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Introduction

The threatened Ilimitations of conventional elealriqgpower
sources have focused a great deal of attentionowrerp its application,
monitoring and correction. Power economics now @agritical role in
industry as never before. With the high cost of eoweneration,
transmission, and distribution, it is of paramoaahcern to effectively
monitor and control the use of energy.

The electric utility’s primary goal is to meet thewer demand of
its customers at all times and under all conditidist as the electrical
demand grows in size and complexity, modificati@msl additions to
existing electric power networks have become irgirggy expensive.
The measuring and monitoring of electric power haweome even more
critical because of down time associated with eqpeipt breakdown and
material failures.

In modern electrical power systems, electricitypi®duced at
generating stations, transmitted through a hightagel network, and
finally distributed to consumers. Due to the ramdrease in power
demand, electric power systems have developed sx&y during the
20th century, resulting in today’s power industmolmbly being the
largest and most complex industry in the world.cEleity is one of the
key elements of any economy, industrialized societycountry. A
modern power system should provide reliable andtamupted services
to its customers at a rated voltage and frequenitlinvconstrained
variation limits. If the supply quality suffers aduction and is outside
those constrained limits, sensitive equipment might and any motors

connected on the system might stall.
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The electrical system should not only be able wvigle cheap,
safe and secure energy to the consumer, but alsompensate for the
continually changing load demand. During that psscéhe quality of
power could be distorted by faults on the systemhyothe switching of
heavy loads within the customers facilities. In daly days of power
systems, distortion did not impose severe problewards end-users or
utilities. Engineers first raised the issue in taee 1980s when they
discovered that the majority of total equipmenéiniptions were due to
power quality disturbances. Highly interconnectednsmission and
distribution lines have highlighted the previousiyall issues in power
guality due to the wide propagation of power quatiisturbances in the
system. The reliability of power systems has impbdue to the growth
of interconnections between utilities. In the madéndustrial world,
many electronic and electrical control devices pagt of automated
processes in order to increase energy efficiencg productivity.
However, these control devices are characterizedxiieme sensitivity
in power quality variations, which has led to growiconcern over the
quality of the power supplied to the customer.

From the end-user point of view, is important nolyahe quality
of power but also the quantity of power used top$uphe loads, that is,
the quantity of money the user has to pay for thegy supply.

Thus, the work of this thesis is the characteiorabf a power

drive system focused on :

e Minimization of Power supplied by the Grid

(Ultracapacitors)

» Optimiziation of Power supplied by the Grid ( AetiFront
End).
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In the first part of the thesis a general overvieivthe Power
Quality concept is given. Power Quality relatecepbmena definitions
are presented together with the most common Powelit§) issues.
Moreover, a general overview of the role of powéectonic in
contrasting these issues is given together withntost used type of
controllers for Power Quality improvements.

The second part of the thesis is focused on tlvendgimeam of a
power drive, that is, from the rectifier to the dp&o the minimization of
the grid power.

It is presented a gantry crane system coupled waitbtorage
system based on Ultracapacitors. The aim of theag# system is to
minimize the usage of the Grid power, thus, to owe; from the
economical point of view, the usage of the poweérejrespecially if the
utilization frequency is relevant.

First an overview of the Ultracapacitors tecnology given
together with the ultracapacitors model used tdope the simulation
model.

Afterwards, an overview of the power drive systé&ngiven

together with the assumed work cycle. The phaselwisi considered as
the Ultracapacitors recovery phase (energy recQusrthe descending
phase, in which the energy of the ultracapacitereecovered and then
released during the lifting phase.
All the data related to the gantry crane, such @sep, torque, energy,
load speed, load acceleration and load trajectoeytechnical real data
which are used as input data for the simulation eho80, what was
done was to take real data as a reference foirthdation model.

Once the model of the gantry crane coupled with the

ultracapacitors storage system is obtained, a droeeof sizing the
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ultracapacitors based on the energy related taléseending of the load
(for the sizing it is considered the maximum of kba&d = 50 tons).

Aftwards a power flow regulatin strategy controrastgy is
developed. The aim of this regulation strategytashave different
degrees of freedom in choosing the appropriate aminaf Grid Power,
that is, to have balanced or unbalanced grid pd\erduring the entire
process.

Experimental measurements for two different loadhdimons
performed on a scaled experimental set up are mexseand used to
validate the simulation model. Afterwards simulatioesults are
presented for different regulation strategy paramset

At the end of the second part an economic evalnasadone in
order to investigate the payback time of the inwestt for different
simulation cases.

The third part of the thesis is mainly focused he upstream of
the power drive, that is, the optimization of gm@dwer utilization
(second main point of the thesis).

In this part it is presented the simulation modehio Active Front
End with Reactive Power compensation capabiliidsch provides, too,
the Active Power to the own load.

First an overview of the Active Front End concept given,
together with the operating principle. Main keyteat of Active Fron
End are presented both with a comparison betwediveA&ront Ends
drives and traditionals drives.

The AFE is used to compensate the Reactive poweiudgh a way
that the Power Factor is unity.

The steady state characteristics as well as diffedeequations

describing the dynamics of the front-end rectifiez shown.
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The dynamic equations describing the dynamic maxfethe
system are obtained based on the d-g theory. Tdwr& model is
obtained and implemented in Matlab-Simulink platforFeed-forward
compensation was used to achieve a better dynasponse.

Different Resistive-inductive loads are connectethe PCC point
to simulate the other user of the Grid, which dbnitie in the pollution
of the network and, thus, in the phase shift betwise phase voltage
and the phase current of the grid, resulting iroa-anity Power Factor.
Different conditions of the PCC point connectedd®ahere considered
to simulate variable conditions of the Grid. It Mole seen that the AFE
compensates the Reactive Power introduced by thddads, bringing
the Power factor back to unity (phase displacemmativeen phase
voltage and phase current = 1).

Afterwards, the AFE behavior is studied in presentesoltage
sags and voltage notches in one phase or in tweegha

EMC is a great issue of the Power Quality. Eveltgctonic
device has to comply with the EMC standards Apperidiprovides
some theoretical and experimental discussions omdusied
electromagnetic interference (EMI) emissions in tl@tomotive
applications. Conducted and radiated emissiors tegve been carried
out in the frequency range between 150 kHz and 1&it presented,

relative to an electric wheelchair with a tractmower of 205W.
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1. Power Quality

Development of technology in all its areas is pesging at a
faster rate. Power scenario has changed a lot. iNM&hncrease of size
and capacity, power systems have become compleingpao reduced
reliability. But, the development of electronicdeatrical device and
appliances have become more and more sophistieatgdhey demand
uninterrupted and conditioned power. These havénguighe present
complex electricity network and market in a straagnpetition resulting
in the concept of deregulation. In this ever chaggpbower scenario,
quality assurance of electric power has also béfectad. It demands a
deep research and study on the subject ‘ElectneePQuality’.

In this chapter an overview of Power Quality wile lgiven,
together with most common issues related to thisept.

An overview of most used Power Quality Improve desiwill be

given too.

1.1 Power Quality definition

Power qualityis a term that means different things to different
people. Institute oElectrical and Electronic Engineers (IEEE) Standard
IEEE1100 defines power qualitps “the concept of powering and
grounding sensitive electronic equipment iimanner suitable for the
equipment.” As appropriate as this description rhggemthe limitation
of power quality to “sensitive electronic equipniemtight be subjecto
disagreement. Electrical equipment susceptibleotegp quality or more
appropriatelyto lack of power quality would fall within a seergig
boundless domainAll electrical devices are prone to failure or

malfunction when exposed to onerore power quality problems. The
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electrical device might be an electric mototransformer, a generator, a
computer, a printer, communication equipment, boasehold appliance.
All of these devices and others react adverselpawer quality
issues, depending on the severity of problesimpler and perhaps
more concise definition might state: “Power quaigyaset of electrical
boundaries that allows a piece of equipment totfancn its intended
manner without significant loss of performanceife éxpectancy.” This
definition embraces two things that we demand from an eletulievice:
performance andife expectancy. Any power-related problem that

compromises either attribute ipawer quality concern.

1.2 Power quality progression

Since the discovery of electricity 400 years adw ¢eneration,
distribution, and use of electricity have steaddyolved. New and
innovative means to generate and use electricigfetl the industrial
revolution, and since then scientists, engineerg] hobbyists have
contributed to its continuing evolution. In the begng, electrical
machines and devices were crude at best but ndessheery utilitarian.
They consumed large amounts of electricity andqueréd quite well.
The machines were conservatively designed with cosicerns only
secondary to performance considerations. They werebably
susceptible to whatever power quality anomaliestegi at the time, but
the effects were not readily discernible, due gaidl the robustness of
the machines and partly to the lack of effectiveysvib measure power
guality parameters. However, in the last 50 yearsopthe industrial age
led to the need for products to be economically petitive, which

meant that electrical machines were becoming smatld more efficient
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and were designed without performance margins. h&t ¢game time,
other factors were coming into play. Increased defador electricity
created extensive power generation and distribugads. Industries
demanded larger and larger shares of the gengpatgdr, which, along
with the growing use of electricity in the residahtsector, stretched
electricity generation to the limit. Today, elecdi utilities are no longer
independently operated entities; they are part darge network of
utilities tied together in a complex grid. The candiion of these factors
has created electrical systems requiring poweritgual

The difficulty in quantifying power quality concesns explained
by the nature of the interaction between power iyuaind susceptible
equipment. What is “good” power for one piece oflipqent could be
“bad” power for another one. Two identical devices pieces of
equipment might react differently to the same poguality parameters
due to differences in their manufacturing or congrtntolerance.
Electrical devices are becoming smaller and moresisee to power
guality aberrations due to the proliferation ofotdenics. For example,
an electronic controller about the size of a shaeban efficiently
control the performance of a 1000-hp motor; while motor might be
somewhat immune to power quality problems, the rodiet is not. The
net effect is that we have a motor system thaery gensitive to power
quality. Another factor that makes power qualityuiss difficult to grasp
is that in some instances electrical equipment esauts own power
guality problems. Such a problem might not be apparat the
manufacturing plant; however, once the equipmeninssalled in an
unfriendly electrical environment the problem couglirface and
performance suffers. Given the nature of the atmdtroperating

boundaries and the need for electrical equipment pe&rform
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satisfactorily in such an environment, it is in@iegly necessary for

engineers, technicians, and facility operators égoime familiar with

power quality issues. It is hoped that this book kélp in this direction.

1.3

Power Quality terminology

More commonly used power quality terms are defiaed

explained below:

Bonding —Intentional electrical-interconnecting of conduetiv
parts to ensure common electrical potential betwitaenbonded
parts. Bonding is done primarily for two reasonen@uctive parts,
when bonded using low impedance connections, wtaxld to be

at the same electrical potential, meaning that tlodtage
difference between the bonded parts would be mihioa
negligible. Bonding also ensures that any faultrentr likely
imposed on a metal part will be safely conductedytound or
other grid systems serving as ground.

Capacitance —Property of a circuit element characterized by an
insulating medium contained between two conducpiags. The
unit of capacitance is a farad (F), named for thgliEh scientist
Michael Faraday. Capacitance values are more coiymon
expressed in microfaradpf), which is 10° of a farad.
Capacitance is one means by which energy or edatibise can
couple from one electrical circuit to another. Gajzance between
two conductive parts can be made infinitesimallyabrbut may

not be completely eliminated.

18



e Coupling —Process by which energy or electrical noise in one
circuit can be transferred to another circuit timaty or may not be
electrically connected to it.

» Crest factor —Ratio between the peak value and the root mean
square (RMS) value of a periodic waveform. Fig. ibdicates the
crest factor of a sinusoidal waveform. Crest faci® one
indication of the distortion of a periodic wavefofmom its ideal

characteristics.

V (PEAK) |
V(RMS) = 0.707 V(PEAK)

SINUSOIDAL WAVE
CREST FACTOR = 1/0.707 = 1.414

Fig. 1.1: Crest factor for sinusoidal waves

e Distortion — Qualitative term indicating the deviation of a
periodic wave from its ideal waveform charactecssti Fig. 1.2
contains an ideal sinusoidal wave along with aodietl wave. The
distortion introduced in a wave can create wavefdaformity as

well as phase shift.
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DISTORTED WAVEFORM

——g— | DEAL SINE WAVEFORM

-
time

Fig. 1.2: Distorted waveform

Distortion factor — Ratio of the RMS of the harmonic content of
a periodic wave to the RMS of the fundamental conte the
wave, expressed as a percent. This is also knowtheagotal
harmonic distortion (THD).

Flicker —Variation of input voltage sufficient in duratiom t
allow visual observation of a change in electrighti source
intensity. Quantitatively, flicker may be expressesithe change
in voltage over nominal expressed as a percent.

Form factor — Ratio between the RMS value and the average
value of a periodic waveform. Form factor is anotimelicator of
the deviation of a periodic waveform from the idelaaracteristics.
Frequency —Number of complete cycles of a periodic wave in a
unit time, usually 1 sec. The frequency of elealrguantities such
as voltage and current is expressed in hertz (Hz).

Ground electrode — Conductor or a body of conductors in
intimate contact with earth for the purpose of g a

connection with the ground.
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Ground grid — System of interconnected bare conductors
arranged in a pattern over a specified area angdlelow the
surface of the earth.

Ground loop — Potentially detrimental loop formed when two or
more points in an electrical system that are nohyiret ground
potential are connected by a conducting path shah dither or
both points are not at the same ground potential.

Ground ring — Ring encircling the building or structure in direct
contact with the earth.

Grounding — Conducting connection by which an electrical
circuit or equipment is connected to the earth or sbome
conducting body of relatively large extent thatvesrin place of
the earth

Harmonic — Sinusoidal component of a periodic wave having a
frequency that is an integral multiple of the fundsntal
frequency.

Harmonic distortion — Quantitative representation of the
distortion from a pure sinusoidal waveform.

Impulse — Traditionally used to indicate a short duration
overvoltage event with certain rise and fall chsastics.
Standards have moved toward including the tempulsein the
category of transients.

Inductance — Inductance is the relationship between the
magnetic lines of flux (&) linking a circuit due te current ()
producing the flux. Ifl is the current in a wire that produces a
magnetic flux of @ lines, then the self-inductan¢¢he wire,L, is

equal to @. Mutual inductanceM) is the relationship between
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the magnetic flux @linking an adjacent circuit 2 due to currént
in circuit 1. This can be stated lsis= @,/1;.

Inrush — Large current that a load draws when initially edron.

Interruption — Complete loss of voltage or current for a time
period.
Isolation — Means by which energized electrical circuits are

uncoupled from each other. Two-winding transformevih
primary and secondary windings are one examplesofaiion
between circuits. In actuality, some coupling sists in a two-
winding transformer due to capacitance betweenptiraary and
the secondary windings

Linear loads — Electrical load which in steady-state operation
presents essentially constant impedance to the mp®wearce
throughout the cycle of applied voltage. A pureheér load has
only the fundamental component of the current prese

Noise — Electrical noise is unwanted electrical signalst tha
produce undesirable effects in the circuits of mansystems in
which they occur.

Nonlinear load — Electrical load that draws currents
discontinuously or whose impedance varies durinthegcle of
the input AC voltage waveform.

Notch — Disturbance of the normal power voltage waveform
lasting less than a half cycle; the disturbanceinigally of
opposite polarity than the waveform and, thus, s from the
waveform.

Periodic — A voltage or current is periodic if the value okth

function at timet is equal to the value at timer T, whereT is the
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period of the function. In this book, function refg¢o a periodic
time-varying quantity such as AC voltage or current

Power disturbance —Any deviation from the nominal value of
the input AC characteristics.

Power factor (displacement) —Ratio between the Active Power
(Watt) of the fundamental wave to the Apparent Ro(v&A) of
the fundamental wave. For a pure sinusoidal wavefanly the
fundamental component exists. The power factoretbee, is the
cosine of the displacement angle between the velgd the
current waveforms.

Power factor (total) — Ratio of the total Active Power (Watt) to
the total Apparent Power (VA) of the composite waweluding
all harmonic frequency components. Due to harmd&miquency
components, the total power factor is less thandiplacement
power factor, as the presence of harmonics tendsctease the
displacement between the composite voltage and emurr
waveforms.

Recovery time —Interval required for output voltage or current
to return to a value within specifications aftegpstioad or line
changes.

Ride through — Measure of the ability of control devices to
sustain operation when subjected to partial or tots of power
of a specified duration.

Sag —RMS reduction in the AC voltage at power frequefroym
1ms to a few seconds duration.

Surge —Electrical transient characterized by a sharp esan

voltage or current.
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* Swell —RMS increase in AC voltage at power frequency from
half of a cycle to a few seconds duration.

 Transient — Sub-cycle disturbance in the AC waveform
evidenced by a sharp, brief discontinuity of thevefarm. This
may be of either polarity and may be additive dsteactive from
the nominal waveform. Transients occur when thera sudden
change in the voltage or the current in a powetesys Transients
are short-duration events, the characteristics dfichv are
predominantly determined by the resistance, indwea and
capacitance of the power system network at thetpdimterest.
The primary characteristics that define a transea the peak
amplitude, the rise time, the fall time, and thegfrency of

oscillation.

1.4 Power Quality Issues

Power qualityis a simple term, yet it describes a multitudessties that
are foundin any electrical power system and is a subjectiaren. The
concept of good andad power depends on the end user. If a piece of
equipment functions satisfactorily, the user fak the power is good.

If the equipment does not function as intendedhails prematurely, there

is a feeling that the power is bad. In betweendHiesits, several grades

or layers of power quality may exist, dependingtum perspectivef the
power user. Understanding power quality issuesge@l starting point
for solving any power quality problem. Fig. JpBovides an overview of

the power quality issues.
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Fig. 1.3: Power Quality issues.

Power frequency disturbancese low-frequency phenomena that
result in voltagesags or swells. These may be source or load gederat
due to faults or switchingperations in a power system. The end results
are the same as far as the susceptibibtyelectrical equipment is
concerned.

Power system transientare fast, short-duration events that
produce distortions such as notching, ringing, antpulse. The
mechanisms by which transient energy is propagatepower lines,
transferred to other electrical circuits, and eualty dissipated are
different from the factors that affect power fregog disturbances.

Power system harmonicsare low-frequency phenomena
characterized by waveform distortion, which introds harmonic
frequencycomponents. Voltage and current harmonics have sinade
effects on power systemperation and power system components. In
some instances, interaction betwdle@ harmonics and the power system
parameters R—L—Q can cause harmonics to multiply with severe

consequences.
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Grounding and bondings one of the more critical issues in power
guality studies. Grounding is done for three reasdre fundamental
objective of grounding is safety, and nothing tisadone in an electrical
system should compromise the safety of people whwwkwn the
environment. The second objective of grounding &omding is to
provide a low-impedance path for the flow of faclirrent in case of a
ground fault so that the protective device coutdate the faulted circuit
from the power source. The third use of groundsitpicreate a ground
reference plane for sensitive electrical equipm&hts is known as the
signal reference ground (SRG). The configuratiothef SRG may vary
from user to user and from facility to facility. @ SRG cannot be an
isolated entity. It must be bonded to the safetyugd of the facility to
create a total ground system.

Electromagnetic interferencdEMI) refers to the interaction
between electriand magnetic fields and sensitive electronic ciscand
devices. EMI is predominantha high-frequency phenomenon. The
mechanism of coupling EMI to sensitiekevices is different from that
for power frequency disturbances and electricensients. The
mitigation of the effects of EMI requires speciathniques.

Radio frequency interferencRFIl) is the interaction between
conductedor radiated radio frequency fields and sensitivéadand
communicationequipment. It is convenient to include RFI in the
category of EMI, but the twphenomena are distinct.

