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Abstract

In this thesis, a high performance battery charfger electric vehicles
(EVs) is investigated. By including active power line conditioning
capabilities in the battergharger, aviable conceptfor a fast charging
infrastructure is obtainedyeneficial both to the EV users and thewer
distributors.

The thesis containsdiscussions onmodelling aspects and design
considerations for the proposed battery chargased on &arrier wave
modulated self commutated 2-level voltage source converter topology.
Furthermore, model based controller synthesis is employedthandugh
analysis of the controller characteristics is given.

Emphasis is put on the active filtering performance of betery
charger. The weaknesses of the model based control system infdtetive
applications are revealed, where especially the inh@teede deviation of
the controlsystem and the sensitivity to systgrarameters deteriorates
the performance of the active filter.

In order to overcomehe deteriorating properties of the modmsed
controller, a controller structure foactive filters based on several
integrators in multiple reference frames is proposed. It is shown, both
theoretically and experimentally, that the proposed controller exhibits low
sensitivity to systenparameters and provides feaomplete compensation

of the inherentphase deviation. Theesult is excellent conditioning
performance of the proposed active filter controller in steady state.
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1

Introduction

This chapter provides an introduction to the thesis and points out the main
objectives with the work carried out leading to this thesis.

1.1 Background

The Electric Vehicle (EV) has lately, during the past 10 years, toees

for thorough research where the major concern is to find a replacement
for the Internal Combustion Engine (ICE) driven vehi@avironmental
aspects such dke air pollution due to themissions of théCE are the

key driving forces for the research in alternatives to the I&&other

fact is the limited oilreservoirs,which in the future inevitable will be
depleted.

The tremendous development in the area of power electronics in terms of
size, rating and frequency characteristics together with adapted electrical
motors make high performance EV drives possible. Peeformance
characteristics, i.e. togpeed and acceleration capabilities, of the high
performance EV drives are similar or superior to the ones obtained by an
ICE [16].

The major short coming of the present EV originates from the limited
energy storage on-board the vehicle, which reduces the obtadrabley
range compared to an ICHigh power/energy density storage of electric
energy is hard to achieve and expensive. But improvemeriaitery
technologyfrom lead-acid to NiCd oNi-MH has considerable increased
the storage capacity. The driving range of present EVs is approximately
70-100 km per one full charge, though dependent on the driver.

In order toincrease the driving range of the EV, on-board charging

systems such as IC#iriven generators or fuel cells can be included. This

gives higher freedom in the operation of the ICE. The ICE can be
operated optimally with respect to emissions, efficiency or fuel

consumption leading to improved overall performafit®. Acceleration

and peak power are then provided by the electrical supply. Fuel cells, on
the other hand, provides electrical power through electro-chemical
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reaction. Fuel cells have high power/energy density and etbetro-
chemical reaction is almost emissitvae, but they arexpensive and still
lot of development has to be done [28].

To further provide awide take-up of EVs, a public charging
infrastructure isneeded [30]. Such @nfrastructure would increase the
mobility of the EV driver at least if fast charging, i.e. charging with high
power, is an alternative. The driving range in between charigistgnts
would be the same, but fast charging reduces the charging time
considerably. Therefore, an EV driver may accomplish a 2-3 tioreger

daily driving range.

The topic forthis thesis is to describe how such a felsarging station
could be implemented in order to obtain the best use of the investment.

1.2 Charging — Fast charging

Charging of a battery is accomplished by the supply of acDi@ent to

the battery. The DC current provides electrical charges that are stored in
the battery through an electro-chemical proc&asce current isdefined

as the transport of electrical charges per time, the energy delivered
during the charging process is determined by the amount otubfent
supplied and the elapsed timElectrical energy is transferredrom
generator to consumer in AC quantities. These AC quantities have to be
converted into DC quantities in a controllable manner suited to the
voltage/current levels of theattery. This is the taskor the battery
charger.

Battery chargers are grouped in on-board and off-board chargers. An on-
board charger is individual to the EV and located internally in the vehicle,
while the off-board charger is of external and stand alone ©@ffehoard
chargers are typically located at a charging station or at pawkiegs.

The principle of operation is the same but the on-board chaeydorms

the AC to DC conversion inside the vehicle, thus the vehicle is charged
from an AC supply. The off-board charger, on toatrary, acts as a DC
supply where the AC to DC conversion is made elsewliemn the
vehicle point of view.

