-_S _{ (t)jt—(k+2) 772L T

wherek is a floor integer defined &s INT(_I?—t) .

S2

i) S

= ldan\_ |

S~y
~

isav_ - — -\ +
--------- - Ins

’ ' kL k!z ml =3 Vo>
B = vez Va
X
e Tur N\
Vcz v
‘0 ; Iml
(a) )

Fig.9.2 The resonant curreigh. @) Time diagram, and b) the phase portrait.
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Variation of the average currentbetween two successive cycles is

i i ; AV, . T?
AIZ(AV)(k) = la(av) (k + 2) ~laav) (k) =2—-=2

AL T, (9-8)

The equivalent circuit of Fig.1 (b) can be described by difference equation

AiZ(AAVT) (k) Le = Vc1(k)_vc2 (k) =4V, (k)’ (9-9)

where the time step AT =T,,. Finally, from ©.8) and 9.9) one computes the
equivalent inductance: as

(T
L. =L.—| =32, .
e =L (To J (9.10)
From ©.7) one can also defingandip as
. k+1 .
IS(AV)(k):mIZ(AV)( )
. 9.11)
. +2 .
i e (K) = Kr3 o) (k)

Fig. 9.3 illustrates interpolated equatio®s1(l). Notice that the difference between the
currentss andip is initially 20% and it drops below 10% flke3 (after three half-periods).

In this virtual experiment, we have assumed thatswitchS, is closed at the same
time as the variationVc is applied onvci. As the average currents are computed over an
interval (0, &), the diode average current is greater than thielswverage current, as given
in (9.7) and 9.11). However, if we assume that the swilis closed at the same time as the
variationAVc is applied onvcy, the switch average curreigfayywill be greater than the diode
average currenpey) In reality, the step voltage could be appliedrat instant in the interval
(0, Tsp). Thus, the diode to switch average currents ratiold be any between the two
extreme cases mentioned before. However, the awgdnequencyfsw. is greater that the
frequency of our interest. Therefore, it could Issuamed that the transition period is much
shorter than the observation period. In that chsestvitch and diode currents can be assumed

as the samey ) Lippay)-

O~
iD/i2.
0.5
18/i2
oal—T"__
03l
02 1
0.1 w
1 2 3 4 5 6 1 8 9 10

k

Fig.9.3 Average current of the switch and diode versimber of cycles k.
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9.2.The Entire Rectifier Model

9.2.1.Large Signal Model

Now, having model of the DC-DC1 and DC-DC2 conuexiteone can construct a

model of the entire rectifier. The model is depicie Fig.9.4. The dc bus load is a constant
power pLoap (this is typical load in controlled power converggplications). The inductance

Lo is the boost inductor, while the resistaRges an equivalent input resistance

R +3
R =R+ @b, (9.12)

The resistanceR o is the boost inductor parasitic resistance, whiatludes the
winding resistance and the core losses resist@®jeThe second part 00(12) is model of
the rectifier commutation voltage los4&45]. The frequency., =27f is the mains angular

frequency and., is the mains inductance.

Ro Lo
/\ PLUS BUS

-

IREC

hid Proan

Vaus 4

£
S+
VREC

DC-DC2

MINUS BUS

Fig.9.4 Large signal model of the entire boost rectifier

The large signal model of circuit in Fi@.4 is described by set of nonlinear
differential equations,

di .
Lof = ~Rylgec T Vrec = Vaus * d Wes (9-13)
di .
E d_i = _REIZ Ve = Ve,
C ch1 =i _+ _ P
Bl gt REC s Voue (9 14)

dv ) .p
C c2 —(1-d)i +j — oo
B2 dt ( ) REC D VBUS

VCl + VCZ

VBUS -

Variabledis duty cycle as the modulation signal of the DCiD&onverter. The duty
cycle is generated by a non-linear controller, whee control law is
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U= Ve * Vaus

VCZ

d= (9.15)

The variableu is the main control variable that is generatedtiy upper level
controller (the rectifier current controller foraxple). Substitutingd(15) into 0.13) yields
linear differential equation

Lo%zu_ROiREC' (9-16)
The dc bus circuit is described 18.14). However, notice that duty cydeappears as
an intermediate variable i8.(L4). To find an equation that describes the dcdieuit (the dc
bus voltage/sug) as a function of the rectifier curreipkc as the control variable, one can use
the power balance

v v

> VG g (9.17)

N Mo di
P = Pour +Z|kRk +Z|j|‘j_]+

k=1 j=1 dt  f

pin and pout are the system input and output powsrjs number of the resistors
(including parasitic resistances M is number of the inductors ar@ is number of the

capacitors in the circuit. Applyin@(17) on the circuit of Fig0.4 yields

. di . . di .
Vredrec = Proan + Lo'Rch + RoleeEc + I-Elzd_t2 + REIZ2

v, dv,, (9.18)
+C81VC1 F + CBzvcz T

Assuming that the filter capacitors are the sagpecC,,=2C,, (9.18) can be
rearranged as

Veedrec = Proso T Lol RECﬁEC * ROI;EC + CBVBUSd—BtUS
i 2 y (9.19)
+RIZ + LE%(iZ +C,L, %}

From ©.14) we have the following set of equations thasadibes the balancing
currenti; and balancing voltage erraxc (the DC-DC2 converter)

Lo R say,

AVC =Ve1 ~ Ve

Here, product of duty cycle and rectifier currelrit,.., is the disturbance for the DC-
DC2 converter.
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9.2.2.Linearization and Small Signal Model

The small signal model is obtained by the use effitst order perturbation model or
Taylor series expansion. Then, Laplace transfoonas applied to obtain the rectifier current
(9.21) and the dc bus voltaggZ?2) transfer functions.

. _ 1
IREC(S) - L’(S) Ro + SLO (9.21)
T T
[VRECVBUS -2 RJkBOOST§ PLOAD) - SLDkBOOST§ PLOAD
CENE Sl
P (9.22)
kBOOSTEPLOAD D, VLOAD BOOST 5 ( Re + SLe)
*Vrec (S)—3 ﬁLOAD BUS i2 (S) . 2
CB BUS CB BUS VBUS

o

Transfer functions of the voltage balancing efrag and balancing current are,

P T P T
Dovcz + Ro \;OAD kBOOSTE Lo \;OAD BOOSTE
BUS +s BUS
. . V, V
L, (5) = IREC(S) = D( S) =
: (9.23)
PLOAD k . n (2_ Do) PLOAD K o n
BOOST BOOST
iy (S\ chvsus 3 V. (S\ 2 chvaus 3
REC\®/ D(S) BUS\®/ D(s
o
v (s)= L(g)(sLe +Re), (9.24)
where the denominat@(s) is
DL. P s D,R. P s
D|s)=s’L.C, + R.C, + 25— k 1+ 2 E__LOAD
() E“B { 2 czVBus BOOST3] ( 2 chvsus BOOSTSJ (9-25)

Do is steady state duty cycle. Notice that the currgfigures in the dc bus voltage
vgus transfer function9.22), and the dc bus voltage figures in the carteamsfer functions
(9.23). Substituting9.22) into 0.23) and vice versa, we can elimingtérom (9.23) andvgus
from (9.22). However, in that case the dc bus voltagestea function will be a third order
function, which is complex and difficult to analyaed use in the controller synthesis.

As shown in 9.10), the equivalent inductante depends on the resonant indudter
and ratio of the resonant to the switching freqyente inductorLs is normally very small,
in order of several hundredH. If the DC-DC2 operates close to resonant frequeiic
follows from ©.10) that the equivalent inductarigeis order ofuH. Also, the resistande: is
quite small in comparison to the resistariRe Therefor, we can assume that dominant
frequency of the DC-DC2 circuit is much greaterntrdominant frequency of the dc bus
circuit. It will be shown in the following sectiothat the dc bus controller bandwidth is
normally limited to a few hundred Hz. That means tlc bus circuit frequency of interest is
below 1 kHz. On another hand, the dominant frequesfcthe DC-DC2 circuit is above 1
kHz. Hence, last part 09(22) and 9.23) could be neglected.
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9.2.3.Matlab/Simulink Model Verification

To verify transfer functions9(22) and 9.23), simulation of the large signal model
(9.13) and 9.14) has been performed in Matlab/Simulink. Freqyeresponse at different
frequencies has been simulated and compared widke dagram of the transfer functions
(9.22) and 9.23). Fig.9.5 (a) illustrates frequency characteristics a thansfer function
veudS)/iredS). The solid blue line is computed fro®.22) and the red dots are the simulation
of the entire large signal modé&.{3), 0.14). Please, note that at low frequency, beloiWzlk
the model magnitude and phase characteristicslglosatch the simulation. At frequency
above 1 kHz, the model underestimates the magnandephase, because we have neglected
the last part in the model. In the application®wof interest (three-phase boost rectifiers with
electrolytic dc bus capacitor), the voltage comgrols quiet slow, and the moded.R2) is
accurate enough. However, if the boost converteséd in an application that requires high
bandwidth of the dc bus voltage control, the sifrgai model is not sufficient; the effect of
the DC-DC2 converter must be taken into account tedfull model used. Fig9.5 (b)
illustrates bode diagram of the transfer funciigse)/ireds). The solid blue line is calculation
from (9.23) and the red squares are the simulation oémliee large signal moded.(13) and
(9.14). Notice that at low frequency, below 50Hz thagnitude and phase response of the
small signal model and the large signal model argteqdifferent (magnitude is
underestimated and the phase is overestimated).

1)
=)

Magritude (dB)

)
=]
T

IS
S

A
©

Phase (deg)

-9C

10' 10 10 10
Frequency (Hz)

(@)

Bode Diagram

Magnitude (dB)
\
%
]
-
-
-

Phase (deg)
\

Frequency (Hz)

(b)

Fig.9.5 Bode diagram of the system transfer functiahggyds)/ired(s) and b)i,(s)/ireds). Red
dots/squares: simulated values, blue line: valuepeded from 9.22) and .23).
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At frequencies above 100Hz, the magnitude and phasponses are quite well
matched. As mentioned in secti@l, the DC-DC2 converter operates in open loop and
therefore no need for closed loop control of thikage errovc.

9.3.Control Scheme

9.3.1.The Control Objective

The primary control objective is to asymptoticalgulate the dc bus voltage,sto a
desired referencesysrery The secondary control objective is regulate gwdifier current in
order to obtain #/3 radians square waveform of the mains currenh wiinimum total
harmonic distortion factor (THD) and the partial iglged harmonic distortion factor
(PWHD)[13].

The control scheme of the proposed boost rectifigiustrated in Fig.9.6. Please,
note that the control scheme is more or less sthtbe art cascaded contrd06], [115],
[131],[132]. Two cascaded controllers can be identifeadinner current controll€sirec and
an outer voltage controllgs,gys The inner current controller regulates the resti€urrent,
while the outer controller regulates the dc bustag# vsus and generates the reference
irec_rerfor the rectifier current controller. Synthesistbé rectifier current controller is state
of the ar{132], and it is not discussed in the dissertatidme dc bus voltage controller design
and synthesis is discussed in detail.

HARDWARE
DSP CONTROL SYSTEM > SYSTEM
A/D |<—VBUS
A/D <—VREC
A/D <— vc2
A/D '(_iREC —_]
veus Rer Y~ L 4' u A d =) %
s — , N F 3 =
—+>®-> Gveus — x> GiREC +r > % =WM = E
4_ ..... THE SYSTEM ___________________
MODEL

Fig.9.6 The boost converter control structure.

9.3.2.The DC Bus Voltage Controller

The control block diagram is illustrated in FB7. The rectifier current control loop
appears in the dc bus voltage loop as transfertibm¢hat can be, for simplicity of the
analysis, approximated by first order transfer fiorc

iREC(S) 0 1 )
iREC_REF (S) STeec +1

(9.26)

Let us consider that the bus voltage controllest onventional proportional-integral

(PI) controllerk, +ﬁ. The dc bus voltage closed loop transfer fundton
s
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VBUS(S) - SZkP LoPoas + VRZECkP - kl LDPLOAD)+VR2ECkI
(S) DBUS(S)

, (9.27)

Vaus_Rrer

DBUS(S) = §CBVBUSVRECTREC +s° (CBVBUSVREC - kP LOPLOAD) (928)
+ F\’ZECkP - k1 LOPLOAD)+VF\’2ECkI

vecls)  puwle)

1

S) . ( ) Vous\S VEUS(S)
Taec\S

REC,REF(
I
ke \S Diroa\S

& : vy 'S
VEUS?REF (S) i GVEUS(S) GxREC(s) u(S) > IR’sts r;fég)) + BUS( )

»
7 .
frec_rer (S )

Fig.9.7 Simplified small signal block diagram.

As a well known issue, the boost converter opegaitincontinuous conduction mode
(CCM) is a non-minimum phase syst¢§hi2]-[114]. This is caused by the boost inductor that
imposes right half plane zero (RHPZ) in the dc bolsage transfer function. A system with
the RHPZ is naturally stable system if it operatespen loop. However, when the system is
in closed loop, the RHPZ appears in denominatahefdc bus voltage transfer function and
as that it limits the system bandwiditi2]{114], [131]. It was shown in sectio®.2.2.1 that
the boost inductor of the proposed boost rectiieup to 50% smaller than that of the
ordinary single-switch boost rectifier. That meéms RHPZ frequency is higher and therefore
the dc bus voltage bandwidth can be higher too.eldegr, the smaller boost inductor, the
higher bandwidth of the rectifier current controll£€32].

For simplicity of the analysis and the voltage coltér design, one can assume that
the boost inductorlLp) is small enough. Thus, the RHPZ and the currentroller response
time Treg) could be neglected. This yields the simplifieahifer function

VBUS(S) 0 VREC(SK, +K, )
Veus_rer (S) SC:Vays + SVeecKs +Viek (9.29)

Proportional and integral gains of the voltage caldgr are computed from9(29)
using the Butterworth criteridagys=0.7) [131].

k. =47t CeVeus
REC
, 9.30
k =dmtz Sevous .
| B

REC

wherefg is the dc bus voltage controller bandwidth.
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9.3.2.1.The Bandwidth versus the Rectifier Current Ripple

A three-phase diode boost rectifier that operatgSCM is not a ripple-free converter.
The dc bus voltage is not zero ripple voltage, igergin @.28)[116]. The voltage ripple is
reflected on the rectifier current reference via tit bus voltage controll€s,sys To avoid
distortion of the rectifier current, a few solutsoare proposed in the literatyt84]{136].
The simplest one is to design the dc bus voltageralter with low bandwidth. Another
solution is ripple cancellation techniqyé&s84], or the voltage dead zone con{i35], [136].
In this dissertation, a conventional techniquedsstdered; the voltage controller bandwidth
is low enough to avoid significant distortion oéthectifier current.

Let us find maximum bandwidth for the rectifier et ripple given as a parameter.
Peak-to-peak dc bus voltage ripple has been computgectiorB.2.2.2 as

2 2P,

LOAD (9 ) 31)

A £ “Toa
Y005 =35V, 1 (60,Cove)

where o, =27 _is the mains angular frequency. The voltage riggeation 9.31) is

valid only if the rectifier current is constant €thcurrent ripple is small enough to be
neglectedi... <<l..). The ripple imposed on the current reference gy dc bus voltage

ripple via the voltage controller is

(kP6a)m )2 + kI2
6w '

m

Aigec = AVgs (9.32)

The rectifier current ripple at"6harmonic of the mains frequency can be defined as
relative rippIeA(pu) in respect to the rectifier average curréht)

, TP
AIREC = A( pu) a REC — A(pu) RBOOSTE% , (933)
BUS

wherekgoostis the boost factoB(8). From 9.32) and 9.33) it follows that

a2 2 (k.6w,) +k?