Electrostatic dischargdESD) is a very familiar and unpleasant
occurrence. lrour day-to-day lives, ESD is an uncomfortable musa
we are subjected to wheme open the door of a car or the refrigerated
case in the supermarket. But, at highels, ESD is harmful to electronic

equipment, causing malfunction and damage.
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Power factoris included for the sake of completing the powealiy
discussionin some cases, low power factor is responsiblefmipment
damage due to componenterload. For the most part, power factor is an
economic issue in the operatiai a power system. As utilities are
increasingly faced with power demands thateed generation capability,
the penalty for low power factor is expected to réase. An
understanding of the power factor and how to remedypower factor
conditionsis not any less important than understanding démors that

determine the healtbf a power system.

1.5 Role of Power Electronics in Improving Quality &
AC Grid Power

Power electronics, which is the major contributar the
troublesome line-side interactions in the form e&gative currents and
harmonics, can also provide solution for removimghs effects. The
prospects of using power electronics based systeatdress the power
guality issues promise to change the landscapetafd power systems
in terms of generation, transmission and distrdoutioperation and
control. The ever increasing interest in these iapfibns can be
attributed to the several factors as listed below:

* Availability of power semiconductor devices withghi power
ratings capable of switching fast lead to bettemvewsion
efficiency and high power density.

* Growing awareness of power quality issues andtstritorms set
forth by the utility companies and regulatory auitses to control

harmonic pollution and EMC effects.

27



o Continual use of existing transmission system cidypafor
increased power transfer without compromising tmassion
system stability and reliability.

* Need for effective control of power flow in a devésfed
environment.

* Increased emphasis on decentralized generation reftbwable
energy sources to avoid transmission line congestio
Many types of utility applications based on powdectonics

controllers are being envisaged. These include@eind reactive power
flow control, system stability, improving power dit\a by eliminating
harmonics, improving transmission efficiency, amotection.

Thus, power quality solutions comprising reactivanpensation,
compensation for the non-active currents, harma@oimpensation, or
active filtering is one of the many significant aseof utility applications
for these controllers, summarily referred to axiile ac transmission
system (FACTS) controllers. The different typesF#CTS controllers
and the principle of operation is reviewed brieftly the following

subsections.

1.5.1 Flexible AC Transmission Systems (FACTS) Operating
Principle

In existing ac transmission networks, limitations constructing
new power lines has led to several ways to increaseer transmission
capability without sacrificing the stability reqements. Power flow on a

transmission line connecting two ac systems isrgwe

o EE
X

sind
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WhereE; andE;, are magnitudes at the two ends of transmission Xne
is the line reactance, ardis the angle between the two bus voltages.
Equation above shows that power flow on a trandgomndse depends on
the voltage magnitudg&; and E,, the line reactanc, and the power
angleo. FACTS devices based on phase-controlled thydastoractive
switches such as IGBTs can be used to rapidly ebotrte or more of
above three quantities.

The term, FACTS devices, can be formally definecaollection
of power converters and controllers that can bdieghndividually or in
coordination with others to control — series impemg shunt impedance,
current, voltage, phase angle, oscillation dampBygcontrolling one or
all these quantities, FACTS devices enable trarsarissystem to be
operated closer to its thermal limit without deciag the system’s
reliability in addition to providing improved qusfi power. Depending
on whether they are connected in shunt or sehes-ACTS devices can

be categorized as shunt-connected and series-dedneantrollers.

1.5.2 Shunt-Connected Controllers

Typically, the shunt-connected controllers dravsapply reactive
power from a bus, thus causing the bus voltageht;mge due to the
internal system reactance. Some of the populartsbantrollers are
described below.

Static synchronous compensator (STATCOM) is a shunt
connected static VAR compensator, which can conisabutput current
(inductive/capacitive) independent of the ac systeftage variations. It
uses self-commutated (active) switches like IGB3$0s, or IGCTs. It
may or may not need large energy storage capaejpgriling on what

active and/or reactive power compensation is desire
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Static VAR compensator (SVC) is another type of pow
compensator, whose output is adjusted to excharsgmctdive or
inductive current so as to maintain bus voltagestanmit. SVC is based on
devices without turn-off capability, like thyrisearSVC functions as a
shunt-connected controlled reactive admittance. eésq@upular SVC
configurations are thyristor controlled reactor R)Cthyristor switched
reactor (TSR), and thyristor switched capacitor@).SThe TCR has an
effective inductive reactance which is varied kynfj angle control of
the thyristor valve. The effective inductive reaxta of a TSR, on the
other hand, is varied in step-wise manner by fulkero conduction of
the thyristor vale. In case of a TSC, the effectapacitive reactance is
varied in a step-wise manner by full or full contlo of the thyristor

valve.

1.5.3 Series-Connected Controllers

These types of devices are connected in seriesanithnsmission
line, thereby, changing the effective transmissiioe reactance. This
feature allows series-connected controllers to rocbtihe flow of power
through the transmission line. Various forms of lsutevices include
static synchronous series compensator (SSSC),sthyrcontrolled or
switched series capacitor (TCSC/TSSC), and thyristontrolled or
switched series inductor (TCSR/TSSR). The outputS&SC is in
guadrature with the line current, and is controliedependently of the
line current. The SSSC decreases the overall veactiltage drop across
the transmission line and controls flow of elecpamver. The SSSC may
include transiently rated energy storage to comgtentemporarily an

additional real power component. The TCSC varies affective
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capacitive reactance smoothly by firing angle conof the thyristor
valve. Alternately, the effective capacitive reacta of a TSSC is varied
in step-wise manner, by full or zero conductiontleé thyristor vale.
Similarly in case of a TCSR and TSSR, the effecte@&ctance is varied
smoothly and in a step-wise manner respectively.

Table 1 summarizes the above discussion on differges of
controllers, their respective circuit schematicsteyn functions, and
control principle. The active frontend induction tmrodrive analyzed in
this thesis work falls under the category of staignchronous
compensator (STATCOM). From power quality point \oéw, it is
basically a shunt-connected static VAR compensatuch can control
its output current (inductive/capacitive) indepemidef the ac system
voltage variations or load. It needs a temporargrgy storage element
in the form of a dc-link capacitor to effectivelypply the desired power
compensation while driving the mechanical load ewted to the
induction motor.

After establishing different methods of compensatiad will be
worthwhile to know exactly how much and which coment of the
source power needs to be compensated. In otherswwed need to
establish the reference commands for the powerratars discussed
above. The instantaneous power definitions predentéhe next section

explain how to choose compensation references.
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Table 1: A summary of FACTS controllers configurat

Controller

Circuit configuration

Swvstem functions

Control principle

TCR/TSC - Thyristor
Controlled or

Switched Reactor

Regulate voltage

Improve stability

VAR control by
varying L in the

shunt connection

TCC/TSC — Thyristor
Controlled or

Switched Capacitor

Regulate voltage &
compensate VAR

Improve stability

VAR control by
varying ' in the

shunt connection

TSSC — Thyristor

Control power flow

Power and VAR

Controlled Series

Capacitor

Improve stability

Limit fault current

Switched Series . control through
. Improve stability .
Capacitor varying C.
Power and VAR
TCSR — Thyristor Control power flow
control through

varying C & L in

shunt connection

TCSR — Thyristor
Controlled Series

Reactor

Limit fault current

Current control by
inserting L in

series.

STATCOM
Static Ssnchronous

Compensator

Regulate voltage &
compensate VAR

Improve stability

VAR control
through current
control in shunt

connection

Active Filter

(Shunt Connected)

Harmonic current

filtering

Inject canceling
harmonic current

into the source

SSSC — Static Series
Synchronous

Compensator

Control power flow

Improve stability

VAR control
through series

voltage control.

The use of power supply conditioning systems thiotingg use of
technologies for electrical storage (batteries alichcapacitors) can be

very interesting in all applications that requimak powers with respect

to the nominal average power,

lifting, which is characterized by high value ofjuégred power but short

duration in time. In this case, moreover, possibitif energy recovery

such as the powsrined for

during the descending of loads is interesting too.

load



2. Ultracapacitors storage system

In this chapter an energy storage system basedt@tapacitors
for the recovery of energy dissipated during brgkamd the movement
of loads in a logistics node (bridge cranes, gamntrgnes, small
locomotives, etc.). In these situations, the ineerbf electric storage
systems can reduce the commitment power requirethédistributor,
with lower costs and lower losses, and to reduce riet energy
consumption, in an amount proportional to the fesuiy of use energy
recovery feature.

An application example is developed, which refersat gantry
crane, for the Bertolotti company which has alreaslyued a very
detailed technical specification concerning theidagrsion without
energy recovery, which is the technical specifaatmain input data of
the presented project. The project is configueedan improved version
of the original project, which correspond to higlerestment costs and
lower operating costs by reducing the consumptidneoergy that
introduced system allows.

Is is presented, for a system consisting of a garane, the sizing of
an Ultracapacitor (UC) based storage system, aghetformance test
using a simulated model of the system consideredraslti-axis drive.

Preliminary examination of different operating pgeses has been
done. For each proccess were considered the diffdreves refered to the
toughest conditions, and the diagrams of torqoggp and energy were
built for each of them.

Two different approaches were used for the UCsngiziThe first
approach consists on considering the peak powengl@ach operating

proccess and consequently the energy furnishedhbysystem during
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these power peaks. The second approach consistomsidering the
energy of the lifting process (UCs recharge). Expental data have been
presented and compared with the simulation results.

Moreover, a regulation strategy for the managenwnthe overall

power flow is presented and discussed.

2.1 Introduction

Electrochemical double layer capacitors (EDLCs) sirailarly
known as supercapacitors or ultracapacitors. Wmaaapacitor stores
energy electrostatically by polarizing an elegttiol solution. Though it
is an electrochemical device there are no chdmgeations involved in
its energy storage mechanism. This mechanism gkhhireversible,
allowing the ultracapacitor to be charged and hdisged hundreds of
thousands to even millions of times.

An ultracapacitor can be viewed as two non-reagiiveus plates
suspended within an electrolyte with an appliedage across the plates.
The applied potential on the positive plate atgabe negative ions in
the electrolyte, while the potential on the negaplate attracts the
positive ions. This effectively creates two layefscapacitive storage,
one where the charges are separated at the jgogitite, and another at
the negative plate.

Conventional electrolytic capacitors storage aseddrived from
thin plates of flat, conductive material. High aafance is achieved by
winding great lengths of material. Further incresaaee possible through
texturing on its surface, increasing its surfaceaa A conventional
capacitor separates its charged plates with a&ared material: plastic,

paper or ceramic films. The thinner the dielecthie more area can be
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created within a specified volume. The limitatiasfsthe thickness of
the dielectric define the surface area achievable.

An ultracapacitor derives its area from a porousbaa-based
electrode material. The porous structure of thistemal allows its
surface area to approach 2000 square meters @ert, gnuch greater
than can be accomplished using flat or texturédsfiand plates. An
ultracapacitor charge separation distance is ohted by the size of the
ions in the electrolyte, which are attracted be ¢harged electrode. This
charge separation (less than 10 angstroms) is mmettler than can be
accomplished using conventional dielectric matsrial

The combination of enormous surface area and eetsesmall
charge separation gives the ultracapacitor itstantling capacitance

relative to conventional capacitors.

2.1.1 Ultracapacitors construction

The specifics of ultracapacitor construction arpafglent on the
application and use of the ultracapacitor. The nete may differ
slightly from manufacturer or due to specific apglion needs. The
commonality among all ultracapacitors is that tieeysist of a positive
electrode, a negative electrode, a separator bettixese two electrodes,
and an electrolyte filling the porosities of theotwelectrodes and

separator (Fig. 2.1).
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Fig. 2.1: Ultracapacitor charge separation

The assembly of the ultracapacitors can vary framdpct to
product. This is due in part to the geometry of thigacapacitor
packaging. For products having a prismatic or sgupackaging
arrangement, the internal construction is basedh @pstacking assembly
arrangement with internal collector paddles extmgdifrom each
electrode stack. These current collector paddieghen welded to the
terminals to enable a current path outside thaatyr.

For products with round or cylindrical packaginbe telectrodes
are wound into a jellyroll configuration. The elextes have foil
extensions that are then welded to the termimaénable a current path

outside the capacitor.

2.1.2 Typical Applications

The ultracapacitors can be used in a variety adistries for many

power requirement needs. These applications smanm fmA current or
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mW power to several hundred amps current or sebheradred kilowatts

power needs. Industries employing ultracapacitoeveh included:

consumer electronics, traction, automotive, andustiial. Examples

within each industry are numerous.

Automotive — vehicle supply networks, power steering,
electromagnetic valve controls, starter generateles;trical door
opening, regenerative braking, hybrid electriovélriactive seat
belt restraints.

Transportation — Diesel engine starting, train tilting, security
door opening, tram power supply, voltage drop cengation,
regenerative braking, hybrid electric drive.

Industrial — uninterrupted power supply (UPS), wind turbine
pitch systems, power transient buffering, autochateter reading
(AMR), elevator micro-controller power backup, sety doors,
forklifts, cranes, and telecommunications.

Consumer — digital cameras, lap top computers, PDA’s, GPS,
hand held devices, toys, flashlights, solar acdmtting, and
restaurant paging devices.

Consideration for the various industries listedd dor many

others, is typically attributed to the specific deef the application the

ultracapacitor technology can satisfy. Applicatioidgally suited for

ultracapacitors include:

Pulse Power- Ultracapacitors are ideally suited for pulse pow
applications. As mentioned in the theory sectiome db the fact
the energy storage is not a chemical reaction¢hiaege/discharge
behavior of the capacitors is efficient. Sinceadapacitors have
low internal impedance they are capable of delngerihigh

currents and are often times placed in paralleh voiatteries to
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load level the batteries, extending battery lifbeTultracapacitor
buffers the battery from seeing the high peak cuisrexperienced
in the application. This methodology is employeddevices such
as digital cameras, hybrid drive systems and regée braking
(for energy recovery).

Bridge Power - Ultracapacitors are utilized as temporary energy
sources in many applications where immediate pavailability
may be difficult. This includes UPS systems utilig generators,
fuel cells or flywheels as the main power backufl. &k these
systems require short start up times enabling mesmgmpower
interruptions. Ultracapacitor systems are sizedptovide the
appropriate amount of ride through time until themary backup
power source becomes available.

Main Power - For applications requiring power for only short
periods of time or is acceptable to allow shortrghey time
before use, ultracapacitors can be used as theaprimpower
source. Examples of this utilization include toymmergency
flashlights, restaurant paging devices, solar dathrgaccent
lighting, and emergency door power.

Memory Backup - When an application has an available power
source to keep the ultracapacitors trickle chartiesy may be
suited for memory backup, system shut down opearatior event
notification. The ultracapacitors can be maintairegdits full
charged state and act as a power reserve to perfoitical
functions in the event of power loss. This may udel AMR  for

reporting power outage, micro-controllers and baasinory.
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2.2 The Gantry Crane System

Consider in the next figure the operation of anddpei crane,

reported schematically:

Fig. 2.2: Bridge crane operation
It is assumed that the weight is lifted from thewgrd and carried
as high as possible,a at the maximum speed allowed by the lifting
engineVimas Subsequently, is traversed at the maximum dist@Re at
the maximum travel speédmax and placed on the ground at the same
height of departure. Usually, the energy generaeatissipated through

resistors or returned to the grid.

2.3  The Ultracapacitors Storage System

The problems of interfacing with the network areemome,
totally or partially, adding to the supply circwt the motor a storage
system capable of storing the energy during theatdsof the load, and
then reuse it in traction phase. By doing so ithisrefore possible to
reduce the power and energy required to the netwgrko a lower limit

at which the network will have to compensate lesseie to the
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efficiencies of the storage system, the convertemsgchanical

transmissions etc..

The trend of the power absorbed / generated byiftirey motor is the

following:

Pmot 1

LIFTING

\

™~~~ DEscenDING

+——rrt——prt+—————p
tai ts; ttras.l tdesc. taz

Fig. 2.3: Absorbed/Delivered power of the liftingptar

In Fig. 2.3 is presented the circuit that makessysem reversible and

able to accumulate energy.

Filtering system
+

Regeneration
towards the grid

yan AC AC |
l_
~ C DC —

DC

uc

Fig. 2.4: Circuit diagram of the bridge crane dnivith recovery capabilities
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With this scheme the energy accumulated duringpth&ses in
which the loads behave generators (descendinglbeareturned at a
later time with the dual benefit of energy savingl develing of peak
power consumption.

Starting from the three-phase grid, the power & #ystem is
obtained by a bridge three-phase diode rectifi¢h wapacitor on the dc-
link that ensures a DC voltage on the dc-link. Tpeesence of
appropriate filters in the input of the bridge et ensures compliance
with regulatory limits at the point of interconniect to the electricity
distribution network.

The drive electric responsible for movement of tinelge crane
consists of a three-phase induction motor withdfi@liented control, and
a three-phase inverter.

The accumulation system, in this case a bank oéadpacitors
(UC: Ultracapacitor), supplies power to the electirive during the
lifting phase of the load (resulting in dischardettte UC)and recovers
the energy that is available during the descengihgse of the load
(resulting in charging of the UC).

To interface the storage system with the dc-lifdidarectional dc-
dc step-up/step-down converter is required, whibhllsgovern the
storage and the return of power according to thgclof control that

depend on the practical employment.

2.4 Gantry Crane System

The lifting system under consideration consistaafantry crane
with a capacity of 50 tons. In table 1 the maiecsfications are listed

and in Fig. 4 the geometry of the gantry cranaésgnted.
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Table 2: Main features of the lifting system

Maximum lift height (m) 15
Maximum Weight (tons)
(including the container) 67
Grid voltage (Vac) 1500 Vac, 3-Phase, 50Hz
Induction motor supply 400 Vdc / 400 Vac
Dc-link (Vdc) 500 Vdc

o
] 48 m

Fig. 2.5: Geometry of the system

The working cycle of the crane examined is compaddate working
phases listed below:

1. Load lifting;

2. Load Rotation;

3. Load Translation;

4. Load Descending;

5. Gantry Crane Scroll (if necessary);

6. Return Path.

At the end of these work phases, the gantry crane returns back to
the starting point (without container) and repeats the process. The

maximum mass of the container is estimated at S0 the mass of the
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crane without the load at the point of return iscuower than this
value. If it is needed to move the crane from tiagting point to another
point, the entire complex of the crane can be modieeda maximum

distance of 500m. In Fig 5 and Fig.6 are shownwibeking phases of
lifting and descending in terms of speed, accataraspace (Fig. 5) and
in terms of power, torque and energy (Fig.6). To®ltweight in the

descending phase is 67t (including load).

Load Speed [m/s]
30,0 ~—Load Trajectory [m] 0.2
\ Acceleration/Deceleration [m/is~2] 045 =
= 200 e
E F01 E
£ =
S 10,0 e =
: T 005 g
E \\ E
= 00 0 ]
= ] 10 20 \30 I 40 50 a
E 0,05 €
= 10,0 =]
2 \ =
: | [ o
® 20,0 8
\ [ | o §
-30,0 0,2
Time [s]

Fig. 2.6: Load speed, trajectory and Accelerationrg) the lifting/descending

process.
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] 10 20 40 50 / - -200,0
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-4000,0 -400,0
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Fig. 2.7:Lifting/descending motor torque, energy, power agtihe
lifting/descending process
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The lifting-descending process lasts a total 06&6. A time pause
between the two phases is not considered in theemdthiis comes at
advantage of safety, because the presence of a paywoves the
thermal behavior of the equipment.

As it can be seen, there is a power peak duringtrdmesition
between the acceleration/deceleration phase andrdabene phase.
During the lifting process the expended energybisua 8650 kJ, while
during the descending of the load the energy lpshb system is 5498kJ
(Peak Energy — Final Energy). For the lifting prss the peak power is
about 459 kWw.

In Fig.7 and Fig.8 is shown the work cycle refertedhe rotation

process of the load. The overall weight of thetrotaset is 115t.
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Fig. 2.8 Load speed, trajectory and Acceleration duringrtitation process.
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Fig. 2.9:Rotation motor torque, energy, power during thatioh process.