Both on-board and off-board chargers can opefam single orthree

phase AC supplieOn-board chargers are mainly of singlbasetype,

since weight and size are crucial in vehicle applications. Howevkrea-
phasechargercan provide three times the charging power dfirggle
phasecharger,since allthree phases can bleaded as much as the single
phase charger loads one phase. Therefore, the charging time is reduced by
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a third. Table 1.1lists performance characteristics of different types of
chargers, when charging an EV corresponding to a dridisgance of

100 km. The energy consumption of the EV has been estimated to 20 kwWh
per 100 km in the comparison. The corresponding refuelling time for
ICE vehicle is also given in Table 1.1.

Table 1.1 Charging power and time corresponding to a driving distance of 100 km.

Fuse / Phases Power Time Type
16 Ax1 3 kW 7h On-board
16 Ax3 10 kw 2h Off-board
120 Ax 3 75 kW 15 min Fast charging station
1/2 min Gas station

Off-board chargers operate either in a conductive or inductiaener.
Conductive chargers supply the electrical energy through conductors all
the way from the DC output of the charger to the terminals obdttery.
Inductive chargers, on the other hand, have a galvasitated
intermediate stage, i.e. a high frequency transformer, betwearhgnger
DC output and the battery. ThEimary winding ofthe high frequency
transformer is preferablyocated in the connector handle whereas the
secondary winding is located inside the HM][29], thus providing
galvanic isolation throughout the charging process. Howevelps$ses in
the high frequencytransformercan reduce the energy efficiency of the
charging process.

A major problemassociated witltharging of EV batteries is the lack of
standardisation, since almost every car manufacturer has their own idea of
how it should be done. Due to this, both types of chargers are focus for
development and research [5][21].

Hereafter, only three phase conductive chargers are investigated.

1.3 Influence on the power grid

An introduction of EVs will have an impact on the power grid and its
operation. Typically, on-board chargers will bsedduring night time

when the car is parked at a residence. Usually, at night time the load on
the power grid is low resulting in high voltage, whichuseghe power

grid operators talisconnect capacitor banks and even inseactors in

order tomaintain the voltage magnitude. In this sense, EV charging at
night can even improve operation of the povgeid, since the load is
smoothened out over the day. Fast charging and maintenance charging at
car parks, on theontrary, areused mainlyduring day time inorder to
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increase the operating range of the vehicle. At day time the load on the
power grid is high and an increase due to fast charging can cause overload
situations [12][31].

EV chargers will contribute to the increase of power electronic loads on
the power grid,sincepower electronics is necessary in the AC to DC
conversion of electrical energy. Power electronic loads cause, dheito
non-linear characteristics, distorted or non-sinusoidal currents on the
power grid. The distorted currentsuse voltagelistorsion due to self
impedance in cables atdnsformersVoltage distorsion leads to ageing
and even to damage and malfunction of sensitive electrical equipineent,
computers. Other harmonic current generating electrical equipment are
switched mode power suppli€SMPS) incomputers and televisiosets,
adjustable speed drives (ASD) and fluorescent lights.

Current andvoltage distortion are considered as a problem in the
operation of the power gridjespite difficulties in determining thesal
consequences dheir presence. Anyway, the problem with harmonics
have been recognised and standdodselectrical equipment, in terms of
harmonic emission and immunity, are being established. damsequence
hereby, fast chargefsased on line commutatednverters, i.e. diode or
thyristor bridge rectifiers, thougbheap and relatively simple should not
be used, since they do not fulfil these standards on harmonic emission into
the power grid. This isoncludedirom Figure 1.1, where a typical non-
sinusoidal linecurrent from a linecommutated charger together with its
harmonic content are given.

|EC 1000-3-4
h | /1
1% %]
5 | 214 95
, 7 | 127 65
: : : 11 | 90 31
010 2 3 tm || g >
1f 1 | 17| 57 1.2
19 | 49 11
23 | 41 0.9
05} { | 5| 38 0.8
29 | 33 0.7
31| 31 07
0O 5 10 15 20 25 h 2P| - 0.6

Figure 1.1 Left) Line current from a thyristor based charger and its harmonic content.
Right) Comparison ofhe current harmonics against the IEG00-3-4
regulation on current harmonic emissions.
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1.4 Desired capabilities of the charger
infrastructure

A fast charger should beapable of charging EVs with grid-friendly
current, i.e. sinusoidal line current with unity power factor. It shaidd
be flexible enough to handle various battery types and sizes,téih
individual voltage levels and current rating.

In order toincrease the usage of a fastarger infrastructureadditional
capabilities in terms of powegrid conditioning can be included. This
means that instead of having a negative impact onptheer grid, a
charger infrastructure may provide a tool for power grid operators to
maintain, at least locally, a high power quality. The non-idea,
reactive, harmonic and asymmetric parts of the load cursbauld be
generated locally by the grid conditioning charger. The poged
supply would then only have to provide the active power of the load
current. Figure 1.2 describes schematically the operation princifsiechf

a grid conditioning charger. In this way, the load on distribution lines and
transformers will be lowered and a more efficienipply of electrical
energy obtained.