T-< 9.34
BOOST 3 35 CBUS (6a)m)2 ( )

A(pu) k

Substituting 9.30) into 0.34) yields a biquadratic function with the dc luadtage
controller bandwidthiz as unknown variable. Real and positive solutiothat equation gives
maximum bandwidtlismaxfor the relative current rippla(pu) given as the design parameter.

formaBV2 fmJ 1+ A (pu)875-1 (9.35)

Note that the dc bus capacitanCgys does not figure in935). The maximum
bandwidth depends on the current ripple and th@saequency only. The bandwidth versus
current ripple is plotted in Fi@.8.

Experimental waveforms of the ac component of #wdifier current and the dc bus
voltage are depicted in Fi§.9 (a). The amplitude spectrum of the rectifierent is depicted
in Fig. 9.9 (b).
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Bandwidth versus the rectifier current ripple
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Fig.9.8 The controller bandwidth versus the rectifierent ripple at 300Hz.
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Fig.9.9 a) Experimental waveforms of the rectifier entirec [1A/div] and the dc bus voltaggys
[2V/div]. b) Amplitude spectra of the rectifier eent.Vgys=650V, Viyainsrms=400V,
PLoap=5500W, CBuy_SZOLlF andBOOST_- 50Hz.

9.3.3.Matlab/Simulink Simulation Results

The voltage controller has been designed usinglgietptransfer function 4.29), for
two different value of the bandwidtfs=10Hz andfg=100Hz. Then, frequency response of
the dc bus voltage control has been computed fiberent conditions; simplified model
(9.29), the response timé&ge=0) of the current controller neglected, and aeystvithout
approximations4.27). The results are presented in Pid.0. Notice, there is not significant
difference in the magnitude response for the fuddel and approximated one. In the phase
response, however, there is significant deviatidneguency above 1 kHz.

The boost rectifier with control was simulated gsanMatlab/Simulink average model
(9.13), 0.14). In this model, we have assumed tb@tripnav=1/2i2avy The simulation has
been done for two different controller bandwidtliis; 10Hz andfz=100Hz. The dc bus
voltage and rectifier current response on the ktag are illustrated in Fig.11. In the first
case, the dc bus voltage has over-shoot and uhdet-sf approximately 70V (11%) with
settling time of approximately 100ms. The rectifearrent ripple can be neglected. In the
case that the controller bandwidth is 100Hz, theerehoot and under-shoot are
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9. MODELING ASPECTS AND CONTROL SCHEME

approximately 5V (0.7%). The current ripple is heeegreater, approximately 0.5A (4.5%
of the rectifier current). The voltage balancingpeAvc=vci-Vc2 and compensation curreint
averaged over the switching period are depictdeign9.12. The voltage error is very small,
below 15mV. The average current follows the shape of the rectifier current and the
instantaneous duty cycle, as predictedBi36).
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Fig.9.10 Frequency response of the dc bus voltagealtantunder different conditions; 1) simplified
model (33), 2) neglected the current control respdime Trec=0), and 3) a system without
approximations. afs=10Hz and bz=100Hz.

9.3.4.Experimental Results

The model and control scheme proposed in this ehadpdve been experimentally
verified on a 5.5kW prototype. The control algamthPWM and protection functions were
implemented in a fixed-point 32bit digital signatopessor (DSP). The rectifier current
controller is executed at 100 kHz, while the dc kakage controller is executed at 5 kHz.
The dc bus voltage controller was designed for teattth of 50Hz.

The rectifier specification is: Vguys=650V, PLoap=5500W, Vuains=400V,
Cg1=Cp2= 1600 F(Cgus=800uB, Lo=300uH fsw=100 kHz fsw=50 kHz

Fig. 9.13 (a) shows waveforms of ac component of théfiercvoltage and current.
Note the 300Hz component in the current waveforiis harmonic is caused by the dc bus
voltage ripple via the voltage controller.
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Fig.9.12 Simulation of the boost rectifier under stegd variation (10% to 100% t010%). (a, c) the
balancing voltage errarvc and (b, d) the curreint that is averaged over the switching period.
The controller bandwidtfz=10Hz (a, b), anfk=100Hz (c, d)P_ 0Ap=550-5500W Vpys=650V,

Vrec=600V, Li=300pH Caus=800F.
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The spikes circled in the green are caused by thehas that are coming from the
mains supply. Those disturbances can be reducethébygurrent controller having higher
bandwidth or using some advanced current contrdbehniques, such as resonant or
repetitive controllgd38]-[139].

Performance of the dc bus voltage controller wasetk on variation of the dc bus
load. Experimental waveforms of the dc bus voltagé rectifier current are depicted in Fig.
9.14. The controller response on step load, 10%40@% (550W to 5500W) is illustrated in
Fig. 9.14 (a). The voltage undershoot is approximat8w1(2% of the dc bus voltage) and
response time is approximately 10ms. Fdl4 (b) shows the waveforms when the load is
reduced from 100% to 10%. The voltage over-shoatpigroximately 14V (2.15%). Notice
that the rectifier current is zero during the tians because the rectifier is a uni-directional
device that does not allow the current in oppoditection. Thus, the current controller is
saturated during this time. As a consequence, thdéu$ voltage has an undershoot of
approximately -9V. Once the current controller ig of saturation, the dc bus voltage settles
down at the reference. This effect could be reduaaden completely eliminated by
appropriate current control, but this is not sub@dchis dissertation.
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10. SNGLE PHASE OPERATION

10.1.Short Introduction

Three-phase induction motors are the most populators in industry and other
applications since the age of Tefld-[3]. The three-phase motors are more efficients les
cost, last longer and have better torque/speedactmiistic than single-phase motors.
However, very often the three-phase public netwerkot available in some area where it
may not be economical to install three-phase tistion network. In such applications,
conversion from single-phase to three-phase isssecg.

A multi-phase system (including a three-phase systean be represented by an
equivalent two-phase system and vice versa. Siplghse system, however, cannot be
represented by a multi-phase system of direct ofd87]. Two-phase to three-phase
transformation is easily possible by the use of Slgett transformer, while single-phase to
three-phase transformation is not possible by #eeai passive devices such as transformers.
For this, more complex conversion systems, suchaer-generator groups or semiconductor
power converters are used. The first solution lapnactical value in the era of advanced
power converters. Static power converters are usewst applications.

The single-phase supplied rectifier with passivedd®bus filter and three-phase pulse
width modulated (PWM) inverter is the most commolugon, as shown in Fid.0.1 (a). The
dc bus capacitor is a large electrolytic capacitdrije the inductor is small or absent. Such a
rectifier works as a peak detecting circuit; thebds voltage is charged on the peak mains
voltage and the mains current is a train of nampoNges. Apart the fact that such a rectifier is
cost effective and robust, the drive manufactudersot recommende this solution because of
a few limitations:

-The input current is distorted, with peaks tha &rto 10 times of the fundamental
RMS current. The total harmonic distortion factolas high as 150%, even higher. The power
factor is low.

-A bulky dc bus capacitor is necessary to keepdihdus voltage ripple acceptably
low.

-A filter inductor must be used to limit peak oetmput current. The inductance value
is however limited because the dc bus voltage dubécays with the inductance.

-The dc bus voltage is reduced in comparison teetiphase supplied drive. Hence,
available motor voltage is reduced too.

-The drive life time is limited by the dc bus capaclife time (the capacitor is the
most stressed component).

-The drive may be de-rated by 50% when suppliethfeingle-phase, which means
higher installation cost per kW.

The single-phase single-switch and double-switchsboectifier is the most popular
solution in applications that require a boostedbds voltage and sinusoidal or pseudo-
sinusoidal input current, Fid.0.1 (b), (c),[66]. This topology is often used in low power
supplies such as PC and small telecom suppliesatiable speed drives, however, this
topology is rarely used because of cost, size Hiuency.
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10. SINGLE PHASE OPERATION

The split-capacitor three-leg rectifier/inverterused in low cost low power variable
speed drive applications, such as air-conditiorand home appliancg67], [68], Fig. 10.1
(d). This topology offers the lowest count of tléivee and passive components in comparison
to the other solutions. However, two drawbacks mihke topology inappropriate in higher
power industrial applications; 1) The dc bus cajpaaurrent stress at low frequency, and 2)
the output current ripple.
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Fig.10.1 State of the art solutions. a) Diode rectifwth passive filter, b) single switch boost reetif
and c) double boost rectifier

A three-phase diode boost rectifier based on haligs-voltage rated topology has
been presented in chap&iand[116]. The main feature of the topology is that svdtches
and diodes are rated at half of the dc bus voltagefraction of the rectifier current. Power
rating, size and efficiency of the entire rectifsgrongly depend on the ratio of the dc bus
voltage to the rectifier voltage (the boost factér example, if the boost factor is low, the
power converter efficiency is as high as 98 to 99%.

In this chapter, three-phase half-dc-bus-voltagedraboost rectifier that operates
under single-phase supply conditions is analyzedettionl0.2 the principle of the proposed
solution is analyzed and the main equations aneetbrFurther, in sectioh0.3, andL0.4, the
main conversion structure is analyzed and desigtegines are given. The dc bus capacitor
design is discussed in sectibd.5.

10.2.Single Phase Operation of the Half-DC-Bus-Voltage &ed Boost
Rectifier

10.2.1.The Principle

The basic principle of single-phase supplied thpkase boost rectifier and relevant
waveforms are illustrated in Fig0.2 (a). Notice that the circuit diagram is thensaas Fig.
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8.4 (b), except the input rectifier is a single-phaectifier instead of the three-phase rectifier.
Idealized waveforms are depicted in Fi§.2 (b).

The boost rectifier consists of a single-phase aliettifier, two uni-directional dc-dc
converters, namely DC-DC1 and DC-DC2, and two ser@nnected capacito@s; andCgy.
The DC-DC1 converter is connected in three pothis;rectifier plus rail, the dc bus plus rail,
and mid point of the capacitor€z; and Cg,. The DC-DC1 converter generates the
compensation voltage,, which is used as an intermediate voltage to edguithe rectifier
currentirec and the dc bus voltageys
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Fig.10.2 a) Circuit diagram of the half-dc-bus-voltagéed boost rectifier under single-phase supply
conditions. b) Waveforms of the dc bus voltage; rectifier voltage/rec the mains current
imains and voltage/yamns
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The average currenf which flows from the DC-DC1 converter into the aajors
mid point is not zero. Since the capacitors ave@gesnt must be zero in steady state, one
additional converter DC-DC2 is used to compendatectirreni; and maintain ratio between
the voltagesc: andvc, constant.

Fig. 10.3 shows waveforms of the mains voltage and ontiaad the dc bus voltage
when the proposed boost rectifier and the ordihogle rectifier with capacitive filter are
used. The waveforms are recorded at 4000W load.
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Fig.10.3 Experimental waveforms of the mains voltagens [200V/div] and curreniyans [20A/div]

and the dc bus VOltag@US [200V/d|V] VBUS(A\J:650V1 VmainS(RMfll-OOV, PLoap=4000W,

M

10.2.2.A Short Analysis
Let the mains voltage be purely sinusoidal voltage
Vmains(t) :VPEAK Sin(a‘mt) : (101)

Also, let us assume that the rectifier currggt is constant during a period that the
rectifier instantaneous voltage is greater thahdfahe dc bus voltage (see Fi).2 (b)).

a,<wt<m-a,

I
H t - REC
rec(t) {0 otherwise (10.2)
The threshold angle,is
— H VBUS — H kBOOST
a, = arcsin—2%— = arcsin-225T | (10.3)
PEAK 2
where the boost factor was defined M) as
V
kBOOST=VB“S : (10.4)

PEAK

The rectifier current 10.2) is idealized. It has been assumed that théclsng
frequency is far higher than the mains frequencyl tnerefore small boost inductbs is
used. This is a correct assumption because thelsagt frequency is as high as 50 kHz or
even higher in comparison to the mains frequencGHiz. As a consequence of such an
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idealization, the current fall time and rise timee azero. That means the current
instantaneously commutes from zero ltgc at instant a =a,and from lgec to zero at

instanta = 7 -a,. This will be discussed shortly after.

The threshold angler,and the conducting angla - 2a,versus the boosting factor
Ksoost are plotted in Fig.10.4. Notice that the minimum angle,is 30° (U6) and the
maximum conducting angla — 2a,is 120° (2v3).
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Fig.10.4 The threshold angle, and conducting angte-2a, versus the boost factor

The rectifier voltage is

v .
—BE sinwt a,<wt<m-a,
Veee(t) =7 597 : (10.5)

% otherwise

To find the magnitude of the rectifier current, otemn use the instantaneous input
power,

VBUS

_ | rec Sina,t a,<ut<m-a
P (£) = Vaee@icec(t) =3 Kooosr ° °. (10.6)

0 otherwise

Assume that the conversion losses can be neglelited, the average input poweg
is equal to the load pow& oap,

17 2
PIN = PLOAD = 7_T'[ P (c‘)mt)d (wmt) = Yous REc?TCOSdO' (107)
0

kBOOST

The rectifier peak current is computed froh0.(7) as

P T
| = _LOAD , 10.8
REC Vous BOOST 5. . ( . )

where the angler, (10.3) is a function of the boost factd0(4).
10.2.2.1.THD, PH and PWHD versus the Boost Factor

The mains current is quasi-square waveform withnitage Irec and duration ofrz
2ap radians. The current can be expanded in Fouriersse
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: _a, L PR & coka, .
Tvains = kzz; Ly Sm(kwmt 'H//k) - \;::SD 2kBOOSTkZ:;WSO,ZS|n(kwmt) . (109)

The mains RMS current and the first harmonic RMB8ant are

|- P.omo K Vg /ﬂ— 2a,
RMS BOOST !
Vaus 2cosq, V4

P
| )rus = —— \/EkBOOST-

BUS

(10.10)

Fig. 10.5 illustrates the mains peak and RMS currerdugethe boost factésoost

Total harmonic distortion factor (THD), partiallyaighted harmonic distortion factor
(PWHD) and power factor (PF) are computed frd®.{0) as

THD:'\/';MS_I(Zl)RMS: 7_T 7T—20'0 ~1

I(l)RMS 8 cox,
2
40
pWHDz\/ZE(—COSk%)j , (10.11)
&k cosa,

_ S _ Vg mT-2a,
PF = = .
Powo 2vJ2cosa, V' 7

THD and PF versus the boost factor are plottedign 0.6. The minimum THD that
is possible to obtain is approximately 31% at munimanglexr, =30°. This is the same THD
that can be obtained with the three-phase diodstbeatifier.
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Remark: The THD is computed taking into account all higlha@rmonics (2 tdJ),
while the PWHD factor is computed using IEC 6100023norm definition 8.13),[13].
10.3.The DC-DC1 Converter under Single Phase Supply

The DC-DC1 converter basically operates in the sameas the three-phase supplied
rectifier. Therefore, main part of the analysisegivn chapte8 will not be repeated here.