It was considered a maximum rotation of 180°. Tl¢ation
process endures maximum for 35s (180°). It hasa&k pewer of 21 kW.
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The energy spent by the system during this prosessout 490kJ.

In Fig. 2.10 and Fig. 2.11 is shown the work cyaéerred to the

translation process of the load. This set hasa vegight of 146t.
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Load Trajectory

Load Speed,
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80 -
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Fig. 2.10: Load speed, trajectory and Accelerationng the translation process.
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Fig. 2.11: Translation motor torque, energy, poduing the translation process.

The maximum translation of the load is 48m, thekgeawer is 72 kW

and the energy spent by the system during thisgssis 1391kJ.

In Fig. 2.12 and in Fig. 2.13 is shown the workleyeferred to the

scroll process of the entire crane with an ovewvalight of 198t.
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Fig. 2.12: Load speed, trajectory and Accelerationing the scroll process.
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Fig. 2.13: Scroll motor torque, energy, power dgiine scroll process.

The maximum scroll of the crane is 500m, the peaker is 114
kW and the energy spent by the system during tloisgss is 34MJ.

The return procceses of rotation, translation aoall were not
shown in this paper because the return proces®isame as the graphs
that have been shown above. In this case the dpeetb be considered
negative and the weight with 50t less. That mehashergy involved is

lower.

2.5 Electrical system layout

Ultracapacitors (UC) show high power density and lenergy
density; they provide a cost-effective solutionmedium power levels.
UCs are widely used in applications that requirghhpower peaks, in
addition to an average energy consumption. In fagtsmoothing the
power demand, it is possible an energy saving;ishparticularly true in
applications (like materials handling or hoistingchines) that allow to
recover energy during braking or load descendingid). 2.14 is shown

the general block scheme of the electrical driverfaced with UCs.
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Fig. 2.14: Blocks scheme of the electrical drive

The UCs tank provides peak power supply to thetetemotor,
while it recovers (UCs recharge) the energy fureikhoy the traction
drive itself during the descending of loads (regatiee braking).

A dc-dc converter is the interface between theagt@munit and the
dc-link; it has to be bidirectional in order toail the current flows in
both directions, according to UCs discharge or aegh cycle. The
electrical scheme for the UCs bidirectional dc-dowerter is shown in
Fig. 2.15.

I

il

T

T/ ] Ts ',/H T. ,/j
-1 3 -1 3 -1 %
‘g'_ s | q'rj

Fig. 2.15: Bidirectional dc-dc converter for UCsmagement
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The dc-dc converter for the management of the géosgstem must
be capable to adapt the level of the ultracapacitottage (variable) with
that of the dc-link voltage (constant). It has &riecessarily bi-directional
converter in configuration boost / buck (or stepstgp-down), which
allows operation on two quadrants of the plane Voltage always
positive and current positive or negativad allows the possibility of
energy recovery in the descending phase of the I@hcrging of
ultracapacitors).

The DC-link voltage is imposed by the ac-grid vgia as an
uncontrolled diode rectifier is used:

32 3/2

VDC_Iink = 7V = 73802 513.1Y/

rms_grid ~

It is possible to determine the range of variatidrihe duty cycle of the
dc-dc converter recalling the maximum and minimuottage values of
the ultracapacitors (& max = 500V, Myc_mn =250V) and the dc-
linkvoltage (Voc jink= 513V).
5=1-—Yve
VDC_Iink
The result is that the duty cycle has to be betv@es and 0.5.

To calculate the maximum currenklmax that can be supplied by
the ultracapacitors, must be taken into accountwbest case, when
these are called to deliver the peak power in spordence of their
minimum state of charge. Known thg: Inax given the architecture of
the dc-dc converter (two branches in parallel -. Rd5 ), the current
that circulates in each inductor is# 1/2 lic_max Having imposed the
maximum current ripple as around 20% of the the inafnalue, it can
be written Al = 0.2 |.
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To size the inductor and the capacitor of the beational dc-dc
converter, it has to be considered the operatiath@idc-dc converter in
the lifting phase (higher power condition). It et possible to calculate
the minimum inductance value of each branch of dbe&lc converter
using the following equation:

- (1_5max)5maxvoc _link
o Al f

L SW

L

wherefsy is the switching frequency.
Regarding the output capacitor of the dc-dc comwvert the

following equation has to be used:

C _ 5max| DC _link

out_min —

A\/DC_ link _max fSW

where bc i IS the maximum output current delivered from the
ultracapacitors andVpc jink maxiS the maximum allowed dc-link voltage

ripple (equals to 1% of the nominal value).

2.6 Ultracapacitors model

The elementary circuit model of an ultracapacitosimilar to the
model of the batteries, constituted by a open-tir@LV generator in
series with an internal resistance. In this casectiarge is accumulated
only electrostatically and represent the scale g phenomena is
sufficient to adopt for the ultracapacitor a R@esemodel, in which the
values of the resistor and capacity can be corsideonstant, Fig. 2.16.

The state of charge is at the maximum Irvrl whendpen circuit voltage
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corresponds to the maximum allowed. The company ufaaturers
provide the values of the capacity, maximum voltagel internal
resistance of the component and the relative totastoo.

The EPR represents the phenomenon of self-discharge
phenomenon by which an ulracapacitor left uncoreteaind charged at
the maximum allowed voltage in a variable timewsstn hours and
days discharge completely. TherE Esg ratio can vary between 103
and 106. For this reason is reasonable to nedhtectiz under normal

operating conditions.

C
AAA | |
Esr ‘ | \

Epr

Fig. 2.16: Simplified model of the ultracapacitors

The equations used are as follows:

QD) = CVic(D

Vuc (t) - I(t)Rnt = Euc(t)
where:

» C is the capacity of the condensator;
* Q(t) is the accumulated charge at time t;
* Vc is the voltage of the ideal capacity;

* |(t) is the erogated current;
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* Ry Is the internal resistance of the device;

* Eycis the voltage of the device, which equajs E

The internal resistance of the capacitor, unlila tf the batteries,
can be considered constant with the variation ef $tate Of Charge
(SOC) , although degrades very slowly over timewals differently
from the batteries, the capacity of the capacitiwes not depend on
current output (or input) (Peukert Law). The cutrdft) of the
ultracapacitor, known the powegdto be erogated or to be absorbed, is

derived from the expression:

_ _E-JE-4RR

uc ZR)

and the looses are calculated from:

P=R,I".

Known the erogated power, the absorbed power antbtses, all

the energetic verifications are possible. In paléic it is possible to
manage the system so that the final energy levéhefaccumulation is

equal to the initial one, and then calculate ttz e@ergy consumption.

2.7 Ultracapacitors Sizing

The maximum operating voltage of the UCs,éMay has to be a
value as near as possible to the value of thenetc(500V) in order to
guarantee good performance for the UCs convertdaenms of control

reliability and efficiency. UCs show good perfornsanas storage unit if
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used with a SOC (State of Charge) between 0.5 aml fact, by further
reducing the minimum SOC, discharging current graxponentially
without providing a significant increase in the idafale energy. In this
way, even the minimum operating voltage,€Mi= Vucmal2 = 250V) is
set as it corresponds to the UCs maximum disch@ngamum SOC).
Based on these two parameters (UCs maximum ananmmioperating
voltages) a module from Maxwell (part number: BMQ@BG P125) has

been chosen. Its main characteristics are sumngainzéable 3.

Table 3: UCs module main characteristics

Nominal voltage [V] 125

Nominal capacitance [F] 63
DC series resistance [j 18

Energy available [Wh] 101.7

Maximum continuous current [A] 150

Maximum current [A] 750
Weight [kg] 58

Size LXxPxA [mm x mm x mm] 762 x 425 x 265

First of all, as the maximum operating voltage bagn set to
500V, while the single UCs module has a nominattagd of 125V,
necessarily four modules have to be series conmhegiecordingly, the
resultant capacitance value (for each block madeofufour series
modules) is 12,6 F. In order to obtain the desicagacitance value,
blocks have to be connected in a parallel confignmaas presented in
Fig. 2.17.
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Fig. 2.17: Wiring diagram of the ultracapacitors

The maximum current that can be delivered from sihgle string
is (Table 3) equals to 800 A, and therefore, b&lBg V the minimum
voltage of the bench which consists of 4 moduleseines, each of the 4
required converters will have a nominal power oD 20N. For the
realization of the bi-directional dc-dc convert&BTs 1200V - 500A
devices can be used for each of the three branches.

If E is the general energy, the corresponding UCs dapae C is

calculated accordingly to the following expression:

_ 2 E
( Vicmax = Y bcmin )

UCmax

(1

Where ;cma=500Vde and Vemin= Vucma{2 = 250V. To determine the
capacitance C, the quantity of energy E has tebe s
Two approaches have been considered for the U@ siz
1. Energy during peak power {E Epeaxd
2. Energy during descending process ).
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The first approach consists on considering onlyethergy spent during
the power peaks of the overall proccess (liftimgation, translation and
scroll). If the sum of the overall energy of thestgyn dyring the power

peaks is made, the value is:=EEycas= 2790 kJ. That means:

2 E eaks
Coonk = —5————2 =29.7% (2
( VUCmax - VUCmin )

The second approach considers the energy relatibe escending
of the load (recharging process of the UCs — Fig). 2n this case £= Eq
= 5498 kJ. That means:

2
d — > Ed > = 58.64 (3
(V -V icmin )

UCmax

In the first case the UC modules that are to benteslare at least
8 (two series in parallel, each serie 4 UC modulesyltant capacitance
31.5F) with an overall UC cost of 64KkE.

In the second case the UC modules that are to hented are at
least 16 (4 modules by 4 — overall capacitance 6&8t) a total UC cost
of at least 128kE.

By considering the first approach, the total cdsneerting the UC
modules is smaller but the recovered energy amduigtesmaller too

comparing with the second approach, which is mapzesive.

2.7 System modeling

The electric drive is speed controlled (in vectonende) with an

inner current loop. The main control strategy cdess that, by using a
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diode rectifier (not-controlled), the dc-link voda is set. So, in UCs dc-
dc converter, the voltage is set by the UCs stateharge (component
side) and by the three-phase rectifier (DC-linke}idAs a result, it has to
be necessarily current controlled. The currentregfee for the controller
of UCs converter is computed as a rate of the mcdurrent (provided

or requested by the electric drive). Consequettily electric grid always
responds to the system by providing the differemeveen the dc-link
current (requested or provided by the induction arjoand the UCs
current (discharging or recharging UCs). In RAdl8 and Fig. 2.19 is
shown the system power flow, respectively, duthigload lifting (UCs

discharge) and during the load descending (reamyernergy — UCs

recharge).

—  DC-Link
3-PH Filter === 3 I“ﬂg‘t:gf"
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Fig. 2.19: Load descending — UCs recharge
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To investigate the system behavior, a simulatnmael shown in

Fig. 2.20 has been implemented on Simulink platform.
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Fig. 2.20: Implemented simulation model
This simulation model includes:

e DC/DC Converter for the UCs bank.

» Converter's duty cycle calculation.
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In Fig. 2.21 has been shown the control systemhef drane drive,
performed by PI regulators. It is made by the fwllty subsystems:

 Crane drive, including the inverter, asynchronoustam

control algorithm performed with the DTC (Direct rGoe

Control ) strategy to establish the commutationains of the

switching devices. For an introduction to DTC pkasfer to
Appendix .
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Fig. 2.21: Drive simulation model

In Table 4 are presented the simulation referg@acameters.
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Table 4: Simulation Reference Parameters

DC - link 500 V
UC’s Max Voltage 500 V/
Vuc_max
UC’s Max Voltage 250 \/
Vuc_min
Energy during
Descending Process 5498 kJ
Eq

2.8 Power Flow regulation strategy

For the overall characterization of the model, tadferent
parameters have been defindthe first one is denoted with K and is
called Grid Power Ratio. It indicates the Grid Powatio between the
the two processes, lifting and descending. The rmkcparameter
indicates the ratio betweenc byt and k. In the lifting process it is

called H, in the descending process it is called H

2.8.1 K parameter definition

Let us define:
Paria_L = Grid Power during Lifting process ()T
Paria o= Grid Power during Descending procesg)(T
Total time (Lifting+Descendingp T = T +Tp

Then K is defined as:

K — I:)Grid_D

PGrid_L
for o<k <1.
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If K=0, it is taken power from the Grid just duritige Lifting process.
In this case the accumulation system (UC) has tdilnensioned to store
only the energy recovered during the descendinggs® ().

If K=1, the Grid power during the total time T isrestant. In this case
the energy to be stored in the UCs is not onlyehergy recovered by
the load descending but also the energy that floars the Grid to the
UC bank. This means that the energy to be stored & greater value
compared to the case in which K=0.

The UC storage system has to be dimensioned irtitumof the
energy that is recovered during the descendingessofor the case in
which the Igrid that flows from the grid to the U@sgreater than zero
(K>0).

2.8.2 H and H1 definition

Refering to Fig. 1, we define H and Hs:

I ..
H= —=="%; 1-H=-21¢ for|
|

>0 (Lift)

I k

Link Link

Ho= oo gy =lew g0 <0 (D d

= I - 1- 1—| orl, . =< (Descend)
Link Link

where [in is defined as phk = luc_out+ lorie, 0<H<1 and ¥Hi<2.

In the following figures the parameters defined“asrrent” are those

calculated by the simulation model, the paramedefsed as “reference

are the input parameters of the simulation model.

2.8.3 Hj;and K regulation

To obtain the value of Hhe procedure is as follows:
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1. Obtain by simulation the energy.& E i« . drawn from the Grid
during the Lifting of the load for =0 F (the UCs do not intervene).

In our case this energy equals to 2.6 kWh.

2.Calculate the energy gec that can be recovered during the

descending of the load, multiplied by the mechdreffeciency.

mChlQ

EREC[ M = % IzPmeclzy uc

where m=69T is the weight of the load, h=10m itaghe
g=9.81m/8 is the acceleration of gravity, nme=0.82 is the
mechanical efficiency anguc=0.9 is the UC’s DC/DC converter
efficiency. So, the recovered energy availabletf@r recharge of
the UCs is 1.4 kWh.

3. Calculate the minimum energy drawn from the grid:

EGrid_min = Etot - EREC

Ecria_min €quals to 1.2 kWh.

4.Set K=1. We defineglq L as kg during the Lifting process and
leria_ b @S krig during the Descending process. Set a value foaht
H ( (2) and (3) formulas) so thak;i - lcrid . Perform simulation.
If the simulated Ei¢<Ecrid min Change the value of Hand H and
reperform simulation until &is=Ecrid_min
The final values are ##1.3, H = 0.8.

5.Use the value of Hfound in the previous point to perform
simulation for different values of K (the value lgfwill change too,

if the value of K changes).
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6.If it is decided that the energy used to rechalgeWCs is only the
recovered energy during the load descendinrgq(B=0, H;=1), that
is K = 0, than the value of H must be varied sa ttiee energy drawn
from the Grid during lifting equalsdzd_min
In Fig. 2.22 is shown the flowchart which summeadzhe regulation

strategy presented previously.

v

ELink_L

N

_m-h-g
3600

E,..[kWh] T T

Choice H, H,=1

- I
-

i
Choice H

Fig. 2.22: Regulation strategy flow chart

2.9 Gantry crane model wilth UC storage

The model of the system shown in
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Fig. 2.20 and Fig. 2.21 has been used to study the ultratapa
accumulation dynamics applied to the 50 T gantgnershown in Fig.
2.5 and in the Table 2. In Fig 36 is shown the layaf such a system, in

which the electrical quantities that will be stutiigave been identified.

DC-Link e
Grid Link DC ,/
. . i Induction
g::- 3-PH Filter I\/Iink /,/ Motor 2
/ AC |
%

i DC e
. o
uc ]vuc ~
//
i DC

Fig. 2.23: Drive diagram

Before showing the results, some quantities andffic@nts
needed for the calculation program written in ntaganulink related to
the system are described.

The simulation parameters are:

» “Start Time” = 0 sec;

» “Stop Time” = 60 sec;

* “Solver Options” : “Type”= Fixed step ;
+ “Solver’= Odez;

» “Fixed Step Size” = 0.00002 sec.

Ultracapacitors model:

* Resistance = 0.019;
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e Capacity =63 F;
Speed loop PID regulator parameters:

 K,=10;

° Kd = O’
50T gantry crane drive parameters:

* Asynchronous motor nominal power P= 350 kW ;

* Asynchronous motor Moment of Inertia J = 1.3260;
» Self-inductance of the rotor windings £ 0.0068 H;

» Self-inductance of the stator windings £ 0.0069 H;
* Mutual-inductance M = 0.0066 H;

* Number of pole-pairs p = 4;

* Rotor resistance (R 0.0032Q;

» Stator resistancesR 0.0014Q;

* DC-link voltage \bc= 500 V;

» Traction drive efficiencyn = 82 %.

2.10 Experimental validation of the model

In order to perform the validation of the simulationodel, the
usage of a gantry crane with nominal power of 350l the
consequent purchase of the UCs bank would have \o&gnexpensive.
So, a bridge crane with a nominal 22kW power, cedplith a UC bank

with a total capacitance of C=63F (two series imaflal, each serie two
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UC modules), which is located at the ENEA laboia®(Fig. 2.24), was
used as a gatry crane.

The linearity condition of the system was impodadthis way, it
is supposed that the behavior of both simulatediesy and real scaled
system is the same. The scale ratio between thempofrthe simulated
system (350 kW) and the real system (22kW) is 1:16.

Grid F
Electrical |
 Panel

4" | B |

e S il

Fig. 2.24: Lifting prototype of Ultracapacitors &ge system

The drive parameters of the test nbridge crane uraiesideration are:

Table 5: Test Drive parameters

Induction Motor Somlnal Power 22 KW
Induction Motor I\;Ioment of linertia 0.096 kg_nz
Induction Motor I:I/omlnal Speed 152 rad/s
Induction Motor Nominal Torque 145 Nm
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T
Induction motorpole pairs 2
DC link Voltage 380V
Mecchanical efficiency 0.9
Mmec
UCs Dc/Dc converter efficiency 09
Nuc

Starting from the characteristics of the systenfieremce cycles
have been developed, which would allow the avadlablve to operate
(in reduced scale compared to the real system)ibatbnditions of high
and low performance in order to validate with theximum reliability
the parameters to be introduced in the model oféhEsystem.

To perform significant test, it was first createdbasic cycle and
then it is modified in order to highlight the bef@awof the system.

It is first described the basic cycle and thendhanges performed
on it.

The basic cycle is made of the lifting, the tratisih and the
descending of a 7 tons load, which is consideredha maximum
capacity of the system. It corresponds to a maxincomtinuous power
request from the traction motor shaft of 12.5 kWi lifting and 7.8
kW during descending.

Actually the power converters and motor availabte us is
superior to that choice (20 kW ed.). With this degihowever, all the
test bench works optimal under conditions: incred#sfe load implies a
redefinition of the control parameters, operatiogadsible but not
important for the purposes of work. In fact workimgth a nominal
power of 12.5 kW, the whole system works, howewgith high-

efficiency and performance improvements achievélylencreasing the
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traction power are mainly in the motor, but aratige and not relevant
to the real purpose of the tests.
The basic cycle is the following:
1. Minimum power phase: duration 5 sec;
2. Pause: duration 40 sec;
3. Lifting:
e Torque = 80 Nm;
* Motor speed = 152 rad/s;

e Duration = 40 sec;

AN

. Pause: duration =40 sec;
5. Descending:
e Torque =-50Nm;
» Motor speed =152 rad/sec;
» Duration =40 sec;
6. Pause = 40 sec;
7. Repetition of phase 2-6.
The following graphs show the torque / speed amndgpoprofiles for the

considered cycle:

160

140

120

100F

80 -

Speed (rad/s)
torque (Nm)

60

40

201

| \ I | ! \ . \ \ .
0 200 400 600 800 1000 0 200 400 600 800 1000
time (s) time (s)

Fig. 2.25: Motor speed and torque in functionimfe
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Power (kW)

. . \ . .
200 400 600 800 1000
time (s)

Fig. 2.26: Motor drive power in function of time
Two different work cycle will be presented.
1. “Light Load” cycle which has a running torque di 5lm
during the lifting process.
2. “Heavy Load” cycle which has a running torque 6ffm
during the lifting process.

The speed profile for both cycle is the same.

2121 Light load cycle

From Fig. 2.27 to Fig. 2.29 are shown the measumdthges, currents
and power of the motor for the Light load cycle.

®» Vyc ¥ Vocink

400

350
300
250

200
150
100

Voltage (V)

0 20 40 60 80 100 120 140
time (s)
Fig. 2.27: Light load cycle measured voltages nseti
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Fig. 2.28: Light load cycle measured currents nweeti
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Fig. 2.29: Light load cycle measured motor powamdnd vs time
The Light load cycle simulation parameters are:

Table 6: Simulation parameters for the Light Logdle

VUCmax 240 V
VUCmin 219V
H 0.6
Hi 1.3
K 0.8

From Fig. 2.30 to Fig. 2.31 are shown the simulgbedver, speed,
torque, voltages and currents for the Light Loadey
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Power (kW)
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Fig. 2.30: Light load cycle SIMULATED motor powdemand vs time
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Fig. 2.31: Light load cycle SIMULATED speed vs time
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Fig. 2.32: Light load cycle SIMULATED torque vs t&m
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Fig. 2.33: Light load cycle SIMULATED voltages vme
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Fig. 2.34: Light load cycle SIMULATED currents ume

leria and lc_out quantities depends on the control parameters.
The only parameter that is independent from thetrobparameters is
lLink. This is the reason why only measured and simdilate have been
plotted in the same graph.

In Fig. 2.35 is shown the comparison between thasmed (red
trace) and the simulated (blue tragg).l As it can be seen, there is a

good match between the two quantities.
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Fig. 2.35: Light load cycle — comparison betweenwdated and measureghl

2.12.2 Heavy load cycle

From Fig. 2.36 to Fig. 2.38 are shown the measudthges, currents
and power of the motor for the Heavy load cycle.

’ Vink ’ Vuc

400

S 350

s 300

8 250 | .

S 200 e~ —
150
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Fig. 2.36 Heavy load cycle measured voltages vs time
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Fig. 2.37: Heavyload cycle measured currents vs time
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Fig. 2.38: Heavy load cycle measured motor poveenahd vs time

The Heavy load cycle simulation parameters are:

Table 7: Simulation parameters for the Heavy Logdec

V Ucmax 240 V
VUCmin 200V
H 0.7
Hi 1.3
K 0.8
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From Fig. 2.39 to Fig. 2.42 are shown the simulgieder, torque,
voltages and currents for the Heavy Load cycle. Speed profile is

identical to that shown in Fig. 2.31

Power (kW)

0] 20 40 60 80 100 120 140
time (s)

Fig. 2.39Heavy load cycle SIMULATED motor power demand vadi

‘ Reference torque 0 Current torque
80 |- : : . ' . i
= 60_. \ ]
s of ~ G e S
2 20+ N, J
60 ; i i "—’J i
0 20 40 60 80 100 120 140
time (s)

Fig. 2.40Heavy load cycle SIMULATED torque vs time
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Fig. 2.41: Heavy load cycle SIMULATED voltages usi¢
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Fig. 2.42Heavy load cycle SIMULATED currents vs time
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Fig. 2.43Heavy load cycle — comparison between simulatedna@asuredhx
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In Fig. 2.43 is shown the comparison between thasmed (red
trace) and the simulated (blue tragg).l As it can be seen, there is a

good match between the two quantities.

2.13 Simulation Results

The performed simulations are summarized in thievohg table:

Table 8: Simulation cases

Parameters Description
Case 1 K=0 C=63F, Reference case, no energy recovery
H=0 H=1
Case 2 K=0 C=63F Pgrid =0, i.e. . the grid supplies power
H=0.6 H=1 only throughout the descending phase
Case 3 K=0.5 C=63F The grid supplies power throughout the
H=0.6 H1=1.3 whole cycle
Case 4 K=1 C=63F, | The grid supplies power throughout the
H=0.8 H=1.3 whole cycle, power is constant and equal
to the average requested power
Case 5 K=1 C=75.78F, | The grid supplies power throughout the
H=0.8 H=1.3 whole cycle, power is constant and equal
to the average requested power.
Supercapacitor capacity is increased.

For each simulation case simulation detaglied s results
are presented.
From Fig. 2.44 to Fig. 2.49 case 1 (K=0, C=63F,0H#,=1)

simulation results are presented.
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Fig. 2.44: DC-link Voltage vs time for K=0,C 36, H=0; H = 1.
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Fig. 2.45: Traction motor simulated power demandgtime forK =0, C = 63F, H =
0;H.=1.
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Fig. 2.46: Grid current Igid vs time f&r=0, C = 63F, H = 0; iH= 1.
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Fig. 2.47: Traction motor shaft speed vs tioreK = 0, C = 63F, H=0; H= 1.
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Fig. 2.49: Energy flow foK = 0, C = 63F, H=0; kk1
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The speed, torque, power and Energy tracks arenmmn with
all the simulated cases.
From Fig. 2.50 to Fig. 2.51 case 2 (K=0, C=63F, +01,=1.3)

simulation results are presented.

’ Viink ’ Vuc
500 | — : : ' :
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100k ............ ............. L SRR .............
n 1 1 | 1 1
0 10 20 30 40 50
time (8)
Fig. 2.50: Simulated voltages f&r0, C=63F, H=0.6, k=1.3.
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Fig. 2.51:Simulated currents fd¢=0, C=63F, H=0.6, k-1.3.
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From Fig. 2.52 to Fig. 2.53 case 3 (K=0.5, C=63E01, H=1.3)

simulation results are presented.

’ Viink 0 Vuc
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Fig. 2.52: Simulated voltages for K=0.5, C=63F, H604=1.3.
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Fig. 2.53: Simulated currents f§=0.5, C=63F, H=0.6, +1.3.
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From Fig. 2.54 to Fig. 2.55 case 4 (K=1, C=63F, 8:064=1.3)
simulation results are presented.

’ Viink ’ Vuc

500 =

400

o 300k PR ERLREIRRETRERRIRY beaenn A P .
o : N : 3

S : D : :

= : — : :

= 200~ ----------- ............ ............ R EREEE ............. ........... -

o0k ............ P PppaY S .............

0 10 20 a0 40 50 B0
time (s)

Fig. 2.54:Simulated voltages for K=1, C=63F, H=0.8,/1.3.
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Fig. 2.55:Simulated currents for K=1, C=63F, H=0.8,/1.3.
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It can be observed in Fig. 2.55 that the ultracdapes currentJc
is reduced to zero before the end of descendiagghrhis is due to the
fact that the capacitor is completely charged kefbe descending phase
finishes (Fig. 2.54), and about one-third of thergy can not be stored.
If you want to store all the descending energy ha tiltracapacitors
storage facility, having imposed the value of Kutaty, it is necessary
to increase the capacity of the storage system.

Below is presented the last simulation case consifjewith the
capacity of the ultracapacitors increased to 75.78

From Fig. 2.56 to Fig. 2.57 case 5 (K=1, C=75.780.8,

H.=1.3) simulation results are presented.

’ Viink ’ Vuc

500

|1 1] PP ............ ............ ............ e i

Voltage (V)

200 L e P ST ............. ........... 4

L1 1] ............ e e .............

0 10 20 30 40 50 60
time (s)

Fig. 2.56:Simulated voltages for K=1, C=75.78F, H=0.87H.3.
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Fig. 2.57:Simulated currents for K=1, C=75.78F, H=0.8=H.3.

In the following table are shown the maximum gpdwer

consumption Rax gig and the energy per cyclggEdrawn from the grid:

Table 9: Maximum grid power and energy grid parle

Pmax aria [KW] E gia [KWh]
Case: 37C 2.6
Case 2 150 1.2
Case 3 125 1.3
Case 4 70 1.4
Case 5 58 1.25

For each of the five cases considered, in the égurelow are

presented the profiles of power and energy driaem the grid.
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From Fig. 2.58 to Fig. 2.59 are presented the goder and grid
energy for case 1 (K=0, C=63F, H=0,1).
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Fig. 2.59: Simulated energy grid for K=0, C=63F,H+;=1
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From Fig. 2.60 to Fig. 2.61 are presented the goder and grid
energy for case 2 (K=0, C=63F, H=0.6+).
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Fig. 2.60: Simulated power grid for K=0, C=63F, H&0H,=1
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Fig. 2.61: Simulated energy grid for K=0, C=63F,H&, H=1
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From Fig. 2.62 to Fig. 2.63 are presented the grid power and grid
energy for case 3 (K=0.5, C=63F, H=0.6:=H.3).
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Fig. 2.62: Simulated power grid for K=0.5, C=63KMH6, H=1.3
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ig. 2.63:Simulated energy grid for K=0.5, C=63F, H=0.67/#.3
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From Fig. 2.64 to Fig. 2.65 are presented the grid power and grid
energy for case 4 (K=1, C=63F, H=0.8/.3).
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Fig. 2.64 Simulated power grid for K=1, C=63F, H=0.8,#1.3
13 ! ! ! ! !
e S PR R A SO PRTURP FUOPPPRIRPP
2
S
o : . : : ;
L . . . . .
|:|5 ............... ............... .............. ............... ............... .............. m
u | | | | |
0 10 20 30 40 50
time (s)

Fig. 2.65:Simulated energy grid for K=1, C=63F, H=0.8,74.3
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FromFig. 2.66 to Fig. 2.67 are presented the grid power and grid
energy for case 4 (K=1, C=75.78F, H=0.8=H.3).
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Fig. 2.66:Simulated power grid for K=1, C=75.78F, H=0.8-4.3
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Fig. 2.67: Simulated energy grid for K=1, C=75.78F, H=0.8=H.3
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It can be observed, in cases 3 and 4, thatgheurrent absorbed
at regime during descending phase is greater tthetnabsorbed in the
case of K= 0. This is because for K > 0 the olpacitors draw power
from the grid too. In this case, in the transiehage the current values
are higher than the nominal values permitted byu@emodules.

In fact, when the maximum current delivered by #hetrings is
greater than 1000 A, the maximum current supplienfthe single
string is in the order of 250-300 A, much grealemt the nominal value
of 150 A.

However, since the period of time is limited ané gubsequent
phases of lifting and descending of the load apasde from the stage
of translation, there is an accumulation coolimgetiand therefore these
currents do not represent a danger to the ultraiaps. It is, however,
necessary to demonstrate this claim and only teental verification of
the ultracapacitors with the calculation of the REI&put current (see
below) will allow to considered as acceptable tidigated solution.

As given in the Maxwell document No. 1007239, sigpbf

the ultracapacitors, the following were calculated:

* RMS ultracapacitors current

e Duty cycle

Refering to the selected ultracapacitors modulagteget, in the
following table are presented data that are useshdke the previous

verification.
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Table 10: Ultracapacitors module specifications

Maximum Current (30") 1200 A

Thermal resistance (Rth) 0.032°C/W

Internal resistance 18 milliOhm

Maximum temperature 65°C

Operating temperature 40 °C

Maximum delta T 25°C

Delta T = "I"2 x Rint x Rterm x duty cycle"
where: | = current (amperes)

Resr = resistance (ohms) 0,018 Omh

Rth = thermal resistance (oC/W) 0,032 C/W

The verification results are presented in Fig. 2.68

duty cycle = 50%

30

25

20

Delta T

150 170 190 210 230 250 270 290 310

[ (A)

Fig. 2.68: Delta T vs | for duty cycle = 50%

As it can be seen from Fig. 2.68, the ultracapezitoay be used
for currents up to 300A and duty cycle up to 50 %.

Another delicate point is in Fig. 2.64 in whichdtnoted that up to
20 sec. the value of the system power at regimeéQikW. After the
voltage across the ultracapacitors decreased tat &V, the whole
power is drawn from the grid, and thus the maxinpawer value is 370
kW for 8 sec.
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It should be noted, however, that the power peaks
have endure such a time that the thermal switdhnet be affected
while the magnetic switch for industrial use isilwated for 7-8 times
the rated current.

It should be noted, finally, that when the capasitare charged,
the residual energy can still be recovered if #difier is replaced with
a converter that lets you work in two quadrantsmarst be properly
dissipated, and for this reason it is assumedath#ite energy that could
be recovered is actually recovered (maximum enemgye from the

previous graphs).

2.14 Economic Evaluation of the simulation results

Thanks to the simulation model we know, at thisnpoihe grid
power involved and consumption per cycle for eatthe 4 cases with
recovery and know also the same values for theaefe case, the one
without electric storage (case 1). It can be theterinined the payback
time of the storage system for the different opi@vailable, Table 8,

which is shown below for convenience:

Parameters Description

Case 1 K=0 C=63F, Reference case, no energy recovery
H=0 H=1

Case 2 K=0 C=63F Pgrid =0, i.e. . the grid supplies power
H=0.6 H=1 only throughout the descending phase

Case 3 K=0.5 C=63F The grid supplies power throughout the
H=0.6 H1=1.3 whole cycle

Case 4 K=1 C=63F, | The grid supplies power throughout the
H=0.8 H=1.3 whole cycle, power is constant and equal

to the average requested power
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Case 5 K=1 C=75.78F, | The grid supplies power throughout the
H=0.8 H=1.3 whole cycle, power is constant and equal
to the average requested power.
Supercapacitor capacity is increased.

Thes options are related essentially to three n&magt strategies
(cases 1, 2, 3) and two different values of thauamdation size (case 4,
corresponding to the case 3 with increased accuionlaize).

The convenience of the investment will depend from:

» the reduction of the energy bill, and therefore uhé cost
of electricity in two cases (with and without anwulation
system), the per hour usage time and the numbleowfs
per year usage of the gantry crane and the conseque
reduction in energy consumption;

» the duration of the investment, and therefore theatibn
of ulracapacitors;

» the cost of the interest on capital and an expeicier@ase

of the cost of energy.

The evaluation is done considering 25 work cycldour, and
4000 operating hours / year. It is also considergudiant life time of 15

years.

2.14.1 Cost of Investment

The cost of the storage system is a function nit ohthe volume
of energy, but also of the type of cell adoptede &halysis of the cost of
investment will take into account the rated voltaf¢he storage system
and the type of ultracapacitor cell.

Fig. 2.69[22] shows several curves, interpolated from remsts,

in which is shown the specific cost/Wh of the stbrenergy in the
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ultracapacitors modules considering different typesells and different

voltages.
= 120 *  Vn-storage=300V
= *  Vn-storage=400V
@ 100! +  Vn-storage=500V | |
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Fig. 2.69: Specific Cost/Wh for different typefscells and voltages.

The energy to be accumulated fot & 0 is 5498kJ = 1.53kWh,
which is outside the graph, but, referring to thadue of energy, all
curves represented tend asymptotically to a sipecifst less than 40
€/Wh, for which the total cost of ultracapacitorould be about
€60,000. This cost is less than the value obtayecbnsidering the unit
cost of the module BMODO0063 P125 equal to €5000s tihe total cost
would be €80,000 (16 modules - Fig. 2.17).

At the cost of the ultracapacitors has to be adtiedcost of the
power DC-DC converter (4 converters Fig. 2.17 — l¢gacapacitor
modules in series, 4 series in parallel), ankpsessed by the following
expression:

DC_DC_Cost [€] =0.21%(8000 + 124 (P-10))
where P is the nominal power of the single converte = Ric ot /4),
that is P = 50kW for case 2 and case3; P=80kW &sec} and case 5.

! K is the Grid Power ratio defined in paragraph 2.8.1

94



Thus, for P = 50kW we have a cost of €2700 pewedasr, for P =

70kW we have a cost of €3500 per converter.

2.14.2 Cost of the electric energy

The cost of electricity is determined using a bimadrpricing; the
cost of the electrical energy, in fact, takes iat@wount the contractual
power and that energy consumed. To this end, mferés made to the
average prices of electricity in Italy, for th& Irimester of 2012 to the
end customers in medium voltage for other purpéséiser for domestic
use, nor for public lighting). This analysis, sunmipad in Table 11, has

allowed to identify the following electric energgst function :
Electricity Cost = 31.96,+0.1335W+865.27

where
» Electricity_Costis the cost per year of the electric energy [€/jear

» Pc is the contractual power [kW], (for each casesisupposed to
be the value of Table 9);

* Wis the energy consumed in one year [KWh];

Table 11: MV consumer cost analysis

100+500 kW MV consumer, 1st trimester 2012
fixed power variable
costs costs costs
Transmission € 259,32 transmission| € 5,21
(meas.)
distribution | € 447,80/ distribution| € 31,96| distribution | € 5,50
general £15815 general £3274
charges charges
supply and
dispatching| € 90,00
charges
€ lyear 865,27 |€ /kW Year| 31,96 € /kWh 0,1335
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2.14.3 Payback period

The following table summarizes, for the values afergy
consumption from the grid previously calculatedstsp savings and
payback time of the 4 investment solutions conside The annual
consumption was calculated using tHelectricity _cost equation
previously presented. Annual savings are calcula@gdhe difference
between the annual grid energy cost of thedse (& row — 3% column)

and the the annual grid energy cost of other cg@solumn).

Table 12: Summerized costs and saving for the densd 4 cases

Annual Annual Annual | Additional | Payback
COP;VL\'/rt?]pzuon Grid savings | investment time
(100.000 cycles energy cost| [€] [€] [years]
[€]

Case 1 260.000 47.400 | | e | e
Case 2 120.000 21.679 24.836  90.800,P0 3,6
Case 3 130.000 22.215 24.320  90.800,P0 3,1
Case 4 140.000 20.457 26.078  90.800,P0 3,5
Case 5 125.000 19.406 27.129  121.500(00 4,5

For the additional investment cost calculation, tost rlated to
the 70kW DC-Dc converter was considered as it gagraie in lower
power (50kW) while a lower power DC-DC convertengat operate in
higher power.

With the existing costs of electricity and ultraaeajpors, the best
solution from the technical and economic point @w is the 4 case,

the one that allows the maximum leveling of thiel gnergy .

% Refer to Table 9
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In the following pictures are shown the cash flawsing the 15
year period for the 4 considered cases. It can liserwed that the

payback times of the 4 cases are very close to @theln.
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Fig. 2.70: Payback period — Case 2
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Fig. 2.71: Payback period — Case 3
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Fig. 2.72: Payback period — Case 4
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Fig. 2.73: Payback period — Case 5

The different solutions proposed, however, givelltssvery close
to each other, and all satisfying. Consequently,the frequency of
usage considered, it can be concluded that théemmgmntation of the
ultracapacitors in the lifting system is positivéhatever management
strategy is adopted.

The second consideration that can be drawn isth®ateturn of
investment is in any case assured in less thamabsythereby reducing
the risks resulting from not having considered fhassible cost of

additional maintenance of a more complex system.
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3. Active Front-End Converter

In this chapter the mathematical and simulationdeh@f a Front
End Converter with Active Filter capabilities isregented. The
presented Front End acts as an Active power deliveéhe local load
and also as a power quality conditioner in ordecdmpensate reactive
power generated by neighboring drives. In ordgpddorm this task, a
control strategy is elaborated and presented. I8tion using Matlab
Simulink platform are performed and presented.

The behavior of the Active Front End Converterha presence of
non-repetitive sags is presented. The presentedveAdiront End.
Different conditions of non-repetitive sags aredgtd and simulation
results are presented in this paper.

Moreover, it is presented the behavior of the vactFront End
Converter in the presence of repetitive voltageimes in both single and

double grid phases voltage notches.