10.3.1.An Ideal Circuit Analysis

An equivalent circuit diagram of the DC-DC1 and weforms of the dc bus voltage
Veus the rectifier voltagerec and switching voltage; are depicted in Fidl0.7.
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Fig.10.7 a) The DC-DC1 converter equivalent circuitThg dc bus voltagesys the rectifier voltage
Vrec and switching voltage; .

The duty cycle is computed fror8.(5) and 10.5) as

sinw t
2(1— ”‘j a,satsm-a,

kBOOST
1 otherwise

d(wt)=

(10.12)

Maximum boost factor when the rectifier is supplfeaim three-phase mains has been
defined under condition that the rectifier currsntontinuous. However, this criterion cannot
be used in single phase supply because the redatifireent is naturally discontinuous (zero
during periodr,). The criterion for single-phase supply can betraiability of the dc bus
voltage; the peak of the input voltage cannot eelothan half of the dc bus voltage. From
this we have

Keoosimag = liM (2sina,)=2.

(10.13)
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This value is, of course, not realistic becaussuch a case the conduction period of
the rectifier current is zero, and therefore thakpeurrent is infinite. In most applications, the
boost factor is often not greater than 1.5, andefoee the limitation10.13) has no relevance.

10.3.2.The Mains Diode Commutation Effect

Once the rectifier voltage reaches the voltage at the angle =n-a,, the duty
cycle is limited to 1 (the boost inductor is permiathly connected to the:; via the switch §.
Then, the currenkec will start decreasing towards zero. After delay, the current reaches
zero and mains diod@mainsis blocked. The current remains zero and thefrectioltageviec
jumps to thevc; and the commutation is finished. Fif).8 shows waveforms of the rectifier
current and voltage.

The commutation angle is approximated as

G LOI RECkBOOST
Ag []—m—0-REC-B00ST (10.14)
Vgus Sina,
A ;
VREC
- Va
Dunains Lo P
Bl > >
+ T 0‘k Ao
3 I
i + n REC \
=
% () VrEC VYci () ixzc
-y
0 —aw
' r-antAa

@) (b)

Fig.10.8 Commutation of the mains diode. a) the eqaiMatircuit, and b) zoom of the rectifier voltage
and current.

Fig. 10.9 (a) shows experimental waveforms of the rectifoltagevrec and current
irec Note that the rectifier current is not constantimy the conduction periodr§, 7F2a0).
The current variation is caused by the dc bus geltapple that is reflected to the rectifier
current reference via the dc bus voltage controfigr. 10.9 (b) shows a zoomed in plot of the
waveforms. Please, note two irregularities in theent waveform. The first one is the mains
diode commutation effect (denoted by the blue €)tcThe second irregularity is over-shoot
(denoted by the red circle). The current over-shsataused by saturation of the rectifier
current controller (the wind up effect). This preivl could be fixed by proper design of the
rectifier current controller.
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Fig.10.9 a) Experimental waveforms of the rectifiert&agevgec[100V/div] and currentgec [LOA/div]
and the dc bus voltaggys [100V/div]. b) Zoom.Vgysavir650V, MiansrmsF400V,
PLoa=4000W, Gus=820uF

10.3.3.The Switch and Boost Diode Stress Analysis

The switch average and RMS current computed oeemiins half period are

nao

| REC J' 1-%} (a)mt) = M(kBOOSTM — 2] , (1015)

BOOST BUS Cowo

1 7 sinw. t P 1 T cosa
I | M d(w t)=—o __— ——-a, |- 2|, 10.1
sl \/ I RECZ( kBOOSTJ ( ! ) Veus €OS4, \/r{[ 2 oj kBOOST] ( 0 6)

The switch conduction losses are

P Vsol 0(AV) +rSDISO(RMS) (10.17)

The switchS is approximated by threshold voltaye, and dynamic resistanago
The switching losses averaged over the mains leaibg are

m-2a,
W o~
2cosq,

1 m-ag P
Psu =7_T J Vous! REC E +Eor ) fswd (wmt) = Z\;OTD BOOST(EON + EOFF)fS

N'N

(10.18)

where fsw is switching frequencyEon and Eoer are switching energy at given
conditions; rated voltagéy and currenty.

Similar calculation could be applied on the boastdDo.

P (7-2a )j
| oogay) =222 (2 ~Kgoosrg o2’ (10.19)
DO(AV) e BOOST ZCOSO'O
| - Ploan Keoosr? |4€0Sa, (IT - 2a, )kBOOST (10.20)
ot Vays 2C0Sa), TKgoost .
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10. SINGLE PHASE OPERATION

P, n-2a
=V_ | |2 + LOAD k 0
) BOOST—Q'SW 2COSO'0 (10_21)

DO Do(Av) Moo DO(RMS)
SWITCHING

P

Do I
N°N

CONDUCTION

The diode is approximated by threshold volt&ge and dynamic resistanego. Eq is
reverse recovery energy at given conditions; ratdhgeVy and currenty.

10.3.4.Boost Inductor

The inductor losses averaged over the switchingogeflocal average) have been
discussed in sectio®.2.2 and given by8(23). Here, that equation is re-used and adapted t
single-phase condition taking into account that wh@uctor current is zero if the input
instantaneous voltage is lower than half of thebds voltage. The inductor local average
losses are

2
P Vi
R|_ [ LOAD k J
o(pc) Vaus BOOST 2COSO’0
LOW FREQUENCY a(o S a)mt S T— a/o
Po(ant)= REC(w 0) , (10.22)
+ (R o) + Rel )zl
HIGH FREQUENCY
0 otherwise

where Ropc) is the inductor winding resistance at low frequenR ogsw) IS the
inductor winding resistance at the switching fragpye The resistanc®c¢sw) is the core
equivalent resistand®2]. The losses averaged over half of the maim®gean be computed
as

1 ‘-2
- = J’ RL ( LOAD | T J T—2a,
LO AV 0 DC BOOST
Vaus 2cosq, m

LOW FREQUENCY

HRo () + Rel iz, 18 ]0(5‘”(“”) —lj [1—Mj d(e)

12” I(BOOST 2 kBOOST

HIGH FREQUENCY

:|

(10.23)

Another parameter that is important for design lué boost inductor is the peak
current,

T Ai
— _ LOAD REC(max)
I LO(PEAK) — VBUS BOOST 2COSO’0 + 2 . (10.24)

10.4.The DC-DC2 Converter Operation under Single Phaseupply

The DC-DC2 converter has been analyzed in detadhiapter8, and therefore the
main part of analysis will not be repeated, exeefgw details that are necessary to follow the
discussion.

From (0.2), 10.8) and 10.12) one can find local average value of theeturgy),
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10. SINGLE PHASE OPERATION

iZ(AV)(t) = iSO(AV)(t) = iREC(t)d (t) =

P T sinw. t
—LOAD | st 1- ™ g, Sswt<mT-a,. (10.25)
VBUS Cowo kBOOST

0 otherwise

The switches and diodes average and RMS currentlogdalf mains period are

. P T—20a
I'so(av) = VLOAD (kBOOST (ZCOSO'O) _]J ) (10.26)
BUS 0

R m 1 T,
solrug) = LOAD 7752

Veys €O, 2\/5 ?o

: — (10.27)
x \/ [(—ZKBOC;T * 1J(n— 20,) — 8Kg00srCOSA, + S|n220'0j

The switch and diode conduction losses are

P;=Vd gAV) +rgl é(RMS)’ (10.28)
Py =Voel gav) t14d ZS{RMS)’

where the switches and diodes are approximatesbstant threshold voltagé; and
Vpbr and dynamic resistanag and rp. Switching losses are neglected since the switches
commute at zero current conditions. If necessdrmg, lbsses due to the switch parasitic
capacitance can be taken into account.

The resonant circuit RMS current computed overlbtha mains period is

i — I:)LOAD U ]TTSZ

| =
2RMS
Vgys 2C0ST, T

2 . )
X \/([MJ(H_ 20’0) - 4kBOOSTcosaO + S|n220'0 ]

(10.29)

2

Fig. 10.10 shows experimental waveforms of the dc butagevsys the rectifier
voltagevkreg and currenirec and the resonant circuit curreipk. Fig. 10.10 (b,c,d) shows
zoom of the waveforms at different operating pqibfsstart of the mains diode conduction
(ant=ao) , c¢) end of the mains diode conductianW= 772ap), and d) peak of the rectifier
voltage @nt=772).

10.5.The DC Bus Capacitor Design

Design of the dc bus capacitor in single-phasefiestis a critical design step. Unlike
three-phase boost rectifiers, where the dc buscdapaurrent stress is very low, the dc bus
capacitor in single-phase boost rectifiers is sewdson the second harmonic. The current
magnitude is order of the fundamental harmonicnhevgher in case of the passive rectifier
with LC filter.
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Fig.10.10 Experimental waveforms of the rectifier votiagec [100V/div] and currenizec[10A/div], the
dc bus voltagegys [100V/div] and the resonant currags [20V/div]. b) start of the mains diode
conduction {ut= ay), ¢) end of the mains diode conductiani= 772a,) and d) zoom at peak of
the rectifier VO“:age@nt: 712) VBUS(AV): 650V, VMAINS(RMST_ 400V, P oap=4000W, Ggys= 820“.':

The dc bus capacitor is designed for two critdog; frequency current ripple, in this
case twice the mains frequency (100Hz) and theudaosbltage ripple. To compute the current

and voltage ripple, the instantaneous power balenagsed.

pIN = VRECiREC = I:)LOAD + VBUSICBUS’ (1030)

whereicgusis the dc bus capacitor current. It is assumgd ®30) that instantaneous
power of the capacitor€g;, Cg2 and Cs, and inductord o and Ls could be neglected in

comparison to the dc bus capaci€yys Substituting 10.6) into (0.30) yields the dc bus
capacitor current

sinw,t -1 a,swtsm-a,

. P —_—
i ous(t) = —2222 4 2cosa, : (10.31)

BUS 1-1 otherwise
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10. SINGLE PHASE OPERATION

wherea, is the threshold angld@.3).

10.5.1.The Voltage Ripple

From (L0.31) and the dc bus circuit one can write a wifiéial equation

dv, P
RS = _TLlom g <t < THa,. (10.32)
dt VBUS

Peak-to-peak voltage ripple is computed frdf.82) as

P, 2a,
AVgyg = 20— 10.33
o VBus(Av) CBUSwm ( )

The dc bus capacitance is computed frat 33) as

P, 20,
Cous 2 =5 — 10.34
o VBUS(AV) wmAVBUS(max) ( )

where v, IS Maximum dc bus voltage ripple given as a depagyameter.

Fig. 10.11 illustrates the dc bus capacitance versus bibesting factor. The
capacitance is normalized on 1kW and 1V peak-td-pggple. This means, the value from
the graph has to be multiplied by the load powefkiW] and divided by the peak-to-peak
voltage ripple in [V]. For example, the boostingtta is lgoos=1.25, the power rating is
PLoap=11kW and the voltage ripple svgus=20V. From the graph in Fid.0.11 it follows
that the dc bus capacitance is,&3630uF.

10.5.2.The Capacitor Current Stress

Assuming that the dc bus voltage ripple is negleginh comparison to the average dc
bus voltagedv, s << Vg, v, » WE Can compute the capacitor current ripple as

2 .
|susrony = — 22 i (” — 24, , sin2a, j =0 (10.35)
Vaus(av) |\ 2€0sa, 2 2

Fig. 10.12 illustrates the capacitor ripple current uerthe boost factor. The capacitor
RMS current is normalized to 1kW. Hence, to comgh&eabsolute current ripple, the value
from the graph in Figl0.12 has to be multiplied by the load power givefk\W].
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g
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2 10000}
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=5 8000
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5 i 60000 ~

z 12 14 1.6 18 2
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Fig.10.11 The dc bus capacitance normalized on 1kW dddad and 1Vpp the dc bus voltage ripple
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Fig.10.12 The capacitor RMS current normalized on 1kwhefdc bus load.
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11. DISCUSSION AND CONCLUSIONS

11. DiscussiON AND CONCLUSIONS

11.1.Comparison with State of the Art Solutions

In this chapter, the half-dc-bus-voltage rated boestifier is compared with state of
the art solutions. The comparison is done for tpiegse and single-phase supplied system.
The size of the active components (switches andedip filter inductor(s) and capacitor(s)
and conversion losses are compared.

11.1.1.Three Phase Operation

In this section, the new boost rectifier supplieairi three-phase mains is compared
with some state of the art solutions. Three paramaetre compared: rating of active switches,
the conversion losses and size of the passive coamnp®.

11.1.1.1.Semiconductor Switches

Like it has been done in chapter 6, the switchespamison is based on two
parameters, the switch utilization factor and théch voltage rating.

o0 The Switch Utilization Factor

The switch utilization factor of the DC-DC1 conwarts computed by the definition,

SUF= PLOAD - PLOAD
- :
11.1
SSW ZIVSmax( ])I smax(j) ( )
=
In some applications, the switch apparent powerheadetermined as
N
Ssw = 2 Vema )l sani() » (11.2)
j=1

where Isay) is the switches average current. The switch appgvewer definition
(11.2) could be used in resonant converters whet(3B&'s are used as switches. In that case,
the switches losses depend mainly on the switchageecurrent, while the RMS and peak
current have no significant influence on the losgefinition (11.2) will be used to compute
the switch utilization factor of DC-DC2.

The switch utilization factor of the new boost certer is computed from the
definition 8.4), 8.30) and 8.42) as

1
SURg=——3- (11.3)

T kBOOST -2

The switch utilization factor of the ordinary sieggwitch boost (SSW) converter is

3

SUR=—.
=Y 2m kBOOST

(11.4)
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11. DISCUSSION AND CONCLUSIONS

Fig. 11.1 shows the switch utilization factor versushtbesting factor for the ordinary
single switch boost converter, the electronic smiogt inductor (ESI) and the hybrid boost
converter proposed in this dissertation. As selea,HSI has the highest utilization factor.
However, it operates only at the fixed boostingdaof 0.955. The proposed boost converter
shows better switch utilization factor in entirege of the boost factor (1 to 1.73).

-
~

= Electronic

=

)

g1.2- Smoothing

2 Inductor

£ 1r : 4

E

=08 E J

3

E e k Hybrid Boost |

204 T T
02 Single-switch & Double boost

1 1.1 1.2 1.3 1.4 1.5
The boost factor

Fig.11.1 The switches utilization factor versus boostawor and different topologies.
0 The Switches Voltage Rating

As mentioned in chapted, section6.2.1.1, the switch voltage rating is a factor that
cannot be compared by simple comparison of thechwitilization factor. A semiconductor
switch conduction and switching performance depsinongly on the switch voltage rating
and the switch technology. Lower voltage rating ngedower conduction losses, better
switching performance, higher efficiency and lowest. For example, let us consider a 400V
three-phase rectifier. The dc bus voltagesiss=700 to 800V. For the ordinary single switch
boost converter, the switch and boost diode voltagmg is 1000V to 1200V. For such
voltage rating, 1200V IGBT and 1000V fast diode ased. In this case, maximum switching
frequency is limited by the switching performandettee devices, mainly by the IGBT. To
reduce switching losses, soft switching technigaes often use@57], [58]. This however
requires additional passive and active componeviissh make the switch utilization factor
even worst thanl{.4). In contrast to this, in the proposed hylvadf-dc-bus-voltage rated
boost rectifier, the switches and diodes voltagiegas 500V. In this case, 600V rated IGBT
or 500V super junction MOSFET and ultra-fast batietle can be used. Switching losses of
600V rated IGBT and boost diode are three to foues$ lower than switching losses of a
1200V rated IGBT and boost diode. Conduction losges 600V rated device are also lower
in comparison to a 1200V rated device. If the IGB3ses are compared with high voltage
MOSFETS, the difference in conduction losses isiigant, because the drain source on-
state resistance strongly depends on the voltdiyey [41].