3.1 Introduction

The development of technology over the years, aaibheche
progress of power electronics applications, hasudino about many
technical conveniences and economical profits,thhas simultaneously
created new challenges for power system operattadies. Power
quality, in recent years, is receiving increasirtgergion by utility,
customer, and consulting engineers. Line side hairsoand reactive
power support still remain major concerns. With fm®eliferation of
nonlinear power electronics load in a distributioetwork, utilities are

trying to adopt newer methods to determine the tastribution of
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harmonics from a nonlinear load. Compliance withwpo utility
requirements with respect to voltage fluctuatiod darmonic injection
at the Point of Common Coupling (PCC) is a necgssit

The growing use of non-liear loads and time-varyilogds
introduced distorsion of voltage and currents wakek and increate the
reactive power demand in AC networks. Harmonic aridrharmonic
distorsions are known to be source of several prob] such as
increased power losses, excessive heating in mgtathachinery,
significant interference with communication cirgyit flicker and
audiable noise, incorrect operation of sensitival

Diode/thyristor rectifiers are usually used as nfrend for
conventional utility grid interface. The advantagdshis configuration
include low cost, simplicity and high reliabilityHowever, these
rectifiers draw significant harmonic current frohetutility grid. There
have been three possible up-to-date solutions docee the harmonic
pollution:

- Active filters that have shunt, series, or congblirtonnection to the
grid

- Active front-end converter topologies that ar@foggured as thyristor
rectifier with a boost PWM controlled converter.

- Conventional diode/thyristor rectifiers sets caonga with newly
installed PWM active front-end converters.

The first approach is to install an additional deyiwhose solely
purpose is devoted to power quality enhancementregsethe other
drives only focus on their outlet power to the Isadlhis method can be
generally applied to various situations and thefguerance has been

proven. However, it needs extra investment to pasehcostly high

100



power active devices. Furthermore, it must be madamnd controlled in
a precise and excessively reliable way.

The second approach assigns multiple functionshenfront-end
converters and distributes the power quality fionito all the units.
Therefore, this approach can eventually provideatife and reliable
power quality solutions. However, taking into acebuthe vast number
of conventional diode/thyristor front-end convestesets already in
operation, the upgrade process may take a long tmraddition, the vast
replacement of conventional diode/thyristor frontteonverter is costly
at the moment and may also interrupt the normaraijs, which is
reluctant for industry users to accept.

Therefore, it is taken into consideration the thagproach. The
motivation behind this approach is to bridge thep ghetween
conventional diode/thyristor converters and newlstalled active front-
end converters and compromises a reasonable powaitygsolution

with several active front-end units.

3.2 Active Front End operating principle

The term Active Front End Inverter refers to thevpo converter
system consisting of the line-side converter withive switches such as
IGBTSs, the dc-link capacitor bank, and the loadesiaverter. The line-
side converter normally functions as a rectifient,Rluring regeneration
it can also be operated as an inverter, feedingeptack to the line. The
line-side converter is popularly referred to as\&NP rectifier in the
literature. This is due to the fact that, with aetswitches, the rectifier

can be switched using a suitable pulse width marhuidechnique.

101



The PWM rectifier basically operates as a boosppko with ac
voltage at the input, but dc voltage at the outfilie intermediate dc-
link voltage should be higher than the peak ofgheply voltage. This is
required to avoid saturation of the PWM controtee to insufficient dc
link voltage, resulting in line side harmonics. Thequired dc-link
voltage needs be maintained constant during recis well as inverter
operation of the line side converter. The ripplelmlink voltage can be
reduced using an appropriately sized capacitor bahk active front-

end inverter topology for a motor drive applicatisrshown in Fig. 3.1.

Line-side Converter i v Load-side Converter
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Fig. 3.1: Active front-end induction motor drivestgm
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The topology shown in Fig. 3.1 has two three-phas®;level
PWM converters, one on the line side, and anotheahe load side. The
configuration uses 12 controllable switches. Thme-Bide converter is
connected to the utility through inductor. The inthw is needed for
boost operation of the line-side converter. A tfarmeer on the supply
side with appropriate secondary impedance alsaesdhe same purpose.

For a constant dc-link voltage, the IGBTs in thaeiside
converter are switched to produce three-phase PWhges at a, b, and
c input terminals. The line-side PWM voltages, gated in this way,

control the line currents to the desired value. WIEC-link voltage
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drops below the reference value, the feed-backedi@arry the capacitor
charging currents, and bring the dc-link voltageko® reference value.
A per-phase equivalent circuit of the three-phéise;side PWM

converter is shown in Figure 1.2.

Fig. 3.2: Per-phase equivalent circuit

The source voltag&s, and line inductanck represent the utility
system. The three-phase voltages at the three lagstof the line side
converter are represented Wy The voltageVv can be viewed as a PWM
voltage wave constructed from the dc link voltage The magnitude
and phase of the fundamental componer¥ of controlled by the line-
side converter. The voltagk, across inductol, islswL where,w is the
angular frequency of supply voltage. Note that,9yxechronous machine
connected to an infinite bus can also be repredelbyethe same per-
phase equivalent circuit shown in Fig. 3.2. Similaran overexcited or
under-excited synchronous machine, the PWM convedgr also draw
line currents at leading, lagging or unity poweatdat.

As illustrated in Fig. 3.3, for unity power factamperation in
rectifier mode of the line-side converter, the PWditageV needs to be
larger than the supply voltage pha&grin magnitude and lagss by an
angled. This makedsand line currents, to be co-phasal. The anglés
called the power angle because it controls the pdlow between the

two sources.

103



S
=
I
—
O
tr

Fig. 3.3: PF=1 during motor mode

The regenerative mode of the line-side converteshswn inFig.

3.4. Thelgphasor now reverses, causing reversagok phasor.

Fig. 3.4: PF=1 during regenerative mode

In order to satisfy the phasor diagram, thephasor should lead
phasorEs by an angled. Thus the power angtealso reverses.

Likewise, the leading power factor operation isstrated in Fig.
3.5.
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Fig. 3.5: Leading PF during motor mode

The active poweP, and reactive poweD, are given by following

expressions:

P =3[k | cosp
Q=3LlEIssing

(1)
(2)

whereEs andls are supply voltage and line current, whilés the power

factor angle.

From Fig. 3.4 we can write:
| ;al cosg =V sind
| sal sing =V cosd

Therefore:

ISCOS¢:Vslnd

| Sing = —V c0so
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Substituting the values d§cosp andlssing in Equation (1) and
(2) respectively:

Vsind
P=
3[E, " )
_ V coso - Eg
Q=3[F, "l (

The equations 1.1 through 1.6 indicate that the PWwiltage,V, and
power angleg, can be controlled to control active and reactigever. It
is also possible to maintain reactive power coristdnile varying active
power. This is done by keeping phasdr€os constant and varying
phasorV sins .

3.3 Key Features of Active Front-End Inverters

The power electronics equipment is often viewedaasource of
troublesome line-side interactions in the form anHdinear reactive
currents and harmonics. However, with the adventhigh power
semiconductor devices capable of switching adetyuédst, many new
applications of power electronics equipment arendgpainvisaged. One
amongst them is Active front-end inverter, whicim gaovide a solution
to some power quality problems. The key featurethisf topology are
discussed here.

* Regenerative Capabilities —In normal motoring mode of the

drive, power flows from supply-side to the motoheTline-side
converter operates as rectifier, whereas the |adal-sonverter

operates as an inverter. During regenerative bgakmode, their
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respective roles are reversed. The system can ncauisly
regenerate power if the machine is a generatoh ascin wind
generation system.

Unity Power Factor Operation — With the line currents in phase
with the line voltages, the unwanted reactive aueseare
eliminated. Since regeneration is also possiblauraty power
factor, the overall power quality is improved sigantly. The
converter will be able to supply the same activevgrobut at
reduced current ratings. Thus an increased casieofonverter on
account of using active power switches can befjedtifor high
power applications.

Reactive Power Compensation- Alternatively, the kVA ratings
saved due the unity power factor operation candeel wo provide
reactive power compensation to the utility systédhe double-
sided power converter thus acts as static VAR corsgier while
driving a variable speed motor load. This scheme ba an
attractive alternative to the overexcited synchrmmotor used as
a VAR compensator.

As an Interface between Distributed Energy Source rad
Utility — The lineside PWM converters are applicable whena
DC bus is to be connected to the AC grid. Usudlly ts the case
for distributed energy sources such as fuel calisroturbines, or

variable speed wind energy plants employing a ic-li
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Fig. 3.6: Distributed energy source and utilitienfiace

Figure 1.4 shows schematic representation of digid energy sources
connected to the utility grid. The line-side PWNheerter facilitates the
flow of power from distributed sources to the UWyilat fixed frequency,

and at desired power factor.

3.3.1 Comparison between Traditional Drives and Active Font-
End Drives

The presence of non-linear loads in a power syste®m been
significantly increased, and because of their gbtio control electric
power precisely and efficiently, the widespread olspower electronics
converters is indispensable. Secondly, utilitiee arcreasing concern
about the non-linear currents in power system, ltieguinto stricter
harmonic and power quality standards. This situadialls for alternative

solutions in the form of various compensation teghes.
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For large variable speed drives such as those useaining
excavators, the huge influx of non-linear curressiously affect the
power quality at the point of common coupling. Tiesere power grid
compatibility, a reactive compensator such as aad&p bank or a
STATCOM device is required for such installatioddternatively, an
induction motor drive with an active front-end che used. It can
achieve powerful dynamic performance, while prowgdiexceptional
compatibility with the line in terms of power factand total harmonic

distortion. Fig. 3.7shows the two schemes.

Source Voltage
E AR
sz, Jg )7 7"\
I/;\.\qu — i’ Jv [ .
| C I AN B
< T T fen e
Thyristor De-link Inverter Induction Motor
PCC Rectifier
> L
22000 _
Series J {ﬁr L L
Reactance JAN T . \L'—r‘ | J
Active front-End ~ De-link Inverter Induction Motor

Fig. 3.7: Comparison between phase-controlledaatide front-end rectifiers

As can be seen in Fig. 3.7 a rectifier consista standard phase-
controlled thyristor. The drive typically operatesar its full load at all
the time. The line-side rectifier controls needtovide a stable dc-link
voltage under all line and load conditions or drperformance may
suffer.

Maintaining a stable dc-link voltage in the presentwide power

swings is difficult for phase-controlled thyristobecause of the poor
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power factor to the line. Thus, when the distribntsystem voltage is
weak, the voltage available for rectification isalreduced resulting in
poor time response. The poor power factor and dichttme response of
phase-controlled rectifiers require a large amaifntcapacitance in the
DC-link to minimize the voltage fluctuations segnthe inverter.

The use of high power IGBTs in active front-enddarter (AFE)
topology as shown in Fig. 3.7 eliminates the slominigs of traditional
rectifier front ends. The active front end boosis line voltage to a dc-
link voltage higher than normally produced withiad& bridge. It takes
an advantage of the network’s inherent reactancendoease dc-link
voltage greater than the peak of the line-to-linppdy voltage. The line
reactance is a disadvantage in a phase-controdletifier resulting in
voltage notching.

The system can be designed to operate with suifice®ntrol
margins so that the desired dc-link voltage canraéntained, even in
the presence of large dips in the incoming lindage. The current flow
between the line and the active rectifier is disectependent on the
voltage difference between line voltage and PWMag# generated by
the active rectifier. This voltage difference isphgd across the line
reactance. Adjusting the magnitude and phase efuibitage gives the
active rectifier continuous control over the cutramplitude and phase
in all four quadrants of operation.

The controller regulates the dc-link voltage by mbaining the
balance of active power supplied by the rectified dahe active power
required by the inverter/load. At the same timeg ttontroller can
independently control flow of reactive power allogi unity power

factor at the primary of the transformer or at attyer given point in the
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network, like the point of common coupling thatdeedhe rectifier. This
helps in improving the voltage regulations and allesfficiency.
However, there is a limit on the amount of poweatthan be
transferred to or from the grid. The voltage rdigiween the line voltage
peak and dc-link voltage imposes this limit. Aduiitally, the current
rating of active front-end rectifier imposes coastts on both the active

and reactive power to be transferred to and froempthwer grid.

3.4 System configuration

Consider a simplified power system shown in Fig. 3

Non-linear Load
Source Voltage
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C 51 —_— E2

i * 2 ‘
Utility Line 1 .
l5-ing
Utilit j
ility Line 2 L. v
o pwm
J
Series
Reactance

Active Drive

Fig. 3.8: A simplified power system
It is assumed that the system voltdggeis purely sinusoidalE;
and E; are the intermediate line voltages which are notsoidal, but
are distorted at varying degreé,m is the voltage generated by the
active front-end converter, whil&; and Z, are transmission line
impedancesLs is the series reactance of an active drive usedbdorst

operation.
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The non-linear load, shown in figure, draws cursewith active
and non-active components. If the non-active cusreare not
compensated, it will result in source voltage disbm. The role of an
active front-end converter, in this situation, easdupply the non-active
currents needed to keep total harmonic distortibiY) at the desired
level. At the same time, the converter must draal carrent to feed its
own load which is induction motor.

The fundamental real current drawn by the activweeddepends on
the application. In applications like mine hoidts drive draws the real
power from utility to feed the continuously varyingne load. In other
applications such as, an induction motor connetdesh external energy
source like a wind powered generator or a micraotg;the inverter may

feed net real power back into the network.

3.5 Compensation Characteristics of an Active Drive

As illustrated in Fig. 3.8, the active front-enchuerter represents a
shunt connected synchronous voltage source (STATLOMe active
drive can be viewed as a shunt compensator witleraargy storage
element in the form of a dc-link capacitor. Due dnergy storage
capability, the active drive has several benefi¢edtures, which are
used to maintain desired power grid compatibility.

These features are listed below.

* The maximum attainable compensating current ofdiveadrive
is limited only by the current ratings of the aetiswitches and by
the chosen ratio of peak line voltage to dc-linkage. The active

drive can maintain the maximum VAR compensation amel
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desired dc-link voltage, even in the presence afelalips in the
incoming line voltage.

* The active front-end converter can be operated s éull current
range even at the low line voltage levels. Sometime voltages
as low as 20% of the rated can also be tolerated.

» Operation over full current range help increasestability margin
in case of a fault, and thus improves overall tiamtsstability.

« The response time of an active front-end converter
compensation purposes can be as fast as a fraaftiarnalf cycle
(~ 10ms). For thyristor controlled reactors, thenayic response
can be as slow as 5 to 6 cycles.

e The decoupled control strategy allows the compensdd
exchange reactive as well as real power to and fremac system.
The two power exchanges are mutually exclusive.

* Due to real power exchange capability, the compgensaan be

used for power oscillation damping.

3.6 Steady-State Control

The steady state characteristics as well as diffedeequations
describing the dynamics of the front-end rectifean be obtained
independent of an inverter and motor load. Thisasause the DC-link
voltage can be viewed as a voltage sourc¥gdfis maintained constant
for the full operating range. The inverter is tlwasmnected to the voltage
source, whose terminal voltagk., remains unaffected by any normal

inverter motor operation.
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Furthermore, as shown in Fig. 3.9, the rectifian aéso be viewed
as connected to the voltage soulig Thus, the rectifier is able to
control magnitude and phase of PWM voltaygs irrespective of line

VO|tage£123.

Line-side Converter iy
2

KA KA ﬁi

A
de -

4
C Inverter
— —- +
Motor Load

Fig. 3.9: A voltage source rectifier

The system is an exact replica of the inverter-msystem. The
PWM voltages,Van, are now excitation voltages similar to the motor
terminal voltages. The source voltagéss can be compared to the
motor counter emf voltages. Whereas, line induaaiscsimilar to the
motor leakage reactance.

During steady state, the system operation can berided using

the phasor diagram shown in Fig. 3.10.
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V sind

V" sind”

Fig. 3.10: Steady-state control of PWM rectifier

As explained earlier, the real and reactive powaeesrepresented by:

Vsind
P=3

5 wl

V coso
=3
Q=3E )

These equations suggest that an active rectifiar generate a
desired, fixed valued reactive power while supmyithe variable real
power demanded by the motor.

As shown in Fig. 3.10, this can be done by keepWps
constant and varying/sind. Thus by controlling the magnitude and
phase rectifier voltag¥, the steady state control of active and reactive
power is possible. However, the equations fail xpl&n simultaneous

control over real and reactive power, which is gl for a dynamic
operation of an active drive.
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Secondly, an important prerequisite for an actisreedoperation is
a constant DC-link voltageVy.. A variable dc-link will introduce
undesirable fluctuations in the magnitude and plEsBWM voltages
generated by the rectifier. It will cause the aztand reactive currents
drawn by the rectifier to vary from the desiredues. This will further
introduce additional noise in the dc-link voltagace these line currents
charge and discharge the dc capacitor. To solgenibm-linearity and at
the same time achieve fast dynamic response, atctied control
scheme is needed.

The voltage source rectifier connected to the tytikan be
effectively controlled using the field oriented apach, same as used for
controlling the voltage source inverter feedingiashuction motor. The
rotating reference frame-q theory is first used to obtain a dynanaia
model of a line side converter. The dynarmdig model is then used to
implement field oriented control. Tlteqtheory is introduced in the next

section.

3.7 Thed-qtheory

A system of three-phase, sinusoidal, time-varyioffages can be
represented by an equivalent two-phase system.idna balanced,
three-phase, Y-connected voltage$, E2, E3, which are 120 electrical

degrees apart, as shown in Fig. 3.11.
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Fig. 3.11: Balanced, 3-phase, Y-connected system

Consider a stationary, two- axis coordinate systetrere the g-
axis is aligned witle1, andd-axis is orthogonal to thg-axis, as in Fig.
3.12.

» 3>

Fig. 3.12: 3-phase system superponed to a 2-phgsgy/stem
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The three-phase voltages have component on botihahdd axes.

Theq andd axescomponents can be expressed as:

E, = E — E,cos60- E cos66& El—%—% (¢
_ 3 3
E,=0+E, cos30- E cos3& EQ\E— E3\E a
In matrix form:
=
E E
. NERE
E.|=| 0 — —— 1
ds 2 2 E2 (
2 2 V2|

However, in order that the two coordinate systemsseguivalent,
the instantaneous power in both the coordinateesystshould be equal,

thus:

Ria = Ras (12)

q

wherePi,3 is power in three-phase circuit, aRgl, is power in equivalent
two-phase system. To meet this requirement, thesfibamation matrix
needs to be multiplied by a factor of 2/3.

The new transformation matri&,, is:
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. 11
2 2
C = g[] 0 @ —ﬁ (1.
3 2 2
1 1 1
2 2 V2
2 o 2
3 3
C = §[]__l 1 £2 (1
21 3 3 3
112
| 3 V3 3
The matrix systenill) is rewritten as:
=
E 3
qs
E.|= 2 0 @ _@ E, (1!
3 2 2
z V2 V2|

Note that parameter§,, Egs in two-phase stationary reference
frame are still time-varying. Because most of tieckic circuits are
associated with inductances, the time varying patamm such as
sinusoidal currents and voltages tends to make system model
complex, and system response is often sluggish.

R. H. Park proposed in 1920 to transform theseab&s to a fictitious

reference frame rotating at some angular speddisifspeed of rotation
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is the same as the angular frequency of time-vgrgerameters, then all
the parameters in this reference frame become timariant or dc
guantities. Because the effect of inductances &ssalc with varying
currents and voltages is removed, the system medelatively simple
and system response can be sufficiently fast.

In Fig. 3.13 and Fig. 3.14 is illustrated Parkanisformation.

— [
E,=E, sin(wt-240°)

, Eqs =E,-E,/2-E /2
120 E, =E, sin ot —_—
3 *

0 A
120 1200

gs - axis

E, =E,N3/2-E;3/2

E,=E,sin (wt-120 Y ds - axis

Fig. 3.13: Three-phase to two-phase transformation
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@
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e
< “
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<,
E E_ ™
as a, as ~
* .
>
. e
gs - axis e 5 - axis
- q
L
-
7] -
e ra
"~ . . 4
~, '-‘ g
., -
‘\ "
| -
Ey ~3-" Eg
ds - axis ds - axis

Fig. 3.14: Stationary to rotary reference framark transformation
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The orthogonal axede and ge are rotating at an angular speedagf

The 6 is the angular displacement such that:

de,
W, =
dt

(1

The new variables ide-qereference frame are:
{qu} _ {cos@e - sirﬁe}{ Eﬂ o
E.| |SIin8, cod, || E,
The Park’s transformation matrix is referred taCas

C = cosg, - sing, (14
27 |sing, cow,

cl= cosf, sing,
2 | -sing, cod,

Note that, both the matric€xl andC2 are orthogonal matrices such that:

C/C,=CC = | o0

C;C,=CC, =

wherel represents an identity matrix.
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3.8 Deriving the d-g model

Fig. 3.15 shows source voltagés E,, E; as line-to-neutral voltages for

each of the three phases.

Series

Source Voltages Impedance PWM Voltages
E R iy L 7
/D YV D)
Qj AN —(Z

E, —F="; L Vv,

{CD—/\/RWi NM@ |
4( )—&/\NJVV‘—/ wi

Fig. 3.15: Circuit representation of system mathticahmodel

The phase voltages; EE,, Es and line currents,, i,, andiz are

given by:
E = E, sinat;
E, = E_sin(wt— 120); (21)

E, = E_ sin(wt- 240);

i, =i sin(a +¢);
I, =1_sin(a —120+ ¢ ); (2
I, =1 Sin(a — 240+ ¢ ),

The currents lead the source voltages by atgleE, is the maximum

line-to-neutral voltage, whilg, is the peak line current.
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Referring to Fig. 3.15 the dynamic equations farheghase can be

written as:
di .
=L—=2+Ri+V,
E i R
_ 4 ,
E, = LE+ Rl +V, (2¢
di

E, = L2+ Ri+V,

In matrix form, Equation (23an be written as:

El d il il Vl
B, |= L]l [+ R 1 [+]V, (24
E3 i3 i3 VS

Using transformation matri€,, we can write:

Iqs il E as El Vqs Vl
ids = Cl i2 ! E ds = Cl EZ ! Vds :q V2 (25)
iOs i3 E Os ES VOs VS

E]. d i1 Il Vl
C.|E |=L| GlL||+RG b+ G V, (26
E3 i3 i3 V3

123



SinceCl is a constant, it can be taken inside the devivdaérm:

Eqs - LE qu + R iqs + Vqs (27
Eds dt Ids I ds V ds A

Equation (27) represents dynamic model in statipreference frame.

Using second transformation matr,, we can write:

D4R B B s
P 1=C,|. %, FI=CGH. (2¢
Ide Ids Ids Ide

Multiplying Equation (27) withC, and using equation (28), we can

c, 5o l=1c, df o e + RG, iq3+c;vqs (29
’ Eds B zdt ’ ide ids Vds

Substituting eq. (29) in eq. (17) and known thatis, in thege-de

refering, are time-invariant:
E i i i \Y
* =|_C2(icglj 1+ |_<:2c;IE Fl+R I+ (30)
Ede dt Ide dt Ids I de V del
Substituting the Park transformation matfs;

= L cos, -sirg,|(d| cod, sid )i, L] dli g +Ri q+v a1
[ P - vpon) [ S R L BV S
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Differentiating with respect to time:

E cosf, - sind -w sid, w cof [ d|i [ \
ge - L ) e e e ) e ) qge + L_ ) q + R ) q + q (32)
E. sind, cod, |||-wcod, -w SiH || 4 dt|i [ S A VA

Hence:

el ol i
q =Cd_ .q +L—_q +R_q+ q (33
Ede _lOIde dtlde Ide Vd

where = dd‘ie . Expanding eq. (33):
d, =
Ee=L ot +wlig+ Ri 4V, (3
Codi, |
Ee.=1L p +owli  +Ri +V (3

Equations (34) and (35) represent the dynadige model of an
active front end inverter in a reference frametm¢pat an angular speed
of @ . In this modeby , ige ige Eqer aNdEge are state variables whilé,e
andVge are the inputs.

Note that although thig. andide components of line currents are
orthogonal to each other, they are not perfectbodpled. The dynamics
of iqe andige interfere with each other. Based on this dynamidehan
effective method of control, one in which the tworent components

are decoupled is necessary.

3.9 Selecting the Rotating Coordinate System
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A better insight into the dynamic behavior of tlystem is obtained by
choosing a rotating system of coordinates, whem dteady state
oscillations disappear. For the dynamic model desdrin eq. (34) and
(35), the pulse-width-modulated rectifier voltagesrve as actuating
voltages, while the line voltages assume the rotdlag to that of rotor
induced voltages in induction motor . The PWM wvgéia control the line
current so that desired power factor with respetihé¢ line voltages can
be achieved. A suitable choice of coordinate systethis case is the
one defined by the line voltages.

“ L

\‘
AN — . 1
b -Eﬂ[.r o Egr” +Euas*

E M

ds |

d,

Fig. 3.16: Trackinge

A moving coordinate frame formed by the sinusoids voltages
is shown in Fig. 3.16. The two-phase voltages epeasented by:
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E. = E,C0S0 .~ E SINF €
By = EgSING + E cOL

Eqe andEge are the projections of tHg,s andEqs components on
andd axis respectively.
The angular speed of rotation of the moving coatdig, w, is
given by:
dég

—_ e

~dt
As illustrated in Fig. 3.16, sele@t such thatEq = 0. TheEy and

Eqs components of source voltage thus form a righteitrgdngle so as to

give,

E S
tang, = —=
ds

This choice helps to tradle by expressinge in terms ofEgsandEdsas

below,

E
cosl. = ds

) JEZ+EL

E
sing, = =

JEs + Egs

sin fe and cos fe are used to rotate parameters at an angular sgeed o

de,
dt

w=
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Since 6. is the angular displacement of the source voltaties,
above approach ensures correct tracking of supptuency even if it is
varying and not constant.

3.10 Power Definitions in d-g Coordinate System

Using the system dynamic model established in ptevisections,
the control of line currents is carried out in aving reference frame so
that the feedback signals are dc quantities. Tuggests that the current
and/or power reference commands also need to eden a rotating
reference frame. For this purpose the instantanaotige and reactive
power in moving coordinate frame are defined below.

Referring to the generalized instantaneous poweworih the
instantaneous active poweiin three-phase coordinates is defined by:

P=EL+E),+E, (3
whereE,, E,, E; are the source phase-to-neutral voltages,amng iz are
the line currents.

In matrix form we can write:

il
P=[E E E] i @

13

Converting the parameters to two-phase moving ¢éonates using

transformation matrice§; andC,:

128



S RICERE

SinceC,; andC, are orthogonal, we can write:
(c;*) cit=1, (c;1) c;t=1

and, thus, we can write:

| e . .
P :[qu Ede:||:'q } = qu'qe+ E d e (3¢

Ide

As explained in previous sectiolf, is maintained equal t0 at all

the times, resulting in:
P = Ede Dde (4(

In the same manner, according to the generalizethntaneous

power theory, the reactive power in three-phasedinates is given by:
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_—
o b, i,

Q= Euxi=| Q2| >
Q3 3 1

5 E,

ly i2_

Q123 (Cl_l Edqs) (q qus): 1( Edqs qu)

qus:( Edqsx I dq; =E qL ds E (!s gs

This is an expression for reactive power in twogehatationary
frame for a balanced three phase systenu-¢rmoving coordinates, the
expression is given by:

que = quI de” E djz ge (4
Recall thatEye is always maintained to zero value, so:
que de ge (4

Eq. (42) shows that for a positivg, iQqqe IS Negative, implying that
the active rectifier is feeding the reactive poviearck to the source.
Alternatively for a negativeyd, the Qqe iS positive, resulting in net

inflow of reactive power from source to the load.
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3.11 Dynamic Equations for an Active Front-End
Converter

For the purpose of fast response, the controlnsezhout in thed-q
reference frame. This type of control is referredas field-oriented’
control. The starting point of the control is thgstem of non-linear
differential equations which characterizes its lbra As derived
previously, the dynamics of an active front-end\eater are given by a

system of differential equations stated below.

diqe - - P
L y =E,-wli—Ri ~V (4.
dide — - -

The differential equation governing DC-link voltagkso needs to
be added to the above set of system equations npletely define
system dynamics.

Voo _. _.

C dt DC M

(4!

where,iq is the total dc-link current supplied by the raetif whileiy is
the load-side dc current which is the result ofuicitbn motor operation.
The igc andiy currents are shown in Fig. 3.17. Fig. 3.18 and Bid9
show ac and dc side equivalent circuits respegtivel

The dc currenty,, can be viewed as a noise in dc-link volt&fge.

A positive iy (motoring-mode) will discharge the dc-link, while a
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negative iy (regeneration-mode) will charge the dc-link to ahar

potential.

E, r L v, Ve

( ) AAA Y|

E R i, L v,

c L.

4®_/\/\/\/_M J f‘\J L J

E; R L V.

3
W Motor Load
. .

Line-side Converter Load-side Converter

Fig. 3.17: DC-link dynamics controlled by line-sidenverter

Series Impedance
R L
"-dqe= 'fqe+ _," 'ide
@ PWM voltages
Edqe: qu JE e Vage= K m Ve Vige= Vet JVae
Fig. 3.18: AC-side per-phase equivalent circuit
7 .
dc I
o Vdcr L
c 1. Inverter
T~ l Ic ¥+
ige= Ky iy + Kaix+ Kjig Motor Load

Fig. 3.19: DC-side equivalent circuit of an actdreve
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If the dc-link currenipc supplied by the line side converter equals
to iv, then we have:
AV _
dt

In other words, dc-link voltage remains constant.

C

In Eq. (43), the term£, and Eyge are computed from source
voltages,E; E,, and E;. Since line voltages are known, the angular
frequencypw, can be easily estimated. The PWM voltaggsandVye are
the two inputs to the system which are generat@ijube sine-triangle
PWM controller.LsandR represent series impedance.

Fig. 3.18 illustrates ac-side per-phase equivalemicuit
representation of Eq. (43Y44 appears as a controlled voltage-source
which is a function of a modulation index and diklivoltageVpc. On
the other handFig. 3.19 shows dc-side equivalent circuit representation
of Eq. 4.2. The dc-link currenpc appears as a current source, which
controls the capacitor voltage while supplying therent required by the

motor load.

3.12 Control of the Active Drive

The system to be controlled is basically multigipat-multiple-
output (MIMO) type system. The PWM voltage commangsand Ve,
are the two inputs to the system. The resuli@naindigecurrents are the
output of the system.

These two output currents are utilized for two eliéint purposes.
The iqe component is assigned to produce the desired veapbwer

(Q=-Egdqe)- Thus,igeis considered as a reactive compensation command.
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Further, the real component of lirirrents is required to maintain
constant voltage across dc-link capacitor, and #&dsdrive a physical
load connected to the motor. Thug,is assigned to supply the desired
real power P=Egde) to the system.

The control problem is to choo¥ge and Vg in such a way as to
forceige andige to track the respective reactive and real powesregice

trajectories.

3.12.1 Feed-Back Control

The suitable control strategy for the above memiibnon-linear
system is the one which effectively eliminates toepling between the
two current components. This is done by forcinggy&tem into current-
command mode using high gain feedback. Firstly,ctineent reference
commands need to be generated.

To ensure constant DC-link voltage, the Pl conitvob is applied
to the dc-link voltage error, resulting in the @nt reference command,
Ige*. The dc currentiy, fed to the load through an inverter is added to

Iqef to form a new current reference command as:
e =Ky (VDC_ ref _VDC) dt+ K (VDC_ ref VDC) + iy (46)

Secondly, the reactive power compensation algorithwvitl
generate a second current reference commghd The PI controllers
shown in Fig. 3.20 are then applied directly to éneor between current

reference and actual values, as shown below:
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V" = Ky (ide* =i de)dt +K dF(i de =i dl (47,

V=K, (iqe* —i qe)olt +K qp(i x q) (48)

v —-t/-/r J S PI 4%%* - —
de_ref T / ] .'T: ’fc.fe*

Vdc iy
V,* PWM
. PI o ©
;de + - 0
£ n
] t
, r
le o
I
Compensation - Ve I
Command + >—. Pl » e
[ E r
qe

Iqe

Fig. 3.20: High-gain feedback controller for linets converter

By appropriately choosing the gains of the Pl coligrs, i;e and
ige caN be made to tradk andige* respectively. Consequently the new
referencesVye® and Vye© for the PWM controller are generated. The
PWM controller, if not saturated, will produce ait®hing pattern such

that desired active and reactive power can be geai
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3.12.2 Estimating Angular Frequency of Source Voltages

The three-phase source voltages, separated by [Etfirical
degrees, rotate at an angular spee@ ahdians per second. Since the
control is carried out in moving coordinates, &lé tvariables must be
converted to the moving coordinate system, rotaéih@n exact same
angular speed ab rad/ sec.

The source voltage frequency usually remains urgd@rduring
normal operation of the power system. However, ewamall variation
in @ will cause error in all the parameters that aredfarmed into the
rotating coordinate system. This will result inareous feedback and
consequently affect the performance of the systéon.this reason, the
supply frequency needs to be tracked and continy@ssimated in real
time.

Recall, for a given supply frequency, we chodsgaxes such that
Eqe component always remains zero. Now if the supplgdency
changesEge will no longer be zero. The error e can be minimized by

a Pl controller to track» in real-time as:
w=K, [(0-E,)dt+K,(0- E,) (4¢

The new angular displacemehy is then given by:

4, = [ wit (5(

By choosing appropriate gains for the PI controftex variations
in supply frequency can be tracked accurately. Thillustrated in Fig.
3.21.
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Trans- TO PI Controller Integrator
formation

Egs Ee w = angular frequency

Fig. 3.21: Supply voltage frequency estimation

3.12.3 Input-Output Linearization Control

For a relatively constantpc, the field oriented high-gain feedback
control scheme, explained in the previous sectiemoves the coupling
effect. In other words, the current equations aeeodpled, and the
equations are linear as long as dc-link voltageosstant. Recall the

system dynamic equations:

di__ S
Ld—‘;=qu—a)L|de—R| -V

qe ge

L% = B, +wli~Ri—V, (5.

dVpe _. .
C d?c =lIoc ~lu

The PWM voltaged/ge and Vde can be represented in terms of

modulation index and dc-link voltage as:
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V,. = GIM,, [V 5.

Vi =GIM [V (5¢

Where G is the PWM controller gain andl,. and Mg are
modulating vectors ird-q coordinates. For large variations in dc-link
voltage; however, the equations are no longer tinBais situation arises
when the motor load changes suddenly or during higgeleration and
decelerations (regeneration) of motor shatft.

During DC-link variations, thage current reference varies as a
function ofVpc. The dynamics oifye then interfere with the dynamics of
Iqe resulting into unsatisfactory performance. Thisigling of currents
can be effectively eliminated by considering an uiRputput
linearization controller.

In dynamic eq. (51)Vqe andVgeare the inputs, controlled in such a
way as to generate desired currents. Now define vaablesV,. and
Vge such that:

Vo' = Vg~ Eget @Li+ Ri, (54

Vie '= Vg~ Ege— wlLit+ Rig, (5t

So that the new system dynamic equations become:

L e _ -\ (5t
dt e
L di,, VY 5

dt
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In equations (56)-(57), the dynamics igfandiqe are decoupled.
The high gain feedback controller is then appliedtese currents to
generate new voltage commands.

The final voltage commands however, should accdantthe

substitution made in equations 54 and 55. Thus vatage references

are given by:
Voot =V ¥ +E ~wli,— Ri (58)
Vi =V * +Egt wli o Ri g (59
3.12.4 Feed-Forward Compensation

The linearization controller explained in the poas section
decouples the two current controllers effectivelgd allows the system
operation during variable dc-link. However, theteys still suffers from
slow response.

Refer to the Fig. 3.17 again, and consider foll@gvsequence of
events. If the motor load changes suddenly, dceatiir, will rise
sharply, resulting in a dip in DC-link voltage. Th@earization
controller now tries to restore the dc-link voltagack to its reference
value. If the rate of rise of dc curregtis faster than rate of restoration
of DC-link voltage, the/y. will continue to decrease until it reaches zero
potential. Alternatively, the rate of rise pf can be restricted to avoid
considerable decrease in DC-link voltage. In otherds the system time

response would be slow.
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A better dynamic response is achieved by emploiged-forward
compensation. The power required to generate thesirede
electromagnetic torque is measured in the dc-lisikgidc voltage and
current sensors. This power needs to be supplaed the source. Thus,

the feed-forward compensation current can be obtained from:

Iy =K =225 (6

where,Ege IS source voltage and; is proportional gain in feed-forward
loop. K; is allowed to vary to maintain the stability iretisurrent loop,
and it is also dependent on line voltage fluctuegio

Fig. 3.22 illustrates feed-forward compensatiorhwitput-output

linearization controller.

Feed-forward Compensation

Pl +

N
*T‘
Z=TD

@ L

Input-Output Lineanzation
Control

Compensation

Command f _\
y Pl
\:I-/
i

qe

- —— 0 = ~3 00

Fig. 3.22: Feed-forward compensation for input-otiimearization controller
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3.12.5 Complete Control Scheme for Active Front-End
Converter

Based on above discussions the complete contradnsehfor
control of active front-end converter is implemehtasing two ac
voltage sensors, three line current sensors, orement sensor, and one
dc voltage sensor.

Fig. 3.23 illustrates the control of front-end certer.

E
" = E:‘n r/"_-"\_l il =wfk
3-ph * Paks [—*+ [—+ PFI F‘ﬂmfegmfor’i ‘
to \_:r__/ B
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s Edn
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w v v
«—— /L= Integrator s gs
| Parks Switching
Function | v
. Trans- v 51 F—
o 4 V| formation | | 82
«—1/L{— Integrator -le 53
< | ‘_/
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Feed-forward Com pensation Command
Ve — % ]
N e
Efos|/
Edn
~~ Lk v o { Ve )
[, ) 5 i1 N \ da T de P
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Fig. 3.23: Complete control scheme for front-endvaster

141



The two ac voltage sensors are connected to theemoltage.
From these line sensors, the three source voltggesse-neutral) are
available for use. These voltages are further toamsed into equivalent
two-phase moving coordinaté€se. and Ege The de-gqeaxes are aligned
such that theEq,e component of the source voltages always remains at
zero value.

The next step is to generate current referencesigIreference is
formed as a function of dc-link voltage variatioaad feed-forward
compensation. The dc curreiRt, is measured by the dc current sensor
placed on load-side of the capacitor. Thg reference current is
generated from the reactive power compensation camdmin current-
command control mode, the actual currenptsand ig are forced to
follow the reference commands using high-gain faeiband input-
output linearization controller.

The new input for the system, and Vy, are fed to PWM
controller to provide required switching pulsesngseither sine-triangle
or space-vector PWM algorithm. The instantaneolisegsof currents,e
andige, can be measured using three current sensorsnalieely, they
are estimated using the system dynamic model showq. (51). In the
model,L, o, Eq and Ege are all known;Vqe and Vge are unknown. The
instantaneous values of PWM voltages are estinfabed the switching

signals to IGBT devices, and the dc-link voltagelaswn below:

V=2 (25 - $- §) (6

V,, =235, - §) (62
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where S, $, S are integer variables which cannot assume anyesalu
other than +1 and -1.

When the IGBT in the upper half of the first legtbg rectifier-
bridge is switched on, VW is connected to the phase-1 of the supply.
Thus,S, assumes value equal to 1. When this IGBT is swidabif, -V
is connected to the phase-1 of the supply. TBuassumes value equal
to -1. In the same manng&y andS; assume value equal to either 1 or -1.
This approach measures instantaneous values of Rulsiges without

needing to employ three current sensors.

3.13 Simulation Model

The dynamic simulation model is builded using theatlsb
Simulink platform.