11.1.1.2.The Boost Inductor Size
Size of an inductor could be defined in generaé s
size= Lyl peax! rus - (11.5)

wherelg is inductance at rated currefdysthe inductor RMS current ardusis the
inductor peak current.

As the inductor current is the same for the bopiokogies, the new one and ordinary
single-switch, the inductors relative siZel (5) is ratio the inductance of half-dc-bus-voétag
rated topology to the inductance of the single-sglwtbpology,
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SiZ?HB) ~ LO(HB)IPEAK(HB)IRMS(HB) - LO(HB) (11 6)
SiZQSSV\b Lo(ssv\bl PEAK(SSMI RMS(SSW) Lo(ssvxb .

where subscripf,, and ., denote hybrid topology and single switch topology.

The inductance of the ordinary single-switch bosttifier is computed from the
current ripple

Di.. = LOBUSSW (d-a2), (11.7)

where duty cycle is

(11.8)

d(t):(l_ sina)mtJ

BOOST

V7 2m
A«umts A

Fig. 11.2 illustrates the inductor relative siZEl(6) versus the boosting factor. The
inductor of single-switch boost topology is takerreference.

The boost inductor size versus boost factor

E) ! SINGLE-SWITCH BOOST
208
N
2
§‘ 0.6 1
E

0.4
_E HYBRID BOOST ]
20.2r A
=0.

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

The boost factor

Fig.11.2 The boost inductor relative size versus thestiog factor.
11.1.1.3.Conversion Losses

The switch losses of the ordinary single switchdtwectifier are

Pso :Vsol So(AV) + rsol go (RMS) +%(EON
N'N

CONDUCTIONLOSSES

+E

OFF)

f

SW 1

SWITCHINGLOSSES

. Pak (11.9)
P =V_ | |2 LOAD BOOSTE f
DO' DO(AV) DO DO RMS) |
NN
SWITCHINGLOSSES

CONDUCTIONLOSSES

The switch RMS and average currents are

P Vi
I s(Av) — — [5 kBOOST _]J )

VBUS

— PLOAD 7_T k 1- 3\/§
SO(RMS)

BOOST )
VBUS 3 ]kBOOST

(11.10)
|
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The diode average and RMS currents are

| — PLOAD
Do(AV) — v )
BUS

I —_ PLOAD k m 3'\/5

DO(RMS) — BOOST
BUS 3\ 7k

(11.11)

BOOST

TABLE 11-1 shows parameters of the boost switch and disgel in the ordinary
single-switch boost rectifier. The rectifier spémation (power, voltage and switching
frequency) is the same as for the new boost rectifiABLE 8-2.

TABLE 11-1: Specification of the switch and diode for tiidinary 5.5kW single switch boost rectifier.

| Sy MOSFET 1000V 20A || R FAST DIODE 1000V 20A |
[ Vso | rso || *EowtEo | Voo L roo [ *Eo |
| 0 | 600m2 || 30pJA | 125V | 15@ | 15paA |
| *Switching losses at ¥=600V T;=150°C |

Fig. 11.3 shows ratio of the total losses of the progdseology to the losses of a
standard single switch boost converter. Note thatrelative losses vary between 50% and
95%, depending on the conversion poWgsap and boost factor. This result clearly illustrates
advantage of the proposed solution in comparisdin state of the art solutions.

The conversion relative losses versus boost factor and conversion power

Relative losses [pu]

e _—

5000 e ~ e
0003000 PPy 14

0

16

- 1.2
Conversion power Pload [W] 1000 1 The boost factor

Fig.11.3 Comparison of the conversion losses of thpgeed boost rectifier versus an ordinary single-
switch boost rectifienvgys=650V. The losses were computed from the losseh{®@33),
(8.43) and 11.9).

11.1.2.Single Phase Operation

In this section, the new boost rectifier operatimgingle-phase supply mode will be
compared with two state of the art solutions, srgkitch boost rectifier and the ordinary
diode rectifier. Size of the boost inductor and s$teatch utilisation factor will be compared
for the new boost rectifier and the ordinary singhgtch rectifier. The mains current quality
and the dc bus capacitor current and losses arparaah for the presented rectifier and diode

rectifier with passive.C filter.
11.1.2.1.The Boost Inductor Size

The inductor peak and RMS current for single-swhiobst topology are
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P
I RMS(SSW) = % kBOOST\/E
Bus : (11.12)

PLOAD k 2

BUS

PEAK(SSW — BOOST

Using @8.20), (L0.8), (L0.10) and11.12) one can compute relative size of the prapose

boost rectifier
sizel, 1 ’ 2
relative size= ——2". = ﬂ 1/ﬂ % (11.13)
sizelyssy 16v2 | COSa, T

where subscriptgis) andssw)denote the hybrid boost rectifier and the singlgch
boost rectifier.

Fig. 11.4 shows relative size of the boost inductor (ganson of the inductor for the
proposed boost rectifier and the ordinary singlécwboost rectifier) versus the boost factor.
The inductor is approximately 50% at minimum bofaattor kspos=1 and approximately
95% at maximum boost factkgoos=1.7.

11.1.2.2.The Switches Utilization Factor

The switch utilization factor of the hybrid boostnwerter is computed from the
definition 6.1) as

2cosa,

SUFHB ) ]TkBOOST + Z(kBOOST(n_ 20’0) - ZCOSGO) -

(11.14)

The switch utilization factor of the ordinary sieggwitch boost converter is

SUR,=——

s (11.15)

BOOST

Fig. 11.5 shows the switch utilisation factor plottedss the boost factor. Note that
the proposed topology has greater the switch atitia factor than the ordinary single-switch
boost converter if the boost factor is lower thatBbl When the boost factor is greater than
1.55, the ordinary single-switch topology has dliglreater switch utilisation factor than the
new one.

SINGLE-SWITCH BOOST

0.81

0.6 HYBRID BOOST

The inductor relative size [p.u]

1 11 12 13 14 15 16 17
The boost factor

Fig.11.4 The boost inductor size versus the boost fa€tw inductor size is normalized on the single-
switch boost inductor size.
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Fig.11.5 The switch utilization factor versus the bdastor.
11.1.2.3.The Mains Current Quality and DC Bus Capacitor Stress

Fig. 11.6 shows waveforms of the mains voltage and ontuaad the dc bus voltage
when the proposed boost rectifier is used, Eig6 (a) and the ordinary diode rectifier with
capacitive filter is used, Fid.1.6 (b). The waveforms are recorded at power 60¥0. The
most important parameters are summarized in TABIE2. Pcgus is the dc bus capacitor
losses computed from the capacitor RMS currentegpuivalent series resistance (ESR) given
as data sheet parameter.

TABLE 11-2: Comparison of the ordinary diode rectified @ine proposed boost rectifier.

Diode rectifier with The new boost
passive LC filter rectifier
| mainsRMS) 18.8 A 10.3 A
| mains(PEAK) 60 A 15A
THDiI 170 % 45 %
Dus 100V 35V
| cBUS(RMS) 17.7 A 5.4 A
Pcsus 62.5W 58W
Somed o 50 N pre e omed o s W e e

Rms(M1) Rms(M1)
103221 A

Edge
aBs
544V
DC15k A

IIR LowPass IR
200 A v
100.00kHz | 500.00kHz

Fig.11.6 a) Experimental waveforms of the mains phagghtise voltageyans [200V/div], the dc bus
voltagevsys [200V/div] and the mains curreiitans[20A/div] when the drive is single-phase
supplied. a) The drive with the proposed topolagyd b) a drive with diode rectifier and
paSSive LC ﬁltervBus(A\JZGSOV, VMA|N5(RM3;4OOV, PLoap=4000W, CBUSZSZOHF
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11.2.Three Phase versus Single Phase Supply

Very often, a variable speed drive is designedperate in three-phase as well as in
single-phase supply mode. In this section, theibywost rectifier supplied from three-phase
and single-phase mains is discussed. The followargmeters are compared: The mains peak
and RMS current, the switches and diodes losséssiaa of the boost inductor.

11.2.1.The Mains Current

Equations for the relevant variables (peak, aveeageRMS currents) of three-phase
supplied diode boost rectifier have been develapethapter8. Those equations are re-used
and relative currents are computed. The relativeeats are computed as ratio of the currents
of single-phase supplied rectifier to the currestsghe three-phase supplied rectifier. The
currents for single-phase supply are computedratttifferent loads: nominal (Pn), 80% of
nominal (0.8Pn) and 60% of nominal (0.6Pn).

W

=
&
Z4r J
=
£
8 3, H -
| Pn/
g2r ‘ 0.8Ppzs=——]
s ot
Rl : 1
&
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
The boost factor
()
— 4
=
S3.5-
5 3+
E
325t
n
E 2r Pp—=="""""
= 1.50 0.8Pn—"
g 1k 0.6Pn— ]
E
205
H L L 1 Il Il
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
The boost factor
(b)

Fig.11.7 a) The mains peak current and b) RMS currersus the boost factor. The currents are
computed as ratio between currents of single-plagplied rectifier at different load (Pn, 0.8Pn
and 0.6Pn) and three-phase supplied rectifier mimel load (Pn).

Fig. 11.7 shows the mains peak current and RMS currensiug boost factor. Please
notice that RMS and peak current increase withbibest factor. At nominal power, single-
phase supplied rectifier draws 73% more curremhiaimum boost factor. This is the factor

of /3, which is ratio of single-phase to three-phaseerirat the same power.
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11.2.2.The Switches Losses

The switch losses are computed frab0.17), (0.18) and 10.21) and compared with
the losses of three-phase supplied rectif®@B3), 8.35) and 8.43). Fig.11.8 shows the
relative power losses that are computed as ratipogfer losses of three-phase supplied
rectifier to the single-phase supplied rectifieddterent load (nominal, 80% of nominal and
60% of nominal). At nominal power, the losses gupraximately 10% greater than that of
three-phase supplied rectifier if the boost fagsdower than 1.3. At maximum boost factor,
the losses are approximately 30% greater.

Lol : T : : : ‘ ,

8 1.2 ~ /

0N

2 1_],—’/,,,__/1311 : i

5

g 1

2

209 0.8Pn

208

é 07 5 4
' 0.6Pn_———|

1 11 12 13 14 15 16 17
The boost factor

Fig.11.8 Relative power losses versus the dc bus Taelpower losses are computed as ratio of the
power losses of single-phase supplied rectifiglifedrent load (Pn, 0.8Pn and 0.6Pn) to the
three-phase supplied rectifier at nominal load (Pn)

11.2.3.The Inductor Size

The size of the boost inductor for single-phase thinee-phase supplied rectifier can
be compared using the same method that was ussgttion11.1.1.2. From§&.4), 8.20) and
(10.8) one can define the inductor relative size as

2
SIZ&p, PLOAD(TP) 4(0050’0) 4

2
si R -
relative size= !ZQSP’ =( LOAD(SP>J 9 T 2a0’ (11.16)

where subscriptsg, and ., denote single-phase and three-phagg,, ., is load of
single-phase supplied rectifier aril,,,.,is load of single-phase supplied rectifier. The
inductor relative size versus the boosting fact@lotted in Figl11.9.
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Fig.11.9 Relative size of the boost inductor. The @z2spmputed as ratio of the size of single-phase
supplied rectifier at different load (Pn, 0.8Pn &@Pn) to three-phase supplied rectifier at
nominal load (Pn).
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11.3.Conclusions

A novel three-phase diode boost rectifier basedtlan half-dc-bus-voltage-rated
topology has been proposed and discussed in pag tf the dissertation. The topology has
been extensively analysed and some design guidelyngeen. Modelling aspects and the
control scheme have been given too. The propossaldgy including control scheme has
been verified by Matlab/Simulink simulation and et ©f experiments on a laboratory
prototype. The simulation and experimental redudts confirmed theoretical analysis. Single-
phase operation of the proposed boost rectifieblkas discussed and experimentally verified
too.

The advantages of the proposed solution over sgwitch and double boost rectifier
are:

o Power semiconductor switche size and losses. Tlitehss utilization factor
of the new boost rectifier is higher than that loé state of the art solutions.
This means that the switch cost is lower. The switcltage rating is half of
that of the single-switch boost rectifier. Therefobetter and more efficient
devices could be used.

0 The passive power components size and losses. st Imductor is smaller
than the inductor of single-switch boost rectifiehus, the inductor losses are
reduced by factor 1.5 to 2. However, in comparisgonthe double-boost
topology, the inductor of the proposed rectifieslightly bigger.

Regarding the mains current quality and the dc \mltage boost, there is not a
difference between the new topology and state efah single-switch and double boost
topology. The mains current is square waveform withduction angle of7Z3 radians, while
the dc bus voltage is boosted and actively comttiolHowever, compared to the state of the
art passive diode rectifier, the current shapégsificantly better. THD is approximately 30%
instead of 100 to 150%, while the peak and RMSerurare reduced by factor of 3.5 and 1.5.
The dc bus voltage quality is better too in comgrarito simple diode rectifier.

A disadvantage of the proposed boost rectifieresdifor an auxiliary dc-dc converter
to control the capacitors mid point voltage. Theilkary converter is rated at a fraction of the
conversion power. Therefore, the losses of thatliank converter can be quite low in
comparison to the total conversion los$g$6]. It will be shown in chaptet2 that the
auxiliary converter can be re-used as a part ofintexface dc-dc converter that has been
discussed in chaptér

The proposed boost rectifier can effectively beeplacement for passive diode
rectifiers as well as single-switch and double boestifier.
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12. THE PRINCIPLE

12.1.Introduction

As discussed in the part two and three of the disen, some technical issues in
application of modern controlled electric drive atill challenging issues. The following
issues are identified as the most critical issues:

1) Saving of the drive system braking energy,

2) The system immunity on the mains power supply rfgion,
3) The drive input current quality,

4) The drive dc bus voltage control and stability,

5) Single-phase supply, and

6) Reduction of the mains peak power.

The issues 1 and 2 have been discussed and a hewrs@roposed in the part two,
chapters 3 to 6. The issues 3 to 5 have been disdwnd a new solution proposed in the part
three, chapters 7 to 11. In the part four, a sotutor the six issues is discussed.

The three-terminal energy storage and power famimection device is proposed as a
solution to solve the above-mentioned issues. &ptdr 12, the three-terminal energy storage
and power factor correction (PFC) device is analymed some design guidelines are given.
The model and control aspects are discussed irtehap. The proposed solution is validated
by Matlab/Simulink simulation and a set of expenitseon a 5.5kW laboratory prototype.
The results are presented and discussed.