In Fig. 3.24 is presented a sketch of the simutatnodel that
applies the control scheme shown in Fig. 3.23.

As it can be seen , the Active Front End Converdnterfaced
with the grid via a 380V/50kVA trasformer, as theeothat is used to
interfaced the non linear loads connected at thé p@nt.

The Active Front End Converter in parallel withheglb phase loads
which are connected with the grid via breakers iifedent instant of
time. This is to vary the condition of load conreetin the PCC point of
the system.

The switching frequency of the Active Front End werer is 5
kHz, meanwhile the Back End converter used to dilive Active Front
End own load has a switching frequency of 5 kHzanwehile the DC-
link Voltage is 600V.

143



T 0D FuAS OBT
1BEAD ) BARSE R BARSRPUL AR L £X4g
BERAS o BATDY AN Gk

El -
- w

TH 0% Tunp OOC
Al g BASE R BARSRPUL A |
Foain ol BT A O =0 T
3 > 2 Bl
.I il - - bl
VAN 0
T 0D PUALA OBE ADEE § AHEE
FBRD G BAIT B BARINS U] A O £
ID g BARSY W ) L
’ o35 o
[ 3 W
HILWIANDD
pEE e 2 HELHEANGD ANE HIVE AN LNOHS ALY WK O T v WA ok

O e e
L :uiﬂ N i 4, o M -
EIEATARA -l—l- - 8 -+
- v AFA, UU&
W

IBued R aerd
=7

Fig. 3.24: Simulation model of the AFE
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3.14 Simulation Results

In the following sections simulation results areowh. First
simulation results under normal condition mode greesented.
Afterwards, simulations in presence of voltage sags voltage notches

are presented.

3.14.1 Normal Condition mode

In normal condition mode, the AFE has to managedition to its
own load, the non linear load changes in the PCi@tpdhese changes
modify the phase displacement between voltage anérmt of the same
phase of the grid, bringing to a non unity powestda condition. The

Active Front End manages to bring the Power Fdaéak to unity.

The simulation parameters are presented in Table 13

Table 13: Normal Condition mode simulation paramsete

DC link Capacitor 2.5 mF
L 2 mH
R 0.015Q
AFE PWM modulator frequency 5 kHz
Back End PWM modulator frequency 5 kHz
DC-Link Voltage 600 V

In Fig. 3.25 are presented the simulation redaltshe E pcat
PCC point,jap. at PCC pointVyc.ink and modulation indemin an
interval of time of 0.5 sec..

For the first 100ms the AFE has to drive his owsigtve-
inductive (RC) load and has also to perform powetdr correction due
to the presence of the RC load connected at the RGE. After the first

12ms we can see that the grid currents are in phatbe the grid
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voltages , the value of the DC-Link has stabilized500 V with ripple
0.5V, the grid active currengelflows through the RC load connected at
the PCC point and the AFE, the reactive currgasthbilized around
zero (unity power factor condition) and the modolat index m
stabilized around 0.75.
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Fig. 3.25: AFE Normal Mode simulation results

In Fig. 3.26 is shown theyl and }. flow at the PCC point,

meanwhile, in Fig. 3.27 is shown the DC-link vokagyer time.
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Fig. 3.27: DC-link voltage over time

At 0.1s, The AFE load changes and so does the bvgraurrent.
The Vyc drops to 599V and then settles back to 600V (Pyle). At 0.2s,
0.3s and 0.4s step changes occur to the RC loadected in parallel
with the AFE. As you can see, in these instantgr a small amount of
settling time, the dc-link stabilizes to 600V aimg pphase shift between

Ei>3 and i3 returns to zero. Note that for the whole time A tries to
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maintain the Je to zero to obtain Unity Power Factor in all mengd
working conditions.

In Fig. 3.28 is shown the;And i on the same graph,\as scaled
by a 0.1 factor for better visualization. Note thafter each load step
change, the AFE bring the phase displacement to O.

In Fig. 3.29 is presented a zoom of the Fig. 3.@8better
appreciate the step load change at 0.2s and tlhessice modification

of the phase displacement betwegaiftli .

@ Ea(scaled) la

0.1V

-40

0 005 01 015 02 025 03 035 04 045 05
Time(s)

Fig. 3.28: Phase displacement betweenviltage andilcurrent of phase 1
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Fig. 3.29: Phase displacement between E1 anddRatinstant load step change

As it can be seen, the simulated model gives a good
reppresentation of the behavior of the Active Frd&md Converter
performing simultaneously power delivering to thenoload and
Reactive Power compensation tasek during diffel@ad conditions, in

normal mode conditions.

3.14.2 AFE in presence of voltge sags

There are several types of voltage fluctuationd tten cause
problems, including surges and spikes, sags, haendbstortions, and
momentary disruptions. (For definitions of thesentg see the “Power
Quality Glossary” sidebar, next page.)

A voltage sag is not a complete interruption ofwpg it is a
temporary drop below 90 percent of the nominalagst level. Voltage

sags are probably the most significant power qualitoblem facing
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industrial customers today, and they can be a fsignt problem for
large commercial customers as well. There are twwoces of voltage
sags: external (on the utility’s lines up to yourcifity) and internal
(within your facility). Utilities continuously stve to provide the most
reliable and consistent electric power possible.
Whether or not a voltage sag causes a problendeydend on the
magnitude and duration of the sag and on the s$atsitof your
equipment. Many types of electronic equipment a&msiive to voltage
sags, including variable speed drive controls, matarter contactors,
robotics, programmable logic controllers, contmof@wer supplies, and
control relays. Much of this equipment is used pplecations that are
critical to an overall process, which can lead éoyexpensive downtime
when voltage sags occur.
Here will be presented the behavior of the presknictive Front
End converter in presence of non-repetitive voltsags.
Different ways are used to mitigate the voltagessagch as:

* Flywheel
A flywheel and motor-generator (M/G) combinationncarotect
critical processes against all voltage sags wheraltration is shorter

than the hold-up time of the flywheel.

» Static UPS with minimal energy storage
These devices are primarily intended to maintaippsu during
supply interruptions by providing, for example, fatiént support to

allow for an orderly shutdown of processes.

» Dynamic Voltage Restorer (DVR)
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During a voltage sag, a dynamic voltage restorevVRP adds the
missing voltage through a transformer, installedsaries with the

load.

Shunt connected synchronous machine
The capability of the synchronous machine to supatge reactive
currents enables this system to lift the voltage6b96 for a few

seconds.

Statcom
A static VAR compensator is a current injector mected in parallel
(shunt) with the load (Figure 6). A statcom mitgmt/oltage sags by

injecting reactive power into the system.

Transformless series injection
In the event of a voltage sag, the static switclthdf series injection

device is opened and the load is supplied by aariax.

3.14.2.1 Single phase voltage sag

First we will analyze the case in which an isolatedtage sag

occurs in one of the phases. The simulation paeeare the ones

presented in Table 13.

The Voltage sag was simulated considering thet feadistance

Ro=0.32 and the ground resistancg=R.3XQ. It was first considered the
fault in the A Phase of the grid and then in bdihge A and B.

In Fig. 3.30 are shown the simulation results tfog Ep. at PCC

point, kpcat PCC point, Y. and modulation index m in function of time.
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Fig. 3.30: Parameters simulation at PCC point \gat&ag in Phase A at t=0.046s

It can be seen that in t=0.046s a voltage sdgeofiuration of 1ms
occurs in phase A. It can be seen that in thatteratant the current of
phase A increases and thec\Wecreases. The modulation index m
changes as well, as the Active Front End triegtover.

In Fig. 3.31 it can be seen better what happephase A in terms
of voltage and current when the voltage sag ocdumsn 0s to 0.046s it
can be seen that the current and voltage of Phaae An phase. At t =
0.046s a current spike occurs due to the voltageAster the voltage sag
(t = 0.047s) the Active Front End tries to setdéoozonce again the phase
between voltage and current (unity power factor).
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Fig. 3.31: Phase displacement between voltage amdrt in Phase A
In Fig. 3.32 is shown the Active Power (P) and Reactive Power
Q).

. Active Povwer P (kWA Reactive Power Q (kKW AR)
= ! ' : !
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Fig. 3.32: Active Power and Reactive Power Flowsyle Voltage Sag

When the Phase displacement between Voltage amcer@uof
certain phase is equal to zero, the Reactive Pvequal to zero too.
This can be seen in Fig.8 in the time interval @6. in which the

Reactive Power is Q=0, meanwhile the Active Povsedifferent from

153



zero due to the load connect to the Active Frord.BRhen the Voltage
Sag occurs there is a positive Reactive Power flow to the changed
phase displacement and an increase of the ActiveePdemand due to
the rapid decrease of thgJl/as can be seen in Fig. 3.30. At t=0.047, after
the restored voltage level in Phase A, the ActivenEEnd Tries to reset

the phase displacement to zero, and so the Reamiiver tends to zero.

3.14.2.2 Double phase voltage Sags

In Fig. 3.33 are shown the simulation resultstfee Eyc at PCC
point, by at PCC point, \. and modulation index m in function of time
for the case when in both phases A and B a volsageoccurs.
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Fig. 3.33: Parameters simulation at PCC point agdtSag in Phase A and B at
t=0.046s
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It can be seen that in t=0.046s a voltage sapetiuration of 1ms
occurs in phase A and phase B. It can be seemtktzt exact instant the
current of phase A increases, the current of pBadecreases due to the
fact that in that instant the voltage in phase B &aegative value and the
V4. decreases. The modulation index m changes as agelhe Active

Front End tries to recover.

0.1V

Time (=)

Fig. 3.34: Phase displacement between voltage amdrtt in Phase B

In Fig. 3.34 is presented the phase displacemeniele@ voltage
and current in Phase B in which we can see thal rdpcrease of the
Phase B current when the Voltage Sag occurs.

In Fig. 3.35 is presented the Power flow in thstesyn during the
double Voltage Sag.
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As it can be seen, comparing to the first casg.(3.32 the Active
Power is almost the same, but the Reactive Powek Fe almost
doubled (from 5.5kVAR to 12kVAR).

’ Active Power P (kWVA) Reactive Power Q (KW AR)
25 T . , T T

20 —

15 |—

10 |—

Time (s)

Fig. 3.35: Active Power and Reactive Power Flowsuble Voltage Sag

3.14.3 AFE in presence of voltge notches

Voltage Notching is described as a recurring poweality
disturbance due to the normal operation of powectsbnic devices (i.e.
rectifier), when current is commutated from one gghdo another.
Voltage Notching is described by IEEE as a recgripower quality
disturbance due to the normal operation of powectsbnic devices (i.e.

rectifier), when current is commutated from one gghdo another.
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Voltage Notching is primarily caused by three-phasetifiers or
converters that generate continuous DC current. mfentioned, the
voltage notches happen when the current commuti@esone phase to
another. Subsequently, a momentary short circuivéen two phases

will occur during this period.
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Fig. 3.36: Voltage Notches

Two case studies were considered. The first a cassidered a
train of voltage Notches occurring in Phase A ahd second case
considered the same voltage notches train occumihgth phase A and
Phase B.

In Table 14 are presented the simulation parameldes dynamic

simulation model is built using the Matlab Simuliplatform.

Table 14: Voltage notches simulation parameters

DC link Capacitor 2.5mF
L 2 mH
R 0.015Q

AFE PWM modulator frequency 5 kHz

Back End PWM modulator
frequency

DC-Link Voltage 600 V

5 kHz
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3.14.3.1 Single phase voltage notches

The Voltage notches are simulated considering thét fresistance
Ro=0.4Q and the ground resistanB= 0.3Q. It was first considered
the fault in the A Phase of the grid and then ithghase A and B. An

interval of time of 86 ms was considered in whible woltage notches

occurred.

In Fig. 3.37 are shown the simulation results ferE,,. at PCC point,

lanc @t PCC pointVy. and modulation indern in function of time.

Grid Vo!tages{‘-.fac] Qv Va Vb ¥ Ve

f .’*-‘ Mfyyﬁygww M

Time (s)

Fig. 3.37: Single phase Notches Parameters simnlat PCC point Voltage

notches occurred in Phase A from t=0.046.s tol2&P
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It can be seen that in the time interval [0.048262] a total of 12
voltage notches occurred in phase A, each withratidun of 0.2ms.

It can be seen that in that exact instant whenwibltage notch
occurs the current of phase A increases and thed¥creases. The
modulation index m changes as well, as the ActixenFEnd tries to
recover and bring the Power Factor back unity.

In Fig. 3.38 it can be seen better what happepéase A in terms

of voltage and current when the voltage notchesiocc
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Fig. 3.38: Phase displacement between voltageanmdnt in Phase A Single Phase
Notches event.

From Os to 0.046s it can be seen that the cuaedtvoltage of
Phase A are in phase (unity Power Factor). Fror.046s to t = 0.1262s
current spikes corresponding to the voltage nomdtaint occur. At t =
0.1262 (After the Voltage Notches event) the Activent End Tries to
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set to zero once again the phase between voltabeuasrent. As it can be
seen, after each current spike the AFE tries towecthe unity Power
Factor.

In Fig. 3.39 is shown the Active Power (P) andReactive Power
Q).

‘ Active Power P (kv A) Reactive Power Q (KVAR)

y i I i i I i i I i
5 0.05 o1 015 0z 025 03 035 0s 0.45 05
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Fig. 3.39: Active Power and Reactive Power floviisgle phase Voltage Notches
event.

When the Phase displacement between Voltage ancer@uof
certain phase is equal to zero, the Reactive P@avequal to Zero too.
This can be seen in Fig. 3.38 in the time inte®&.046 in which the
Reactive Power is Q=0, meanwhile the Active Powedifferent from
zero due to the load connect to the Active Frord.Hrhe changes of the
active power are due to the changes of the loadittons of the AFE.

When the Voltage Notches occur there is a posiReactive

Power flow due to the changed phase displacemenaaincrease of the

160



Active Power demand due to the rapid decreaseed¥th as can be seen
in Fig. 3.39. At t=0.1262, after the restored vgéidevel in Phase A, the
Active Front End tries to reset the phase displargnto zero, and so the
Reactive power tends to zero.

In Fig. 3.40 are presented the active and reactiveents in the

rotary reference frame, relative to the single phadtage notches event.

.Active Current lye (A) Reactive Current lge (AR)
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200 -
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Fig. 3.40: Active and Reactive Currents in the mptaference frame, single phase
notches event.

As it can be seen in Fig. 3.40, after the Volthigeches event, Ige
IS negative, meaning that the phase current iscipating the phase
voltage (Fig. 3.38). Ige then tend to zero, megninat the phase

displacement between voltage and current tendsrm two (unity Power
factor).
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3.14.3.2

Double phase voltage notches

In Fig. 3.41 are shown the simulation resultstfee Eyc at PCC

point, ipcat PCC point, . and modulation index m in function of time.

A AT

Ib ®i

T ( T T

Time (s)

Fig

. 3.41: Parameters simulation at PCC point fiditage notches in Phase A and

Phase B at time interval [0.046s 0.1262s].

It can be seen that in time interval [0.046s 02826a Voltage

notches event in both phase A and Phase B oct¢uwan Ibe seen that in

that exact instant of the voltage Notches currgrites occur in both

phase A and phase b (positive or negative curpgké slepending on the

instant positive or negative value of the phasdagel) and the ¥

decreases. The modulation index m changes asagelhe Active Front

End tries to recover the unity Power factor.
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In Fig. 3.42 is presented the phase displacenaniden voltage
and current in Phase B in which we can see theguspikes when the

Voltage Notch occurs.
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Fig. 3.42: Phase displacement between voltage amdrt in Phase B.
Double phase Voltage Notches event.

In Fig. 3.43 is presented the Power flow in tigsteam during the
double phase Voltage Notches event.

As it can be seen, comparing to the first case. 80Q) the Active
Power is almost the same, but the Reactive Powadt B times greater
(from 7kVAR to 14kVAR).
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Fig. 3.43: Active and Reactive Power , Double phéskkage Notches Event.

In Fig. 3.44 are presented the Active and reaativeents in the

rotary reference frame.

.Active Current lqe (A) Reactive Current Ige (AR)
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Fig. 3.44: Active Currents and Reactive Currentharotary reference frame.
Double Phase Voltage Notches event.

164



It can be seen that after the Voltage Notches eveatAFE tends
to bring the Power Factor to unity while it alsaverits own load.

As it could be seen previously, after the Voltagetches
occurrence, in both case, the presented Front &set to zero the Phase
Displacement between the voltages and currenthefgrid assuring
unitary Power Factor
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4. Appendix | - Direct Torque Control technique

For proper operation of a drive is motor torque toanis
necessary. In fact, in addition to cases in whiu primary purpose is
the regulation of speed (as in scalar control)s ialways necessary to
check the torque value in the innermost controploo

Actually control in which torque and flux vectorrche controlled
separately with high dynamics are most used. Iregsakowever, in
which the required dynamic is not very high, ipreferred to work with
a faster control technique than the vectorial gheechnique in which
the number of transducers is lower and the coralgbrithm is more
simple.

Before analyzing the operation of this type of cohit is shown
below the operation of an inverter, regardlessheftype of modulation.
Was obtained the output voltage (Vs) by the vectmmposition of the

tensions on the Park axis, direct axis and quadraxis.

= -
4 Sw Sw3 sSw5
| G S | GO, S | G
E a b C
Sw2 Sw4 Swb
|G S | GO S
O

Fig. 4.1: Inverter
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The inverter can be represented as in Figure 8eMaes input the
voltage and Swl-6 are the six switches. Taking etoount that, for
each branch, if a switch is ON the other belongimghe same branch
must necessarily be OFF to prevent the short ¢irctihe possible
configurations of the inverter aré 2 8, and thus 8 voltage vectors.

For each possible configuration of the switchesaiigut voltages
are represented in terms of the vector space aogptd the following

equation:
-3 2 Jgn an
Vo=, /= V,+V,e® +\ed
S 3 a b (o

where V,, V,, Vc are the phase voltages. It represents the conductio
states of the three branches of the inverter,)S&ft (t), Sc (t) according

to the following table:

Table 15: Inverter switches configuration

Sw1 Sw2 Sw3 Swd Sw5 Swé Sa(t) Sbit) Sc(t) 5
OFF ON OFF ON OFF ON 0 0 0 5
Vo
ON OFF OFF ON OFF ON 1 0 0 s
Vi
ON OFF ON OFF OFF ON 1 1 0 5
Va
OFF ON ON OFF OFF ON 0 1 0 5
Vs
OFF ON ON OFF ON OFF 0 1 1 55
Vy
OFF ON OFF ON ON OFF 0 0 1 5
Vs
ON OFF OFF ON ON OFF 1 0 1 5
Ve
ON OFF ON OFF ON OFF 1 1 1 5
Vs
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Considering the resulting eight permissible contigions, we define

concatenated the voltages by the following expoessi
Ve, = E[S()- S}

V., = E[S()- S(X

V.. = E[S()- ()

In the absence of zero-sequence component and iagstime machine

symmetrical:
V,+V, +\,=0.

The phase voltages can be expressed in functitreafoncatenated

voltages by the following expressions:

V — 2\/ ab + Vbc
? 3

V — Vbc B Vab
° 3

V — _Vab B 2\/bc
‘ 3

By substituting it is obtained:
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v, =e230-30- 50

Vb — EZSn(t)_ %’(D_ ‘?():

v -e220-80-50

Thus, from the previous expressions of the voltageke space vector,

it is obtained:
~g 2 E AR
V= 5] S+ SOy e e

To make the model of the regeneration phase isssacg to
calculate the instantaneous current value of thdibikC which feeds the
inverter.

As shown inFig. 4.2, the IDC is the instantaneous value of the
DC-link current, Iu, Iv and lw are the instantansovalues of the
currents of the three upper branches of the invared la, Ib and Ic are

the currents flowing in the stator windings.

_.7-l1;2vnc s2 ! |.
Tl

Fig. 4.2: inverter feeding an induction motor

169



Known the configuration of the switches({p S(t) and $(t)) and
the calculated stator current, from the mathemlatrezdel of the motor
is possible to derive thgd. When (t) = 1, point A is connected to the
positive branch of the Dc-link and the current flothrough $if |, is
positive or through D1 if,lis negative, thereforg, E l,.. Instead, the
current flows in the lower branch (through D2 or) Sthen $(t) = 0,
therefore | = 0. Repeating the same type of reasoning foother three

branches of the inverter, it can be written:

IU :IaSa
I, =1S,
IW :ICSC

therefore:

IDC:|u+Iv+I W:| §a+| §b+| LSC

This expression is of course also valid in the vecp phase in which the

power flow is reversed (Fig. 4.3).

¢ o | 2;5 4’;} E;LJ =

Fig. 4.3: Current flow during braking
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Defined in the inverter, we now pass to the illatbn the type of
control carried out on the motor, and then therit@in the strategy that
allows to define the commutation instant of thetskwing components.
Such a strategy is called "Direct Torque Contr@TC) because the
commutation instants of the inverter switches (stdtized above) are
directly defined to track the reference torquehwitt using the control
of the phase currents. The absence of a direcraloover the phase
currents allows to operate with hardware and sotivwsehemes greatly
simplified.

From Ohm's law, for a stator phase we can dedwcegahation of
the stator flux resulting from the application foperiodAT of a certain
voltage configuration:

Ap =VAT-RJIAT.

Therefore, considering the resistive drop due he stator
resistance, not negligible at low speed, the vediggction Adg (flux
variation) is, therefore, that of the correspondwadtage vector applied
and its module is proportional to the product & ttoltage for the time
of application.

Regarding the control of the stator flux, this can be controlled
along the six directions of the voltage vector or held in place by applying
a zero vector. To vary the module of the stator flux is, threfore,
necessary to apply voltage vectors that have adequate radial
components. Instead, to vary the torque and therefore the slip, the
stator flux speed has to be varied compared to the rotor flux by

applying voltage vectors that have appropriate tangential components

(Fig. 4.9.
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Quadrature axis
M

Fig. 4.4: Vector representation of the invertertagés and the corresponding
flux variation in a time intervalT.

The torgue can be expressed as a function of thaulaaf the
rotor flux @, and of the quadrature component, with respeai¢h ow,

of the stator flux vecto®,s

C=p_tm_ ® D,
ol :

T

As the rotor flux is linked to the stator flux bylav pass type dynamic
relationship, it can be observed that accelerating stator flux,
increases the componedys while the module of the rotor flu, does
not vary appreciably, thus leading to an increageilique.

Increasing the angular velocity of the stator fluxh respect to

the mechanical speed, the instant slip increasekthais the torque, vice

172



versa when the speed is reduced. Combining thetiequaf torque

expressed with the rotor variables, is obtained:

cDZ

C =P,

The coefficientws is the electrical pulsation of the rotor flux e rotor
reference), or the instantaneous flow pulsationtiddothat the torque,
keeping constant the module of the rotor flux, keadhe trend of
pulsation flow.

From these considerations it is clear that to iaseethe value of
the torque and therefore the instantaneous valug, of is necessary to
apply to the machine a voltage vector that haggaifgtant tangential
component relative to the direction of rotationtlod stator flux. So it is
possible to control the torque and flux acting exdjvely on theradial
and tangential componendf the flux through the choice of suitable
voltage vectors between those allowed by the isvexantrol strategy.

In Table 16 are summarized the vectors in functibthe applied

sector @s) and errors of torquaT and fluxA.

Table 16: Vectors applied in various sectors degndn the errors

A AT Bs(1) [0:(2) |0:5(3) |8:(4) [8:(5) [O5(6)
1 1 Vs Vs Vs Vs Ve Vi
1 -1 Ve Vi V2 Vs Vs Vs
0 1 Vo Vs Vo iz Vo Vy
0 -1 Vo Vy Vo V7 Vo Vz
-1 1 Vs Vs Vs Ve Vi V2
-1 -1 Vs Ve v, Vs Vs Vy
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According to the above, it is easy to understand e DTC
behaves in the regenerative phase. Suppose thatatioe flux vector is
for example in sector 1, if the torque error isateg AT = -1) and the
flux error is zeroX = 0), the zero vector has to be applieglfy V7). In
this way, the rotation speed aof; flux is reduced compared to the
machine flux and therefore a negative torque vausbtained (negative
slip). If the flux error is a positive, the outprector of the inverters must
have a positive radial component and negative taraiecomponent so
as to always reduce the speed of the flux compaartge machine flux
(V6). In Fig. 4.5 is shown the block diagram of the DTahirol.

-t
s 4 “ E _I ‘_
" AT Wg pased _
] : ’{“‘} Switching
o l[‘m - Config. ‘J
a L.-ﬁ,g_-.q SL‘_lr:c_‘.i'cu
F i :&u I-5[ S\J
o T _ q Ia
.' | - vx ,) -
Stator angular Stator flux 1 = 1
frequency [lt;Lt is

Induction
Machine

S :.‘i l-?s

o

[}
T
:i |

Fig. 4.5: Block diagram of DTC

Referring to Fig. 4.5, the reference values ofctetenagnetic torque T
and stator fluxps are compared with the respective measured vatues t

generate the torque error and the flux error.
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The two generated errors are the inpu parametera plilse
generator that controls the inverter in such a asyo apply to the motor

voltage vectors to compensate such errors.
In the feedback loop, based on the state of comtuaif the

branches § S, S, VSS is calculated and according to the measured

currents, ¢s and T are calculated. The user acts @y, while the
reference torque T* is obtained through a PI cdieroThis solution is
appropriate since the regenerative braking is abthisimply with a
negative torque command. In this way the behavidr tbe
electric motor is similar to that of an internahdoustion engine. In fact,
when the vehicle is in motion and the accelerataeleased, the output

Pl controller is a negative torque value.
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5. Appendix Il - EMC Measurements

This appendix provides theoretical and experimedistussions
on conducted electromagnetic interference (EMI) ssions in the
automotive applications. These issues are even metegant (and the
relative regulations more severe) as today’s vehiare equipped with a
large number of sensitive electronic communicatiod control systems
together with several switching power converters. éxample it is
shown the conducted emission of an electric vehitlabsence and in

presence of filter.

5.1 Introduction

EMC (Electro Magnetic Compatibility) is today anportant issue
to deal with in every kind of environment and inegv application
making use of electric/electronic equipment.

Every electrical or electronic apparatus, systermstiallation has
not to disturb the proper function of other neawides by emitting
electromagnetic disturbance signals (emission)idiess every electrical
or electronic apparatus, system or installationtbagork properly in the
presence of electromagnetic disturbance signalghée surrounding
environment (immunity).

Automotive traction drives and related power elagirs can
cause broadband emissions which could impair thetralb systems
normal modes of operation. Control electronics ganfmany safety and
communication relevant functions so that its efree operation is

mandatory with respect to EMC.
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Traditionally, Electromagnetic Compatibility and &g have
been regarded as two separate disciplines, buhthease in electronic
and electric apparatus performing safety and cofurations is leading
to a re-think of this relationship. In fact, safedgsurance requires a
detailed analysis of all reasonably foreseeable n&luding that posed
by exposure to electromagnetic fields.

Risk mitigation is required for all identified EMisk that could
have an adverse effect on safety. With the usedefrzced and high
speed devices in electronic and electrical appsyatgether with the
requirement to comply with legislative requireme®MC has grown to
be an integral part of traditional engineering gesand management,
both crucial issues in reducing design and manufaatost and ensuring
compliance with EMC legislation. From this point ofiew the
susceptibility performance criteria have to be medi based on the

apparatus functionality and environment.

5.2 Apparatus Conformity Assestement

It is also reasonable that a contractor should reseess to the
existing EMC documentation through the operatopoasible person, to
ensure that the EMC specification for new equipnssitted is sufficient
for many electrical sub-systems concerned with:

- the propulsion of the vehicle, including the trac converter,
transformer or motors;

- the stopping of the vehicle - including the brakiapparatus electronics;

- a whole variety of ancillary equipment rangingnr auxiliary power,

air conditioning, and door controls.
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Each supplier's documentary evidence, that hispegemt meets
the specified EMC requirements will be includedhe electric vehicle.
It then remains only for the vehicle manufactur@rvalidate, from an
EMC viewpoint, the installation and wiring techneguemployed. This
will be partly by reference to the management pvamch lays down the
essential EMC working practices), partly by refeerto the quality
assurance procedures for the vehicle manufactuneyanization, and by
whole vehicle EMC (emission) tests

In conclusion the preparation of the Technical Doeuatation, for
vehicle will be based on rigorous testing of subtsgns and, the
validation of installation and design practicesabgombination of:

« EMI RISK ANALYSIS: The vehicle environment is abuard with
many sources or electromagnetic interference. Santleese sources
are transitory dependent, and the magnitude ofritezference may
not be easily predictable. Critical equipment tigtsusceptible to
external interference may be unpredictable andetbes potentially
dangerous.

* RISK ACCEPTABILITY - It is clearly not satisfactorjo have an
EMI related hazards that could have catastrophiseguences and
that could occur frequently; however it may be atakle to have an
EMI related hazard with negligible consequencest tobacur
frequently. Environmental induced failures suchesesctromagnetic
interference, temperature and vibration are treatsdpart of the
failure integrity. Hazardous systematic failures eduto
electromagnetic interference can be assessed thienttanced EMC
testing.All tests are completely defined by standard IEOGLE4-4.

« EMC SAFETY REQUIREMENTS - The EMC requirements are

treated as minimum requirements unless the produandard
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specifically includes safety requirements. While thverall objective

of the approval process is to demonstrate thaapiparatus is safe for
use in its intended electromagnetic environmeritis a&ssumes that
the electromagnetic characteristic of the inten@éedironment is

known.

These essential requirements to comply with in ttése of
applications are described in the EMC Europeandiire 2004/108/CE.
Among the normative references of this standargtseother standards
are recalled:

- IEC 61800-3 Ed.2: Adjustable speed electrical @ogrive systems
- Part 3: EMC requirements and specific test.

- IEC 61851-21: Electric vehicle requirements fonductive
connection to an a.c./d.c. supply® ad, 2010.

To the purpose of performing EMC testing and charazation of
power electronic converters, electric drives andteel control systems
to be used in automotive driver's, the main refeeestandard is the EN
50121-3-2.

The frequency range considered for EMC testingledtacal and
electronic apparatus intended for use on vehidlagostock is from d.c.
to 400 GHz, even if, at present, testing is notraef for frequencies
above 1 GHz. The application of tests shall dependhe particular
apparatus, its configuration, its ports, its tedbgg and its operating

conditions.

5.3 EMC Testing

The test site for the emission EMC testing, botindemwted and

radiated, is a semi-anechoic chamber. It is adbtkloom covered with
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ferrite absorber tiles and it is equipped with tm@in EMC testing
instrumentation, as an EMI receiver, a broadbanterema, an RF
generator with the relative power amplifier, LISKlsne Impedance
Stabilization Network), CDNs (Coupling Decouplinggtork), electric,
magnetic and current probes, test generator relatdtie electrostatic
discharge and fast electromagnetic pulses tesherQacilities that can
be used are several PCs equipped with modellingylation and design
software as Matlab and Ansys.

5.4 Test Set-Up

In Fig. 5.1 is shown the current probe method sestup scheme
for conducted emission specified in CISPR-14 an8RR-16. The EUT
(Equipment Under Test) is supplied by a linear posgpply via two
LISN (Line Impedance Stabilization Network ), oroe €ach DC power
line (line and ground).

Fig. 5.1: Conducted emission testing set-up (caurpgobe method) scheme (top
view): 1 EMI receiver 2 ground plane, 3 EUT, 4 rmonductive
supports, 5 current probe, 6 power lines, 7 LIS®@power supply.

180



In Fig. 5.2 is shown the test set-up according ISRR-14 and
CISPR-16 for the radiated emissions.

Fig. 5.2: Radiated emission testing set-up scheageview): 1 EUT, 2 cables, 3
LISN (Line Impedance Stabilization Network), 4 gnoluplane, 5 non-
conductive supports, 6antenna, 7 EMI receiver.

In Fig. 5.3 is shown the architecture of the electehicle under
test and in Table 17 its main specifications, mdalenin Fig. 5.4 is

shown a picture of the device under test.

CAN bus

I )

Controller

t _________ ;

DC

DC-bus

Fig. 5.3: architetture of the vehicle system
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Fig. 5.4: Electric wheelchair

Table 17: Device under test specifications

Device specifications Value

Overall Traction power (W) 205

Battery pack max current (A) 17.5
Rated Voltage (V) 24

Rated Voltage of Super Condensators 25.6

(V)

Battery module Pb
Max current of Super Condensators (A) 30

The conducted and radiated emission tests havedaggad out in
the frequency range between 150 kHz and 1GHz. €kgerimental
activity has been accomplished in the semi-aneclobi@mber, with
ferrite tiles, located in the Laboratory of the Uamsity of Rome “Roma

Tre”. In order to carry out the radiated measurefow 1GHz, the
pyramidal polystyrene has been replaced with &tiés. In Fig. 5.5 is
shown the anechoic chamber and in Fig. 5.6 the aosgn between the

characteristics frequency of the two paneling.
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Fig. 5.5: Semi-anechoic chamber with ferrite tiles
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Fig. 5.6: Frequency characteristics of ferritestigsd pyramidal polystyrene ferrite

5.5 Experimental results

Both conducted and radiated emissions measurennavies been
carried out in normal operational conditions of #ectric vehicle, that

is, with the drive wheels in movement.
In Fig. 5.7 is shown the conducted emission. Nol Eiler is

applied to the electric vehicle. The green linerespnts the conducted
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emission limits prescribed by IEC 61851-21 in tHeKHz — 30MHz
frequency range. With no EMI filter the conductedission fails the
limits.

The most critical frequency range is 500kHz-5MHzg(F5.8) in
which the conducted emissions are above the pbestrimits in the
whole frequency range. The concentration of thedooted disturbance
emission in this frequency range is mainly causgdthe switching

power converter hardware.
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Fig. 5.7: Conducted emissions 150kHz-30MHz. No Eher
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In Fig. 5.9 and Fig. 5.10 are shown the radiatedsgion of the
electric vehicle carried out with a Bilog antennmathe 30MHz — 1GHz
frequency range in horizontal and vertical polar@a of the antenna.
The IEC 61851-21 doesn’t prescribe limits on ragtaemission, so
limits prescribed by CEI EN 61800-3 were considered
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Fig. 5.9: Radiated Emissions, horizontal polaraati
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Fig. 5.10: Radiated Emissions, vertical polarizatio
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The radiated emissions resulted under the limitaBd&EMI filter
was used for the attenuation of the conducted emnis®nly.

In Fig. 5.11 is presented the general schemeeoEMI Filter. For
the selection of the components, a common modectodu, = 0.3mH,
ceramic capacitorsC,=C,=10nF have been chosen. The leakage
inductance of the realized common mode inductor lzanused as a
differential mode inductorlLg in the EMI filter Fig. 5.11) instead of a
dedicated inductor. Considering that the leakag#udtance of the
common mode inductor is about 56uH, it can be amrsdLy = 56uH,
so no further differential mode inductor is insdrténserting only the
differential mode capacitofS,. In this way a good EMI performance can
be archived with no considerable increase in EMBffisize (total size is

mainly due to inductors).

LIS EMI Filter
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i (o ¢ : — NN e A j_ i

50Q l Cy

i | T Cu L TCe E EUT
el | T

! : 3 * AN SN * o—

___________________________________________________________________________

Fig. 5.11: EMI filter

In Fig. 5.12 is presented the Bode plot of thagiesl EMI filter.
It has a cut-off frequency of 106 kHz. So all theguencies in the range
150 kHz — 30MHz are attenuated.
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EMI Filter Bode Plot
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Fig. 5.12: EMI filter Bode plot

With the designed EMI filter applied the overall nclucted
emissions are attenuated enough to satisfy thesliprescribed by the
IEC 61851-21 with an acceptable safe margin, earntbe seen in fig. 12.
The most critical frequency range seems to be $03MVIHz (fig.13) in
which the conducted emission are below the limits.

E 75
T 65| ASS LIMIT
% 55 I ' i
5 45HJ (gl iy !.11]._1[1',-.“.
— f A n 4
g L |'l hd"lh UH MWy 'Mh‘l'lj' W T LU “n'\"n'#u'u,4,1 A
v " RS LT 1Y
N “h'] “’MI"'
U 25
b=
I
ﬁ 15
=
5 o°
= START 15B@ kHz STOP 3B.PE MHz
Frequency

Fig. 5.13:Conducted emissions 150kHz-30MHz. No EMI filter
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In this Appendix EMC safety considerations and EMC
characterization of an electric wheelchair havengeesented. A general
overview of the EMC directives regarding electriehicles and
adjustable speed power drives has been presentad.exdensive
experimental test campaign has been carried owt sBemi-anechoic
chamber in order to evaluate the overall EMC penfiorce of an electric
vehicle. For conducted emission limits IEC 61851%24s considered
while for the radiated emissions was consideredGk¢ EN 61800-3
regulation. The radiated emissions were under ithisl prescribed by
the regulation even without the EMI filter appliexdthe electric vehicle.
So the design of the EMI filter was focused on #tienuation of the
conducted emissions. With the purpose to reduceecesfy the
conducted emissions, an EMI filter was designed applied to the
electric vehicle. The Bode plot of the designed HilMér was presented.
The attenuation of the conducted emissions dudd¢oEMI filter was

considerable and the EMC compliance was archived.
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Conclusions

In the first part of the thesis an introductionRower Quality an
most common issues related to Power Quality warengi

The second part of the thesis dealed with the mimation of the
demand of the Electrical power supplied by the Gifadr this purpose a
Gantry crane power drive system with a maximum ciyaf 50 tons
coupled with an ultracapacitors based storage mystes presented.
Two different criterias were taken into considaeratin order to perform
the sizing of the Ultracapacitors. The first ones\ilae total energy spent
during the power peaks of the whole work cycleh&f Gantry crane; the
second one is the energy related to the descerafiige load. The
Matlab-Simulink based simulation model of the systwas presented
and simulation results were shown. In order toehan optimization of
the utilization of the Grid power, a regulationaségy was presented. A
scaled esperimental model was built in order to enthle validation of
the simulation model. The experimental data preaegod match with
the simulated data. Afterwards, extensive simumatitests were
performed. It is shown that by using this modeis possible to decrease
the average power suppliead by the Grid, thus pioissible to decrease
the size of the power rectifier as the nominal eowould be lower
(less expensive). Of course, on the other hande thdl be an additional
cost of the whole system, due to the Ultracapaxisborage system. An
economic evaluation of costs and benefits was dfmre different
simulation cases. It was shown that the payback tifnthe investment
would be less than 5 years, considering a lifetiinie plant of about 15

years.
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The third part of the thesis dealed with the optettion of the
Power Grid at the Point of Common Coupling (PCQ)jisTis done by an
Active Front End which performs Reactive Power pemsation to
obtain unity Power Factor at PCC point.

First the control strategy of the Active Front Emds presented.
Afterwards a Matlab-Simulink model was shown. Fdextwar
compensation was used to have a faster dynamiomsspof the Active
front End. An extesive set of simulations was pewd using different
load conditions to simulate variable Grid condison From the
simulations resulted that after the change in ¢iael lcondition occurred,
the Active Front End sets to zero the phase displ@nt between phase
voltage and phase current, thus Power Factor #hik.i$ done by trying
to maintaing the reactive current to null whiledew active current to
the own load.

Voltage sags and voltage notches were simulatadvestigate
the behavior of the Active Front End in presencehafse disturbances.
For both disturbance grid single phase and gridbiloyphase were
considered. In both cases, after the occurrenctefdistubances, the
Active Front End sets the reactive to zero (thetrea current reference

remains always zero), thus resets the phase d&spknt back to zero,
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