12.2.The Principle

The basic principle of the proposed regeneratieetet drive with the three-terminal
energy storage and PFC device is illustrated in Bl (a). One can distinguish three-phase
diode rectifier, dc bus capacit@sys, dc bus load, storage capacitBG¢o and the three-
terminal power converter designated as the loss{r@nsformer (LFT). The terminal O is
connected between the rectifier and the dc busrpiyghe terminal 1 is connected in parallel
with the dc bus, and the terminal 2 is connectedhenstorage capacit@co. The storage
capacitor is an electrical double layer capacEDI(C), well know as the ultra-capacitor. The
LFT is controlled by a control variabha(t). Internal structure of the LFT is depicted in Fig.
12.1 (b). The LFT is composed of two dc-dc convertaamely DC-DC1 and DC-DC2, and
two series connected capacit@ig andCg,. Role of the DC-DC1 converter is to generate the
voltagev, in order to regulate the rectifier curréptc and boost the dc bus voltaggs The
DC-DC2 converter has two roles. The first one iagsist to the DC-DC1 converter when the
drive is supplied from the mains. More preciselye tDC-DC2 converter has the role to
maintain the voltageci andvc;, in a constant ratioc;=vco=Vsud2. The second role of the
DC-DC2 converter is to be the interface betweenullra-capacitoiCco and the drive when
the drive operates in the braking mode or the @#acitor motoring modd8].
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Fig.12.1 a) Regenerative three-phase variable speeeldiih the dc bus voltage boost function using
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dc converters and an ultra-capacitor.
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12.2.1.The System Operating Modes

A controlled electric drive with the ultra-capaci®nergy storage device may operate
in several different modes, depending on the doad and status of the mains. The operating
modes are described hereafter. B®.3 shows the power-flow diagrams, and E@4 shows
the waveforms for different operating modes. Thgnidication of the voltage$/susmax
Veusrer) Veusmin Ucomax Ucoinm andUcomin that appear in Fidl2.4 is discussed later on in the
following section.

a) Motoring mode from the main$1M ). The drive is supplied from the mains and
running in the motoring mode. The input and oufpadver are equaRn=Pout. The power
AP circulates between the converters DC-DC2 and DC-DTHis circulating power
contributes boosting and control of the dc busagstvgys The ultra-capacitor power is
Pco=0 and the ultra-capacitor voltage is constatUcoinv. The DC-DC1 actively regulates
the dc bus voltage to the referenégsrer where the reference is higher than the mains
phase to phase peak voltage.

b) Braking-energy storing mod@&). The drive runs in braking mode. The braking
energy is stored in ultra-capacitBe, via the converter DC-DC2. The drive input power is
Pin=0. The ultra-capacitor powd?co is positive according to the diagram, Fif.3. The
ultra-capacitor voltage increases towakdlsmax The DC-DC2 converter actively regulates
the dc bus voltage to the referenGgsmax

@
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ULTRACAPACITOR

@)

DpC-DCI DC-DC2
Pour=0
AP=0 1 Pco=0

Pour=PIN
THE INVERTER
WITH LOAD
THE INVERTER

THE MAINS RECTIFIER
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Fig.12.3 Power flow for different operating modes & thains motoring mode (MM), b) barking mode
(B), c) stand by mode (STB), d) energy recovery mde0) and ride-through mode (RT), €)
the ultra-capacitor charging mode (MM-CH) and § thains peak power filtering mode
(MPFEM).
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c) Standby modeSTB). The drive is in the standby mode, and no endlgy
between the input, output and the ultra-capacitbe DC-DC2 converter actively regulates
the dc bus voltage to the referenGgsmax

d-1) Motoring-energy recovery mod®Co). The drive operates in motoring mode.
The energy required for the drive accelerationeisovered from the ultra-capacitor via the
converter DC-DC2. The powd?Pc is negative and the ultra-capacitor voltage de@ea
towardsUcoinv- The DC-DC2 converter actively regulates the ds \itage to the reference
VBuUsmax

d-2) The ride-through operation modeT(). The mains supply is interrupted, and
therefore the drive is supplied from the ultra-cajme via the power converter DC-DC2. The
powerPco is negative and the ultra-capacitor voltage de@edoward$)comin The DC-DC2
converter actively regulates the dc bus voltagheaeferenc®gysmin

e) The ultra-capacitor charging modéM-CH ). The mains supply is recovered and
then the ultra-capacitor is charged to the prengefiintermediate voltag@co=Ucoinm. The
DC-DC1 converter actively regulates the dc busagstto the referendésysrer

f) The mains peak power filtering modBIPFM). The drive operates in the mains
motoring mode. If the load high during a short péyithe input power is limited and the drive
load is supplied from the ultra-capacitor. Once ltie is reduced, the ultra-capacitor is re-
charged from the mains.

MOTORING -THE BRAKING-ENERGY TN MOTORING - THE RIDE- | CHARGING|  MOTORING -THE
MAINS SUPPLY | STORING i - ENERGY RECOVERY | | THROUGH | MODE | MAINSSUPPLY
> < >

< i< > < >

A
N

A
VBUSmax VBUs

VBus®EF)

VREC !WWYWW

VBUSmin VREC VREC

Ucomax|

Ucoinm|

Ucomin @ @

ENERGY
STORING

-

t>

ENERGY
RECUPERATION

iREC —I_
iREC IREC

Fig.12.4 Waveforms at different operating modes ofdiiee system: the mains motoring mode (MM),
braking mode (B), stand by mode (STB), energy regor®de (MG) and ride-through mode
(RT), e) the ultra-capacitor charging mode (MM-CIH)Yldhe mains peak power filtering mode
(MPFEM).
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12.2.2.The DC Bus Voltage Reference

Fig. 12.5 illustrates the signification of the referenadtagesVsusmax Veusrer and
Vsusmin The OBF signifies Over-Braking Fault, and USF#igs Under Supply Fault. When
the system operates in the mains motoring mode dthéus voltage is regulated to the
referencéVgusrerythat must be greater than the maximum of the suagtage (to be able to
control the rectifier current). In order to avoidnecessary charge and discharge of the ultra-
capacitor, the dc bus voltage referen@gssmin andVeusmaxmust stay outside of the normal
operation range, as shown in FIg.5. On other side, to prevent the system faiitliee OBF
or USF, the dc bus voltage references must nonkibe forbidden regions. Therefore, the
referenceVsusminis located within an intervalJSF, Min Input Voltagé while the reference
VeusmaxiS located within an intervaVgusrery OBF]. The referenc¥gysis located within an
interval Max Input VoltageOBF].

Forbidden

OBF

VBUSmax

i
Vsus

Max Input Voltage

Min Input Voltage:

VBL"Smin

USF
|
N

‘ Forbidden
0 >

Fig.12.5 Definition of the reference voltagés,smax Veusrer@NdVeusmin

Fig. 12.6 illustrates the capability of the drive systenstore and recover the braking
energy. Waveforms of the dc bus voltages the rectifier currenigec, the ultra-capacitor
currentico and voltageuco when the drive operates in motoring/braking/maigrcycle are
shown. The drive runs in the motoring mo®dM ) and is supplied from the mains. The ultra-
capacitor voltage i¥)coinv, While the dc bus voltage is regulated to therssfeeVeyusrer
Once the drive load becomes negative, the drivésdtee braking phas®) and the energy is
transferred from the load to the drive dc bus. @ibebus voltagessys elevates towards the
upper referenc&sysmaxand then stays regulated to that level. At theeséime, the input
currentiyans falls to zero. The ultra-capacitor voltage incesagnd the current decreases
since the charging/discharging power is assumedstanh When the braking phase is
finished, the drive load becomes again positive @neddrive turns to motoring mode again
(MCy), but this time supplied from the ultra-capacitbhe currenico turns negative and the
voltageuco starts to decrease towards the referdves . Once the ultra-capacitor voltage
reaches the referendécoinv, the current drops to zero and the dc bus volfaie to the
nominal valueVgys The ultra-capacitor discharge phase is finishedithe drive is supplied
from the mains agairMM ).

Fig. 12.7 illustrates the drive immunity on the mainersinterruption. The drive runs
in the mains motoring mod&IM ), and at some instant the mains is interrupte@. ddbus
voltage falls to the minimuiWsysmin and stays at that level regulated by the dc lmisge
controller. The drive is in the ride-through modeT{, being supplied from the ultra-
capacitor. The ultra-capacitor voltage decreas&swdcoinv towardsUcimin. Once the mains
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is recovered after 1.5s, the ultra-capacitor isharged tdJcoinv. This is the mains motoring
and charging mode(M-CH ).
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Fig.12.6 a) Experimental waveforms of the ultra-capaatirrentico [5A/div] and voltageaicy
[100V/div], the dc bus voltagesys [100V/div] and the mains curreians [5A/div] during an
entire braking-motoring cycle of the drive systdthZoom of transition from stand-by to the
ultra-capacitor motoring mode and stand by mode.ulina-capacitor voltage is approximately
Uco=550V. The rectifier currenikecis shown instead of the mains currgnins
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Fig.12.7 Experimental waveforms of the ultra—capacmrrentico [5A/div] and voltagaucy [100V/div],
the dc bus voltagesys[100V/div] and the mains curreitans [5A/div] during the mains
interruption.

Fig. 12.8 (a) illustrates the system capability to colntine dc bus voltage and reduce
distortion of the mains current. Waveforms of tleebdis voltagessys the mains phase-to-
phase voltageyvans the rectifier currenizrec and the mains curremyans are shown. The
mains current is a square waveform ef®radians with magnitude of approximately 10A.
The RMS current is 8.28A RMS. The dc bus voltageoisstant and ripple-free. More details
of control performance in presence of step vamatibthe load are discussed in the following
chapter. For comparison, the waveforms of the stahdiode rectifier are shown in FitR.8
(b). The mains current amplitude spectrais is shanviirig. 12.8. (c). The current total
harmonic distortion factor (THD) is 29.5% and paltyi weighted harmonic distortion factor
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(PWHD) is 54%. The THD is lower than the requireneh 48%,[13]. However, the PWHD
is slightly higher than the limit of 46%, definey the standarfil3].
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Fig.12.8 a) Experimental waveforms of the mains phasghtise voltageyans the dc bus voltagess
[200V/div], the rectifier currenikec and the mains currenfans[10A/div] when the drive
operates in the mains motoring mode (MM). b) Theesaaveforms when a standard diode
rectifier is used. The mains current scale is [104/&) The mains current amplitude spectra.
The red bars are current spectrum of a standare dexdifier and the blue bars are current
spectra of the new drive rectifidrg =650V, Viyains=400V PLoap=5500W.
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Fig.12.9 a) Experimental waveforms of the mains phagghtise voltagevans the dc bus voltagesys
[200V/div], the rectifier currentzec and the mains curreifans[20A/div] when the drive is
single-phase supplied. a) The drive with the preddspology, and b) a drive with diode
rectifier and pa.SSive f”tewgus(A\J:650V, VMA|N3(RM$;4OOV, PLoap=4000W, CBu§820l..lF
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Fig. 12.9 illustrates the drive capability to run ongi@phase supply. It could be
degradation of the mains supply (one phase losth@rapplication requirement (rural area
without three phase supply). The waveforms of tleénsivoltage and current and the dc bus
voltage are shown. Fig2.9 (a) illustrates waveforms when the proposéatiso is used and
Fig. 12.9 (b) illustrates waveforms when a standardaiedtifier is used. The waveforms are
recorded at nominal power of 4000W. Note signiftcdifference in the mains peak and rms
current and also the dc bus voltage ripple.

12.3.Three-terminal Energy Storage and Power Factor Corection
Device

12.3.1.Basic Principle

Realisation of the three-terminal energy storage @ower factor correction device is
discussed in this section. Fi§2.10 (a) shows circuit diagram of the solutiont tixas
proposed and discussed in part two of the dissamtafig.12.10 (b) shows circuit diagram of
the solution that was proposed and discussed intpeee of the dissertation. Combining
those two solutions into one, yields a solutiont $@ves all the problems mentioned in the
introduction, sectiod2.1. Circuit diagram is depicted in Fi2.10 (c).
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Fig.12.10 Evolution of the three-terminal energy storage PFC device. a) Topology of parallel
connected ultra-capacitor and interface dc-dc caexe) half-dc-bus-voltage rated boost
rectifier, and c) energy storage end PFC devig @snbination of the previous two topologies.
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Note that this circuit corresponds to circuit o0§F12.1 (b) (the DC-DC1 converter,
two series connected capacitors and the DC-DC2aztery.

The DC-DC1 converter is a switch/diode cell witfil@r inductorL,. The inductor is
connected on the rectifier plus rail, the didaeis connected on the dc bus plus rail and the
switch& is connected to the mid-point of the capacit©gsandCg,. The DC-DC2 converter
is composed of the following devices: a switchieg £S, connected in parallel with the
bottom capacitoCgi, the switching ledsS, connected in parallel with the top capaci@p
and a diode le@®,D, connected in parallel with the top side capadigs. Mid-points of the
legs S and $S, are connected to the ultra-capacitor via a filtetuctor Lco. A resonant
circuit LsCs is connected between tBeS, mid-point and the diodB;D, mid-point.

12.3.2.The DC-DC2 Converter Operating Modes

As already mentioned in the previous section, tRe@C2 converter has two roles: 1)
to control power flow between the drive and theasttapacitor when the drive operates in
braking and ultra-capacitor motoring mode. 2) Tsisido DC-DC1 converter and balance the
voltagesvci and v, when the drive operates in the mains motoring mddee converter
circuit diagram in different operating modes isagivin Fig.12.11 and Figl2.12.

12.3.2.1.The Ultra-capacitor Energy Transfer Mode

In this operating mode, the rectifier current isazeand therefore the cdl)1D, and
L<Cs circuit (this part of DC-DC2 converter assistghie DC-DC1 converter) can be drooped
from the circuit, as illustrated in Fig2.11 (a).
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Fig.12.11 The DC-DC2 converter operating in the ultrpacitor energy transfer mode and b) an
equivalent circuit diagrarf#8].

Four switches denoted & S, and a filter inductotco, that are connected in a three-
level topology[92] controls power flow between the ultra-capactlg, and the dc bus. More
precisely, the circuit is active whenever the didperates in the braking mode (charging the
ultra-capacitor) or motoring mode from the ultrga&eitor (discharging the ultra-capacitor).
The switches5,-S, are controlled by two duty cycleks andd,. Detailed analysis of the DC-
DC2 converter operating in the ultra-capacitor gpdransfer mode was given in chapger
section8.3. Here, in this chapter, very simplified anadyfhat is necessary to follow the
dissertation is presented. For this, it will beusmssd thatvc;=vc, andd;=d,=d. Simplified
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circuit diagram depicted in Fid.2.11 (b) is considered. Resistarig is the ultra-capacitor

internal resistance, which is assumed as frequaridgpendent resistance. ResistaRgg IS
the inductor parasitic resistance, which includes wire resistance and the core equivalent

resistanc¢92].
The circuit in Fig.12.11 (b) is described by equation

Lco d<(i;[0> = <VBUS>d ~Ugo — RLCO<iCO> ) (12-1)

where the symbao{x) denotes moving average value of a variable
From (12.1) and steady state condition follows duty cytle

d= Uco + Ricolco

VBUS
Ucomn = Ricd
— CO CO0COm
dmin - o =, (122)
VBUSmax
d — uCOmax + RLC(JCOmax
max
VBUSmin

The ultra-capacitor current and voltage are coleroby the controllers via the duty
cycled.

12.3.2.2.The Mains Motoring Mode

Let us assume that the drive operates in the nmotering mode. As mentioned, in
this mode there is no power flow between the dawe ultra-capacitor. Hence, the ultra-
capacitor current is zero (the ultra-capacitor éthy). As the current is zero, the top side
switches$S; can be drooped from the circuit, as illustrateéiop 12.11 (a).
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Fig.12.12 a) The DC-DC2 converter operating in the siaiotoring mode, and b) an equivalent circuit
diagram.

As already discussed and mentioned in chapiehe circuit of Fig.12.11 (a) is a
variant of the switched capacitor converter. A 18 is connected across the bottom
capacitorCg;, and a legd1D; is connected across the top capadigs. The capacitoCs is
the main switched capacitor that transfers theggngom the bottom capacit@s; to the top
capacitorCgp, and the inductoLs is an auxiliary inductor. The role of the inductgyis to
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minimize the conduction losses and ensure the aem@nt switching condition (ZCS). The
switchesS, and$; are driven with complementary control signals atigd Ts, The duty
cycle isd; and depends on the ultra-capacitor voltdge?), and is normally around 50%.

An equivalent circuit diagram of the DC-DC2 coneeris given in Figl2.11 (b). The
inductanced_g is an equivalent inductance of the resonant dirgiven as

L = Lsi(hj , (12.3)
2| T

0

whereT, =27,/LC, is the resonant period.

The current sourcdg andis are approximated biy/2, as it was already discussed in
section9.1. For simplicity of the analysis, one can asstima¢ the capacitorSg; andCg; are
large enough to maintain the voltages andvc, constant over the switching cycle, The
switches and diodes are modeled by constant vostageeed/so andVpro.

One complete cycl@s, can be divided into four stages, namely stage Atage D.
Simplified model, topology stages and the wavefoangsgiven in Figl2.13.

Stage A Switch S is closed at the instait0. The capacito€s is charged fronve;
via the switchS, diodeD; and the inductoks. The current,r and voltage/csincrease. Once
reaches the maximum, the current starts to decteaseds zerol(sCs resonant circuit).

Stage B The currenti,g reaches zero and diod® is blocked at the instattTq/2.
The current remains zero until commutation of théch S.

Stage C The switchS; is closed at the instattdTs, The capacitoCs is discharged
into vcy via the switchS,, diodeD, and the inductoks. The current,r increases in negative
direction in respect to the direction in FitR.12. The voltagecs decreases. After reaching
the maximum, the current starts to decrease towamas( sCs resonant circuit).
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Fig.12.13 ) Circuit diagram of the converter DC-DC2 based@$ switched capacitor converter. b) Different

topological stages of the converter. A) S1, D1cameducting, B) S1 is conducting D1 is blocking,$2),
D2 are conducting, and D) S2 is conducting D2 axkihg.
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Stage D The currenti,r reaches zero and diode, is blocked at the instant
t=dTss+To/2. The current remains zero until the commutationhef switchS, at the instant
t=Ts2 One switching cycle is finished.

12.3.2.3Zero Current Switching Conditions and LsCs Design

To achieve the ZCS, the resonant curigninust fall to zero before next commutation
of the§S switch cell. Otherwise, the switch cell commutaaésion-zero current conditions.
As a consequence, the switching losses oftBgandD;D, will be quiet high. To satisfy the
ZCS condition, the resonant frequency must be

o= > 1 2n
\/LsCs - min(dmin’(l_dmax)) TSZ

, (12.4)

where the maximum and minimum duty cycle have bdefined in (2.2) as a
function of the dc bus voltage and the ultra-capadioltage.

From the ZCS condition follows that

2
LSCS < (min(dmin ’(1_ dmax))-lz-_slzz_j " (125)

The capacitor and inductor can be selected using sgtimization method that was
discussed in chapter 9, section 9.3.2.2.

Fig. 12.14 (a) shows experimental waveforms of the frectvoltagevirec resonant
currenti,g and the rectifier curremkec Magnitude of the current directly follows the tiger
current magnitude and inversely follows magnituti¢he rectifier voltage. More precisely it
follows the difference between the dc bus voltagée eectifier voltage. This was discussed
and explained in chapt&: Fig.12.14 (b) shows zoom of those waveforms and wakrefufr
voltagevs; (the bottom switchs, voltage in Fig.12.13). In the current waveform, note an
anomaly that is denoted in the pink. Once the cirreaches zero, it is expected that the
current remains zero until the next switching segee However, the current has another
peak, with lower magnitude and slightly lower freqay. In this particular case, the
commutation is still soft commutation; the currdalls to zero before next commutation.
However, this is only a coincidence. If duty cyacte different (in this case lower) the
commutation will not be soft. The switch will comtawat non-zero current conditions.

To investigate the root-cause of this anomalyugetefer on the real circuit diagram,
which is shown in Figl2.15 (a). In the real set-up circuit, the mainbds capacitoCgys is
dislocated from the dc-dc converter board and aapadCg;, Cgo. This is indicated by the
parasitic inductanceg, in the circuit diagram in Figl2.15 (a). Thus, an additional parasitic
resonant circuit is created by the parasitic indncéL, and the capacitor€g;, Cgy. The
parasitic resonant circuit is excited each timesWwéchesSS, commutate. The voltages:
andvc; therefore oscillates around the average values iBhvisible in the waveforms in Fig.
12.15 (b). Once the voltage becomes greater thamdhage of the resonant capaci@y the
diodeD; starts to re-conduct and charge the capaCigor

Fig. 12.16 shows the waveforms after some modificat@nthe real circuit have been
done. The first modification: An additional smaiductance is connected between the dc bus
capacitor and the converter board. Waveforms aosvishn Fig.12.16 (a). Note that the
voltage ripple is greater than that in case witlibatadditional inductance. The re-conduction
time is longer and therefore the commutation islhar
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The second modification: An additional inductors®uH is connected between the dc
bus capacitor and the converter board. E&j16 (b) shows the waveforms. The voltage ripple
is smaller than that of the first case. The voltageveform is regular triangular waveform.
The resonant current is regular, no re-conductiahe diodeD;. The switches commutate at

the zero current condition.

The third modification: An additional dc bus capaciis connected close to the
converter board. In this case the parasitic indwsais significantly reduced. Fig.2.17
shows the waveforms. The voltage ripple is smalemn before. The resonant current is
regular, without re-conduction. The switches conateutit the zero current condition.

¥ 2010/03/16 08:54:23 Normal @H-Position 'YOKOGAWA < 2010/03/16 08:57:48 Normal @ scale
Running____ Waiting for iig. 125M5/s [ o3piv_| Running 500MS/s ool ]
Z00M1 : SOk 10us/div

Fig.12.14 a) Experimental waveforms of the rectifierrentireg the resonant circuit currenk [LOA/div]
and the rectifier voltagesec [100V/div]. The conversion power step from 10% @9%. The
bus voltage i8/gys=650V and nominal loaB oap=5500W. b) Zoom of the waveforms

including the bottom switch voltage; [100V/div].
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Fig.12.15 a) The equivalent circuit including real \abf the components. b) The waveforms of the
resonant circuit curremig [LOA/div], ac component of the bottom filter cajiacvoltagevc;

[5V/div], and the bottom switch voltage; [100V/div].
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'YOKOGAWA 4 2010/03/17 10:44:33 Normal |@*-Position YOKOGAWA 4 2010/03/17 13:35:04 Normal @ H-Position
Running Waiting for trig. 250M5/s [ 2.0dv_| Rurning Waiting for trig. 250MS/s [ 2fdv |
Z00M1 : 25 v Z00M1 £ 25k 10us/div

(b)

Fig.12.16 The waveforms of the resonant circuit currgsfl0A/div], ac component of the bottom filter
capacitor voltag®c; [5V/div], and the bottom switch voltage; [100V/div]. a) The parasitic
inductancd_gysis slightly increased. b) An additional filter inctor of 50uH between the dc
bus capacitor and the converter board.
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Fig.12.17 The waveforms of the resonant circuit curigsftl0A/div], ac component of the bottom filter
capacitor voltagec, [5V/div], and the bottom switch voltagg; [100V/div]. The dc bus
capacitor is connected on the board (the parasilisctancd., significantly reduced).
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13. MODELING AND CONTROL SCHEME

The modelling and control scheme are discussetisnchapter. The large and small
signal model of the entire conversion system (the+eapacitor, the dc-dc converter and
drive converter) is developed. Some of the modealdtons are re-used from chaptand
chapter9. In the second part of this chapter, the contlgéctive and control scheme are
discussed. The model and control scheme are vatldat Matlab/Simulink simulation and a
set of experimental measurements. The resultsrasepted and discussed.

13.1.The System Model

13.1.1.Large Signal Model

The large signal (nonlinear) model of the entirevpoconversion system is depicted
in Fig. 13.1. The input rectifier is modeled by a voltagersevgec The dc bus capacitor is
modeled as an ideal capaci@jysand its equivalent series resistafeer
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Fig.13.1 Large signal model of the three-terminal enstgyage and power factor correction device,
rectifier and inverter load.

The system of Figl3.1 is described by the instantaneous power exuati

dVs _ Prec _ Peo _ Proso

; 13.1
o dt VBUS VBUS VBUS ( )
where the rectifier and the ultra-capacitor insarbus power is
Pre = Ve — ey ieee
REC REC'REC 'REC™0 dt ’ (13_2)
%f_/
0o
: di, (13.3)

pCO = uCOICO + ICOLCO dt -

o
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Instantaneous power of the filter inductqy, and the boost inductdr are neglected
in (12.2) and 12.3).

The ultra-capacitor circuit is described by thdédwing equations

du. _.
(C,+2koue)—= il (13.4)
uCO = uC + RCOiCO’ (135)

(13.6)

VBUS VBUS VBUS

_ Prec _ Pco _ Pioao
Veus = Vg t RESR( - - .

13.1.2.Small Signal Model

Appling the small signal approximation and Lapla@nsformation on13.2)-(3.6)
yields transfer functions in matrix form

[5§U°S(<53)H§§U°S(2) eo(ﬂw[eou e%ﬂw 13.7)

The system output variables akg andvgys, the control variables argy andirec, and
the disturbance variables gigeop andvgec The transfer functions are

BUS(S) —_ (1+ SCBUSRESR)(UCO + IcoRco)
BUS(CO) — )
ico(S) 'Sf(;f)s?o SGausVaus
VRec(S)=0
GBUS(REC) Vaus(S) REC(1+ SCBUSRESR)
Irec(S) 'EL%(:L),(g) 0 SGueVaus (13.8)
VRec (5)=0

+C _2k|00R00+2k(U +|coRco)

S
(s) _ C, +2k _ S+
Geo (S) Uco e T R, Rco( 2(k| coRco)) =R, " « ’
leo(S) e e s+ 2 S+ah
VRecle)” (Co + Zk(U co IcoRco))
G (S) - Vaus(S) - _ (1+ SCBUSRESR)
P
PLoao(S) I'ggés()s)oo SGausVaus
VRec(8)=0
(13.9)
G (9= Yaus(S) _ Vaecll+ Gy sResr)
VREC .
Veec(S) ,'ggés()s)oo SCG:Vaus
PLoaD (8)=0

Remark: When the transfer functioBguscoywas being developed, it was assumed
that the ultra-capacitor is an infinite capacitance

Fig. 13.2 shows block diagram of the small signal mad¢he system(3.1)-(13.6)
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Fig.13.2 Small signal model of the entire power coneersystem.

13.2.Control Aspects

13.2.1.The Control Objectives

The primary control objective is to asymptoticalggulate the dc bus voltage to the
reference, where the reference depends on tharsygierating mode. The secondary control
objective is to regulate the rectifier current edmnstant or quasi-constant in order to reduce
the mains current total harmonic distortion (THDie last control objective is to regulate the
ultra-capacitor state of the charge, where theestdtcharge reference depends on the
operating mode.

13.2.2.Control Scheme

The control scheme is illustrated in Fit3.3. Note two sections, nameBC-DC1
CONTROLandDC-DC2 CONTROLTNhe first control block consists of the contradl&irec
and G,gus The controllerGirec regulates the rectifier current, while the conéolG,sys
asymptotically regulates the dc bus voltage tor#ferenceVeusrery The block denoted as
DC-DC2 CONTROILconsists of the ultra-capacitor current controley, the ultra-capacitor
voltage controlleiGyco and two dc bus voltage controllefS,susmaxand Gygusmin The mid-
point voltage balancing controller is not illusadtin the control structure. It was discussed in
chapter 6.

13.2.3.0Operational Modes

From control perspective, the system may operatthriee different modes: 1) the
rectifier mode, 2) the ultra-capacitor energy tfansnode and 3) the mains peak power
filtering mode.

13.2.3.1.The Rectifier Mode

Fig. 13.4 illustrates the control scheme when the ddperates in the rectifier (the
mains motoring) mode. When operates in this mddedtive is supplied from the mains. The
dc bus voltage is actively controlled by the DC-Dé&@hverter to the referendusrer)
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Fig.13.3 The control scheme of the three-terminal enstgrage and power factor correction device.
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Fig.13.4 The control scheme in the rectifier mode. Théwus min/max voltage controllers are saturated
(deactivated).

As mentioned before, in chapter 12 (Fig2.5 (a)), the dc bus voltage is
Veus=Veusrery Where the referencésusrer)is lower than the referendéusmaxand greater
than the referenc®gysmin Thus, the controlleGygusmaxisS saturated aUcoinm, While the
controller Gygusminis saturated at zero. Please, note that the dlemtr&,susmaxa@nd Gvsusmin
are designed in such a way to hawe: if error >0 & out1t if error <0, whereout is the
controllers outpuuyrer and uyrery anderror is the controllers input (the dc bus voltage
control error). The symbols and | denote that the variable increases and decreases
respectively.

The ultra-capacitor voltage reference is constant,
uCO(REF) = ul(REF) + u2(REF) = O+UCOinM :UCOinM " (1310)

The controllerGyco regulates the ultra-capacitor voltage to the meatiate reference
Ucoinm in order to prevent power flow between the ultagacitor and the drive.
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Fig. 13.5 shows the small signal model and control sehefrthe system working in
the rectifier mode. As the dc bus voltage contrellere saturated, the ultra-capacitor voltage
(small signal) reference is zero.
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Fig.13.5 Small signal block diagram of the control sgsibperating in the rectifier mode.

13.2.3.2.The Ultra-capacitor Energy Transfer Mode

In the ultra-capacitor energy transfer mode, twb-swdes can be distinguished: a)
the braking mode, and b) ride-through mode. Ri§.6 and Fig.13.7 depict the control
scheme and small signal control block diagram.

o0 Braking Mode

The drive load is negative (the motor works as @eggtor). Because the rectifier is a
uni-directional device, the dc bus capacitor isrghd and the dc bus voltageys increases.
As the dc bus voltage increases, the dc bus vokage decreases. Thus, the boost voltage
controller trays to regulate the dc bus voltage asduce the rectifier current reference
towards zero. Once the reference reaches zerdyotb&t voltage controller is saturated, and
can be neglected in the analysis.

Once the dc bus voltage reaches the referdggenax the dc bus voltage controller
GususmaxiS out of saturation, while the controll&susmin Stays saturated at zero. Thus, the
ultra-capacitor voltage referenagyrer Starts to increase frolcoinm towardsUcomax

U <uCO(REF) TSUconax' (1311)

COinM

The ultra-capacitor current is set by the contrdBgco at such a level to maintain the
dc bus voltage constamtys=Vsusmax If the braking energy is greater than the ulpacitor
capability, the ultra-capacitor will be fully chadto the maximum voltad8comaxbefore the
end of the braking phase. The dc bus voltage clbenr@,sysmaxWill be saturated at)comax
and the ultra-capacitor voltage reference will stapeasing. The ultra-capacitor voltage will
stay constant and the currepg will fall to zero; charging of the ultra-capacitr finished.
Then, the dc bus voltage will start increasing luattivation of the braking resistor or the
drive over-voltage (over-braking fault) protection.

When the drive operates in motoring mode, the d#pacitor has to be discharged to
the intermediate valuBcoinv in order keep the ultra-capacitor ready for nenaking cycle.
The dc bus voltage controll&,susmaxregulates the dc bus voltageMeysmax Output of the
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controller Gygusmaxdecreases and therefore the ultra-capacitor ltaference decreases
towardsUcoinv. The ultra-capacitor is discharged, supplyingdhee load.

U coima < Ucorrer) + <Y comax- (13.12)
THE DC BUS VOLTAGE IRECREF)=0
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Fig.13.6 Control scheme in the ultra-capacitor energysfer mode. The rectifier control system is satd
(deactivated).
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Fig.13.7 Small signal block diagram of the control eysoperating in the ultra-capacitor energy transfer
mode.

Once the ultra-capacitor is discharged to the mégliate levelUcoinm, the dc bus
voltage controllerG,susmaxiS saturated at the referenteoinv. The ultra-capacitor voltage
reference is therefore constant

Ucorer) = Ycom T0=Ucgnm - (13.13)

The ultra-capacitor voltage is regulated to theermiediate referenceico=Ucoinm.
Therefore, the ultra-capacitor current falls toozand discharging is finished. The dc bus
capacitor is discharged and the dc bus voltageedses. Once it reaches the reference
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Veus(rer the boost voltage controll&sus goes out of saturation and the DC-DC1 converter
starts to regulate the dc bus voltage. The drigeipplied again from the mains.

0 The Ride-Through Mode

When the mains is interrupted, the dc bus voltagessto decrease until it reaches the
minimum Vgusmin At that instance, the controll€s,sysmin goes out of saturation and the
output uyrer) Starts to decrease below zero towartldcomimUcomirUcoinv. Since the
controller Gysusmax Stays saturated a&lcoinv, the ultra-capacitor voltage reference starts to
decrease beloWcginv towardsUcomin

(U C0inM +UC0min _UCOinM = UCOmin) 2 uCO(REF) 1> UCOinM ’ (1314)

The ultra-capacitor is discharged deeper whiledtédus voltage is regulated to the
minimum level vsys=Vsusmin ONnce the mains is recovered, the dc bus voltagdssto
increase to the nominal voltage (defined by thenshaioltage). At same time, the ultra-
capacitor is charged and its voltage increasesrtstdcoiny in order to be ready for next
interruption.

If the power interruption is longer than the spiedf the ultra-capacitor will be
discharged to the lower minimum lev@tomin Then, the ultra-capacitor current will fall to
zero and the dc bus voltage will start decreasimtij teaches the under supply fault (USF)
level. The drive will fail in the USF and the corefg system will be stopped.

o0 The Mains Peak Power Smoothing Mode

When the drive operates in the mains peak powtrifilg mode, the DC-DC1 and
DC-DC2 control blocks are active. The dc bus beo#iage controller is active continuously,
while the dc bus voltage min/max controllers operabmplementary. Equivalent control
block diagram that illustrates this operating madéepicted in Figl3.8.

Fig.13.8 Small signal block diagram of the system djiegan the mains peak power filtering mode. All
controllers are active.
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13.3.Simulation and Experiments

The model and control algorithm proposed in thigpthr were simulated by the
average model 18.1)-@3.6) implemented in Matlab/Simulink and verifiey la set of
experiments. Some of the simulation and experinh@etults are presented and discussed
hereafter. All relevant parameters of the systechamtrol are summarized in TABLE-1.

TABLE 13-1 The conversion system and control parameters. Bagtpme for the dc bus voltage
controllers and the ultra-capacitor filterTg = 200us .

ULTRA-CAPACITOR SIDE DC BUS SIDE
U comax 780 V VBUsmax 675V
Ucoinm 350 V Vaus 650V
Ucomin 250V VBusmin 625V
Auco 3V Csus 820uF
i comax 15A Resr 200 m
Ceo 0.3F feus 50Hz
0145 +32
Goavana($) =~
Ke 0.000143 F/V Guausima)
G(7) = = 0145- 2200

0.2s+45
GvBUSmin( ) e —

S
RCO 2Q GvBUS(min)
0009
G z)=-02-
vBUSmln( ) 1_ Z—l
Kpco 5 feoost 50Hz & 1Hz
1 056s+88  0.011X%+ 0035
= G S)= &
GF (S) 0O1s+1 vBUS(boost)( ) { S s }
Te Gusus(boost)
~ 1 B 00176 7010°
G (2)= Sod= a1 Grausiboos)(2) = { 056+ & 00112+ — }

The control algorithm, PWM and protection functiomere implemented in a fixed-
point 32 bit digital signal processor (DSP). Thenptete control algorithm is executed at
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three different rates: the rectifier current coh&itol00 kHz, the ultra-capacitor current control
at 25 kHz and the dc bus voltage control at 5 kHze controllers were designed as the
standard proportional-integral (PI) controllers.eT¢tontroller parameters were computed in
continuous time domain (s), and then translated dhscrete time domain, (z), using the

-1

approximation s= , where is the sampling period By =10us, T, =40us and

S

TS(VBUS) = ZOO/US-

13.3.1.Simulation Results

Fig. 13.9 shows waveforms simulated during an entireradppegy cycle: the mains
motoring MM ), braking B), the ultra-capacitor motoringCo) and the mains motoring
mode MM ). Fig. 13.10 shows the dc bus voltage and the mains duwvawveforms during
transition from the mains motoring mode to brakingde.

Fig. 13.10 shows the dc bus voltage and the mains dultgg transition from the
mains motoring mode to the braking mode. Once théuws load becomes negative, the dc
bus voltage starts to rise from the referendgsrer) =650V towards the reference
VBusmaxc655V, while the mains current drops to zero. Théds voltage overshoot is small,
approximately 15V, which is 2.3% of the nominaltagle.

Fig. 13.11 shows the dc bus voltage and the mains dun@veform during transition
from the ultra-capacitor motoring mode to the maimoring mode. The dc bus voltage falls
from the referenc&/gusmax =655V towards the referendésysrer=650V, while the mains
current rises slowly. Note, the dc bus voltage wsiugot is small, around 1V that is 0.15% of
the nominal voltage.

The de bus voltage and the rectifier voltage ‘The ultra-capacitor voltage

660 L vBUS

r

2 20
Time [s] Time [s]

(a) (b)

The mains current The ultra-capacitor current

iMAINS

Current [A]

5 0
Time [s] Time [s]

(©) (d)

Fig.13.9 Simulated waveforms of the dc bus voltagg, rectifier voltage, the ultra-capacitor voltage
and currenico during an entire cycle; the mains motoriiM ), braking B), the ultra-
capacitor motoringNMIC ) and the mains motoring moddi ). P oap=*/- 5000W
Cguy_Szol.lF, CCO=04F| VMA|N§400VI’mS

-190-



13. MODELING AND CONTROL SCHEME

The de bus voltage The mains current

Volatge [V]
o 2
2
2

Current [A]
e S S T S S

650

645

0.9 1992 1994 1996 1998 20 2002 20.04 2006 20.08 20.1 199 1992 1994 1996 1998 20 2002 2004 2006 20.08 20.1
Time [s] Time [s]

@) (b)

Fig.13.10 Simulated waveforms of the dc bus voltagg and the mains currenjans during transition
from the mains motoring mode to braking moélep=+/- 5000W Cgys=820uF Cco=0.4F

Vuans=400Vrms.
: o i H
s i @ i
- L
o o

Fig.13.11 Simulated waveforms of the dc bus voltagg and the maing,ans current during transition
from the ultra-capacitor motoring mode to the mairetoring mode.

13.3.1.1.The Mains Peak Power Smoothing

Fig. 13.12 and Fig.13.13 illustrate the drive system behaviour in eneg of a
discontinuous load. The dc bus load is cycling leetw10% and 100% with repetition period
of 1s and duty cycle of 35%. Waveforms of the ds boitage and the mains current when the
mains peak power filter mode is not active (thaage controller bandwidth f§oos=50Hz)
are shown in Figl3.12.

nEN NN N RN | |
%6“ \ | r‘ l | ;"IM N/M‘W\Mm \\HU‘W\H“M‘ R MWJ\‘\‘.”H‘MMN‘U!
(a) (b)

Fig.13.12 Simulated waveforms of the dc bus voltagg and the maingans current when the load is
cycling 10% to 100% to 10%. The bus voltagesis=650V, the mains phase-to-phase voltage
Vuans=400Vrms, the dc bus capacitBgys=820uFand the boost voltage controller bandwidth
is fBOOST_—SOHZ.
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The dc bus is regulated to the refereMg@srer)=650V. Magnitude of the mains
current is modulated by the dc bus load, and vdraa approximately 1A (at light load) to
9.5A (at full load). Fig.13.13 shows waveforms of the ultra-capacitor curesmd voltage.
The current is zero with narrow positive and naegasipikes. The spikes are caused by the dc
bus min/max voltage controller because differene®vben the dc bus voltage references is
narrow, in this cas¥susmax - Veusmin=10V.

The ultra-capacitor voltage The ultra-capacitor current

i
-

Voltage [V]
w w
& &
S &

w
ot
&
Current [A]

3280 3‘] 32 . 33 3‘4 35 71%0 305 31 315 32 325 33 335 34 345 35
Time [s]

(a) (b)

Fig.13.13 Simulated waveforms of the ultra-capacitdtage and current when the load is cycling 10% -
100% -10%. The bus voltagevisys=650V, the mains phase-to-phase voltsggns=400Vrms,
the dc bus capacit@yys=820uFand the boost voltage controller bandwidtfsiss=50Hz.

The system behavior is simulated when the maink pewer filter mode is active (the
voltage controller bandwidth igoos=1Hz). Fig. 13.14 shows the dc bus voltage and the
mains current waveforms. The dc bus voltage regutammmutates betweeWisysmi= 645V
andVeusmax 655V. The mains current is slightly modulated, Wwith much lower variation in
comparison the previous case. Fi8.15 shows the ultra-capacitor voltage and current
waveforms. The current commutates between -9A [daldl on the dc bus side) and 5A (light

load on the dc bus side). Discontinuity is theasttapacitor voltage is in the voltage drop on
the ultra-capacitor internal resistariRe.

The dc bus voltage The mains current
660 T

655{1_ \— 1'— e R

S

Fig.13.14 Simulated waveforms of the dc bus voltagg and the maingyans current when the load is
cycling 10% - 100% -10%. The bus voltagedss= 650V, the mains phase-to-phase voltage

Vuans=400Vrms, the dc bus capaciGsys=820uFand the boost voltage controller bandwidth
iS fBOOST_' 1Hz.
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The ultra-capacitor voltage
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Fig.13.15 Simulated waveforms of the ultra-capacitdtage and current when the load is cycling 10% -
100% -10%. The bus voltagevs,s=650V, the mains phase-to-phase voltsggns=400Vrms,
the dc bus capacit@sys=820uFand the boost voltage controller bandwidtfsiss=50Hz.

13.3.2.Experimental Results

13.3.2.1.The DC Bus Voltage ControllerGgysrer) Performance

Fig. 13.16 illustrates the functionality of the dc budtage boost controlleGysys in
presence of a step change in the dc bus loadalghpws the rectifier current, ac component
of the dc bus voltage and the ultra-capacitor galtand current when the dc bus load is
stepped from 10% to 110%. The controller respomse ts approximately 10ms, while the
voltage undershoot is approximately -15V. Hi§.16 (b) shows the waveforms when the load
Is stepped from 110% to 10%. The voltage oversimapproximately 12V. The controller
response time is slightly greater than that ofgrevious case. The reaction time is extended
because the rectifier current is limited at zer@ahnot be negative because the input rectifier
is uni-directional device. The ultra-capacitor emtr remains zero, because it should not be
power flow between the ultra-capacitor and theadriv

2010/03/12 15:43:27 Normal @H-Position

VBus

Ucp

lcy

F1V RPN AR

@)

YOKOGAWA 4 2010/03/12 15:42:50 Normal @H1
9

R Lbis

Zoowi 1250k 20ms/div

Ico

WA \N‘»\
|
{
I

K

irpc

Fig.13.16 Experimental waveforms of the rectifier cutigp: [5A/div], the ac component of the dc bus
voltagevgys[10V/div], the ultra-capacitor voltag®, [100V/div] and currenico [SA/div]. a)
The dc bus load step from 10% to 110%, and b) fra6%d.to 10%. ¥ys=650V,
Vmains=400Vrms,Lo= 325|J.H,CBUS: 820“Fandeoos'r_-5OHZ.
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13.3.2.2.The DC Bus Voltage ControllerGgysmax Performance

Fig. 13.17 illustrates the functionality of the dc busltage braking controller,
Gvsusmax The ultra-capacitor is charged on 550V. Fi§.17 (a) shows the ultra-capacitor
voltage and current, ac component of the dc bugeland rectifier current when the drive
switches from stand-by mode to the ultra-capaaimmde. The controller response time is
approximately 5 ms, while the voltage undershooapproximately -13V. Fig13.17 (b)
shows the waveforms when the drive switches froenultra-capacitor mode to the stand-by

mode. The voltage overshoot is approximately 12 €ontroller response time is similar to
the previous one.

13.3.2.3.The Mains Peak Power Smoothing Controller Performane

The capability of the drive system to reduce thensmpeak power is tested and results
are illustrated in Figl3.18 . The waveforms of the ultra-capacitor vatagy and currenico,
the dc bus voltagesys and the mains curremyans are shown. The dc bus load is cycling
between 10% and 100% with repetition period of 2@4 duty cycle of 40%. Fid.3.18 (a)
illustrates a case when the peak power filteringcfion is deactivated (the dc bus voltage
boost controller bandwidth is 50Hz). As one canfsem the waveform, the dc bus voltage is
well regulated at the referen®gusrer650V. The ultra-capacitor current is zero. Themsai
current is modulated with the load and it variesrfrLA up to 11A.

Fig. 13.18 (b) illustrates a case when the peak powerifig function is activated (the
dc bus voltage boost controller bandwidth is 1Hhe dc bus voltage is well regulated at two
different reference¥susmaxc675V andVeusmi=625V. The ultra-capacitor current commutates
between -8A (the dc bus load is 100%) and 6A (théws load is 10%). The mains current
magnitude is approximately 6A, continuous withaghgicant variations.

'YOKOGAWA 4 2010/03/12 16:11:35 Normal | @*-Position YOKOGAWA 4 2010/03/12 16:11:16 Normal | @tposition

Running Waiting for trig. H 2.5MS/s Running Waiting for trig. 2.5M8/s o 3fav ]
200M1 : K m

Ucoy Ucp

IREC

Edge [M2_MATH |
MovlngAq Mo ng Avg ([Moving Avg M ving Avg Moving Avg |[Moving Avg [[Moving Avg |[Moving Avg 'L
S00A 100v toov oA osv 5.00 A 100 V 100V 500 A

DCisk M 2 2 64 64 DClSk lad

Fig.13.17 Experimental waveforms of the dc bus voltage[10V/div] and the maing,ans current
[5A/div], the ultra-capacitor voltagea-, [100V/div] and currentco [SA/div]. &) Transition from
stand-by to the ultra-capacitor motoring mode anulémsition from the ultra-capacitor
motoring mode to stand-by modé,ys=675V, Uci=550V, Viuans400V, Li=325uH,
Cgus=820pFandfzoos=50Hz.
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Fig.13.18 Experimental waveforms of the dc bus voltage[100V/div] and the mains currehfans
[5A/div] the ultra-capacitor currem¢o [SA/div] and voltageuc, [L00V/div], when the load is
cycling (10% to 100% to 10%).pMs=650V, Viyans=400V, Cays=820uFP oan=5500W. a)
fBOOST_' 50Hzand b)fBOOST_' 1Hz.
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14. CONCLUSION

In this part of the dissertation, a new solutiontfe ultra-capacitor based regenerative
electric drive has been proposed. The proposedi@olintents to successfully solve some the
technical issues that still exist in the applicatad controlled electric drives: 1) Saving of the
braking energy, 2) extension of the drive systede-through capability (immunity on the
mains interruption), 3) the drive input current lifya4) the drive dc bus voltage control, 5)
single phase operation and 6) smoothing of the snagak power.

The proposed solution has been theoretically asdlyghe analyses results are
confirmed by the Matlab/Simulink simulation and et ®f experiments on an industrial
prototype. The conversion efficiency has been cdetpand is between 97% and 99%.
Please, note that the ultra-capacitor efficiencegxsluded from this calculation. As it was
discussed in chapter 3, the ultra-capacitor efficyestrongly depends on the capacitor size
and conversion power, the smaller capacitor theetasfficiency. Therefore, efficiency of the
entire drive system depends on the ultra-capasiter.

In comparison to state of the art solutions, suehremenerative rectifiers or matrix
converters, the proposed solution has the follovaidgantages:

1) The system ride-through capability is extend€de drive autonomy time is a
design parameter. Depending on the applicationritieethrough time could be extended up
to 15s. Above this, it is not cost effective to tise ultra-capacitors. Instead, electrochemical
battery can be better solution. This limit will neowp with development of the new
generation of ultra-capacitofs2].

2) The system functionality, including braking chility is not linked to the mains
reliability.

3) Operation of the drive system in single-phagmbumode is possible.

4) The mains peak power is controlled and the deifects on the mains are reduced.
This is particularly important in case of a weakply network. Also, smoothing of the input

power allows better sizing of the drive installatigsmaller cabling cabinet, fuses and
contactors).

A disadvantage of the proposed solution is thetigpurent total harmonic distortion
(THD) that cannot be lower than 30%. However, adicmy to the existing standard$3],
THD of 30% is sufficient for general purpose indistdrive applications.
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15. THE DISSERTATION CONTRIBUTION

Contribution of the dissertation could be summatiae follows:
0 The Ultra-capacitor Application in Power Conversion

A comprehensive analysis of the ultra-capacitoaragnergy storage device for power
conversion applications has been performed. The-odpacitor macro model has been
discussed. The conversion losses model, which takesiccount frequency of the capacitor
current and the frequency dependent resistandeafapacitor, has also been developed.

o Parallel Connected Energy Storage Device for Conttled Electric Drives

Regenerative controlled electric drive with brakingpability and extended ride-
through capability, using parallel connected uttagacitor as an energy storage device has
been extensively analysed. Such a drive concepwalisaving and recovery of the drive
braking energy in most of controlled electric driapplications. Moreover, the drive ride-
through capability can be extended, depending cepafication need.

o Interface DC-DC Converter

Three-level dc-dc converter as interface betweeruttra-capacitor and the controlled
electric drive has been proposed and discussed.atiantages of the three-level dc-dc
converter have been clearly identified and disalisse

0 The System Model and Control Scheme

Dynamic nonlinear and small signal linear modeth& controlled electric drive with
the ultra-capacitor and dc-dc converter has beesldped. The model takes into account all
the relevant effects that are present in such apapower conversion system. A novel
control scheme has been also proposed. The costl@me allows control of the ultra-
capacitor current, the ultra-capacitor state ofdharge (SOC) and the dc bus voltage. The
advantages of the proposed control scheme haveidestified and discussed.

o0 Three-terminal Power Factor Correction Device

The mains current quality, dc bus voltage contral aperation on single-phase supply
have been discussed. A novel boost dc-dc conveased on the half-dc-bus-voltage rated
topology has been proposed as a solution for thgealmentioned issues. The new topology
has been theoretically analysed and the conceptedeby a set of experiments. Modelling
aspects and control scheme have been discussdituRarattention has been paid on the
model of the resonant dc-dc converter that is usdohlance the dc bus mid-point voltage.
The advantages of the new topology have been gleshtified and discussed.

o Three-terminal Power Factor Correction and Energy Sorage Device

The three-terminal energy storage and power famborection device for controlled
electric drive applications has been proposed. praposed three-terminal device is a
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solution that solves some of the technical isshas $till exist in application of controlled
electric drives. The proposed solution has beepldemalysed and the concept verified by a
set of experiments. The advantages and disadvantagee been clearly identified and
discussed

o Publications

Most of the work presented in the dissertatiomipublication and review process for
IEEE Transaction on Industrial Electronics.

[1] Petar J. Grbovié, Philippe Delarue and Philippe Le Moigne, “A novielde-phase diode
boost rectifier using hybrid half-DC-BUS-voltageed boost converter: Modeling and
control aspects,[EEE Trans. Industrial Electroni¢sn review process.

[2] Petar J. Grbovié, Philippe Delarue, Philippe Le Moigne and PatricartBolomeus,
“The Ultra-capacitor Based Regenerative Controllekbctric Drives with Power
Smoothing Capability,TEEE Trans. Industrial Electroniceccepted for publication.

[3] Petar J. Grbovié, Philippe Delarue, Philippe Le Moigne and PatricktBalomeus, “A
Three-Terminal Ultra-Capacitor Based Energy Storaged PFC Device for
Regenerative Controlled Electric Drive$EEE Trans. Industrial Electronicsaccepted
for publication.

[4] Petar J. Grbovié, Philippe Delarue, Philippe Le Moigne and PatricartBolomeus
“Modeling and control of the ultra-capacitor basedenerative controlled electric drive
system,”IEEE Trans. Industrial Electronic4,0.1109/TIE.2010.2087290, 2010.

[5] Petar J. Grbovié, Philippe Delarue and Philippe Le Moigne, “A novetde-phase diode
boost rectifier using hybrid half-DC-BUS-voltageted boost converterJEEE Trans.
Industrial Electronics;10.1109/TIE.2010.2050757, 2010.

[6] Petar J. Grbovié, Philippe Delarue, Philippe Le Moigne and PatrickrtBalomeus,
“Regenerative controlled electric drive with exteddride-through capability using an
ultra-capacitor as energy storage devicéEPEE Trans. Industrial Electronics,
10.1109/TIE.2010.2048838, 2010.
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16. CONCLUSIONS AND PERSPECTIVES

16.1.General conclusion

16.1.1.The Ultra-capacitor in Electric Drives and Other Powver Conversion
Applications

The ultra-capacitor as an energy storage devicecated for power conversion has
been discussed in the first part of the disseratim comparison to state of the art
electrochemical batteries, ultra-capacitors hawghdr power density, higher efficiency,
longer life time and greater cycling capability. damparison to state of the art electrolytic
capacitors, ultra-capacitors have higher energysitienAll those advantages make ultra-
capacitors the most suitable candidate for powewesion applications with a need for
short-term energy storage, up to 15s. Some of th&siple applications are industrial
controlled electric drives, hoisting applicationmwer transmission/distribution networks,
traction drives and UPS in building and IT centres.

State of the art ultra-capacitor technology isdbeable layer capacitor with activated
carbon electrodes. Beside this technology, theee faur different technologies under
development: 1) Nano tube capacitor, 2) Nano-gaeactor, 3) EeStore high voltage
multilayer capacitor and 4) Mega-farad ultra-cafaci All the technologies under
development promise higher energy density thare stétthe art ultra-capacitors. Some of
them, for example technology 3) and 4), promisegndensity even greater than state of the
art electrochemical batteries.

The ultra-capacitor macro model has been discusBeaper electrical model is
essential for the ultra-capacitor losses and teatpes evaluation and the conversion system
control analysis and synthesis. The first orderR@lel is sufficiently accurate if dominant
frequency of the ultra-capacitor current is welllowe or above the capacitor cut-off
frequency. Otherwise, the second or higher ordedleh® necessary to accurately compute
the capacitor losses and internal temperature.ti®rmost commercially available ultra-
capacitors, lower cut-off frequency is around 0.1lMhbile the upper cut-off frequency is
around 10Hz. The first order RC model is sufficiéat analysis and synthesis of the power
converter controllers.

The concept of the ultra-capacitor based regeneratectric drive has been discussed
in part two of the dissertation. The ultra-capacisoemployed as the energy storage device to
store the drive braking energy and restore thegyn@henever it is possible. Moreover, the
ultra-capacitor is used as an emergency power gupptase of the mains interruption.
Unlike electrochemical batteries, the ultra-camac#tate of charge (SOC) strongly depends
on the terminal voltage. Thus, it is not practiaatl convenient to connect the ultra-capacitor
directly to the controlled electric drive. An intece dc-dc converter is necessary. State of the
art topologies are discussed and the new threé-tirdc converter topology is proposed.
The proposed topology is analysed and design doatelare given. Model of the entire
conversion system is developed and new control rseh&s proposed. Objective of the
proposed control is to control the ultra-capactarrent and the dc bus mid-point voltage.
The second control objective is to asymptoticaligulate the dc bus voltage at desired
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reference, depending on the operating mode. The-cdtpacitor state of charge (SOC) control
is the third control objective.

In comparison to state of the art solutions, siuchack-to-back and matrix converters,
the proposed ultra-capacitor based controlled miéedrive converter shows the following
advantages.

0 The system ride-through capability is extended. Tnee autonomy is a
design parameter. Depending on the applicationritteethrough time can be
extended up to 15s. Above this, it is not cost atife to use the ultra-
capacitors. Electrochemical batteries are moraklgitsolution. This limit will
move up with development of the new generationltodtcapacitors.

o The system functionality, including braking capapiland reliability is not
linked to the mains reliability.

Regarding to the three-level interface dc-dc comverthe following advantages
compare to state of the art topologies are idextifi

0 The semiconductors losses are smaller than thieotfwo-level topology and
isolated topologies.

o The output inductor is smaller than that of theimady two-level topology.
The inductor size depends on the ultra-capacitoirmim voltage, and varies
between 25% and 50% of that of the two-level coterer

o0 The input filter capacitor is smaller too. The czip@ volume varies between
10% and 25% of that of the two-level converter.

16.1.2.Novel Diode Boost Rectifier

The novel three-phase diode boost rectifier usihg half-dc-bus-voltage-rated
topology has been proposed and discussed in pam tf the dissertation. The proposed
boost converter consists of two dc-dc convertetsta series connected dc bus capacitors.
The first converter regulates the rectifier currantd boosts the dc bus voltage above the
mains phase-to-phase peak voltage. This convertgaie of the art dc-dc converter, which is
connected on the rectifier plus rail, the dc bussphil and the dc bus capacitors mid-point.
The second dc-dc converter is an auxiliary convett@t assists to the first one. This
converter is a variant of the series resonant abewehat operates in discontinuous
conduction mode, type 1. Nonlinear model and ssighal model of the entire rectifier have
been discussed. Particular attention has beenguaitie auxiliary resonant dc-dc converter
model. Control scheme has been proposed and \ediday simulation and a set of
experiments.

The advantages of the proposed boost rectifier eveapto the ordinary single-switch
and double-boost rectifier can be summarized devisl

0 The switches utilization factor is higher than tbéistate of the art solutions.
Therefore, the switches cost is lower.

0 The switches voltage rating is half of that of giegle-switch boost rectifier.
Thus, better and more efficient devices could lelus

0 The boost inductor is smaller than the inductosingle-switch boost rectifier.
o0 The conversion efficiency is greater than thattafesof the art solutions.
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Some inconveniences of the proposed boost recsifeerdentified too.

0 The need for an auxiliary dc-dc converter to cdritie dc bus capacitors mid-
point voltage. This converter is rated on a fractmf the total conversion
power. Therefore the conversion losses can be tpiten comparison to the
total conversion losses.

o0 The input current total harmonic distortion fagt6HD) and partially weighted
harmonic distortion factor (PWHD). Because of ofieraprinciple of three-
phase diode boost rectifier operating in continucoisduction mode (CCM),
the THD cannot be reduced below 30%, while the PWikIaround 55%.
However, according to the existing standdddj, THD of 30% is sufficiently
low for industrial drive applications, while PWHB slightly above the limit.
The PWHD, however, can be reduced below 46% asreshby the standard
by the use of 8 harmonic injectioj140].

The new boost rectifier is an effective replacenfenpassive diode rectifiers as well
as single-switch and double boost rectifier. Tropology could be used in three-phase
supplied and single —phase supplied three-phadeotled electric drives.

16.1.3.All Together

In last part of the dissertation, a compilationtlué parallel-connected energy storage
device (discussed in part two of the dissertataong the new boost rectifier (discussed in part
three of the dissertation) is proposed. The prapesdution intents to successfully solve the
following technical issues that still exist in agpkion of controlled electric drives: 1) Saving
of the braking energy, 2) extension of the drivstesn ride-through capability (immunity on
the mains interruption), 3) the drive input currguoglity, 4) the drive dc bus voltage control,
5) single phase operation and 6) smoothing of tamsnpeak power. The proposed solution is
theoretically analysed and design guidelines avergi The concept has been validated by
simulation and a set of experiments.

Compared to state of the art solutions, such asneggtive back to back and matrix
converters, the proposed solution has the follovaidgantages.

0 The system ride-through capability is extended.

o0 The system functionality, including braking capdypilis not linked to the
mains reliability.

0 Single-phase supply operation is possible too.

o The mains peak power is controlled and the drivece$ on the mains are
reduced. This is particularly important if the étecdrive is supplied from a
weak public supply network. Moreover, smoothingtted input power allows
better sizing of the drive installation (smallerbliag cabinet, fuses and
contactors).

o0 The conversion efficiency is greater that thattafesof the art solutions.

16.2.Perspectives for Future Work

Perspectives for future work on the project casurmamarized as follows.
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16. CONCLUSION AND PERSPECTIVES

16.2.1.Commissioning and Self-tuning of the System Contriars

The first objective for future work on this projegbuld be the system commissioning
and self-tuning process. Two parameters have tavdde known for proper tuning of the
system controllers: 1) Capacitance of the dc bymaéor, and 2) capacitance of the ultra-
capacitor. The first one is important for the de bwltage controllers’ adjusment, while the
second one is important for the ultra-capacitaesté charge (SOC) controller adjustment.

16.2.2.0n-line Monitoring and the Ultra-capacitor Life Tim e Estimation

The ultra-capacitor lifetime prediction is anotlaspect to be considered. In certain
applications, such as critical industrial proceg46$ unexpected interruptions of the system
are not allowed. Hence, failures such as end efdifthe ultra-capacitor must be predicted
and preventive replacement done on time. For tmsline lifetime estimation is essential.
Some work has been already done in field of elidicocapacitors failure predictiofi41].
Similar concept can be used to predict end ofdifthe ultra-capacitor.
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