. Psupply Pload _
Electrical > — > . Electrical
supply m loads

|:)chargingl T Sconditioning

Battery charger
+

Grid conditioner

Figure 1.2 Schematic diagram of charger with grid conditioning capabilities.

Another, more controversial capability that can be included ifasa
charger infrastructure deals with peak power generation, i.e. gudiver
support at high load. EV batteries attached to fast chargers may be
considered as a potential energy reserve. During short periods of time,
energy could be borrowed from the batteries anpplied to thegpower

grid. This means that the fastharger operates as an electronic gas
turbine. This last capabilithas to be applied witlgreat caresince the
primary function of &ast chargerhas to be to charge EV batteries and
not the opposite.
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Summarising this discussion leads to a number of capabilities desired for a
fast charger infrastructure:

« Charging of EVs with sinusoidal line current and unity power factor.

* Grid conditioning capabilitiesuch as reactive power compensation,
harmonic filtering and load balancing.

« Possibility to act as an electronic ghasgbine, i.e. provideactive
power support during short periods of time by borrowing energy
from the EV batteries.

1.5 Thesis outline

Chapter 1 provides a short introduction of the aim of the project leading
to this thesis. In Chapter 2, basgrid conditioning concepts are
investigated and tools to accomplighid conditioning are presented.
Chapter 3 describes implementation, design and modelling considerations
for the proposed fast charger. In Chapter 4, ldhsiccontrol structures

and model basedontrollers for a fast charger are given. In Chapter 5
specific active filter control structures are thoroughly investigated. In
Chapter 6 experimental results of a charger prototype are presented,
verifying the proposed concepor fast chargers. Finally in Chapter 7
conclusion remarks are given.

Note that this thesis is one of two, evolviEdm the batterycharger
project. The accompanyirthesis [18], treatbardware relatecdspects of
the battery charger, whilthis thesis focuses ooontrol and functional
aspects.
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Grid conditioning

This chapter describes the intention of power grid conditioningritgn

and how it may be done. The power gronnects theproducers of
electrical energy with the consumers, making it possible to trapsfeer

from the centralised generators to the distributed consumbesefore,

it is desired that the voltage magnitude and frequency at the consumer end
are close to their nominal values and that the amount of voltage distortion
is low.

The power gridconsists of twagparts, the transmission network and the
distribution network. The transmission netwarénsists of a meshegtid
connecting different regions, Iitas high voltage and therefore capable

of high power transfer with loosses. The distributionetwork, on the
contrary, consists of radial feeders inside a region where the power flows
downstream fromsubstations to consumers. Thredial configuration in
combination with the self impedance of the conductors causesioagnt
dependent voltage drops and at the end of a feeder all upstream load
contributions to the voltage distorsion is seen. Another problem is that
resonance between conductors and capacitor banks or loads can be
energised by distorted currents which also causes voltage distortion.

Electric energy transfer through the power gridinstantaneousi.e.
there is no storage of electrical energy. Therefore, frequency control is
obtained by matching the active power production in the generators with
the power used at the consumer end, including ldsses in the
distribution and transmission networks. If this is not achievedgttess

or the deficit of electrical power produced will accelerate or decelerate
the generators resulting in a frequency variation.

2.1 Reactive power compensation — Voltage
control
Reactivepower compensation is equivalent to voltage control, that is by

controlling the reactive power flow in a network substantial control of the
voltage magnitude is achieved.
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Reactivepower Q in contrast to the active pow@r can not be converted
into mechanical work, i.e. kinetic energy or heat etc. Instead, the reactive
power represents an energy oscillation between loadgandrator.Still
reactive power is a necessary quantity in electrical engineering, since it is
used in electrical motors to build up the magnetic flux usedotovert
electrical energy into mechanicaiork. Reactivepower is asteady-state
property and defined as the imaginary part of twmnplex valued
apparent powe$g

S=U0 =P+jQ (2.1)
Problem — Losses and large distance transfer

Consider a loss less single distribution line with reactafa®nnecting a
stiff (reference) bus to a load bus as in Figure 2.1.

EC P X VvV
| —

|
I [T E—| |

Q

Figure 2.1 Power flow in a single line with reactanke

The transfer of active and reactive power, from the stiff bus, over the line
are strongly coupled and given by

_EV

Q =X£(E—V [¢osd)

P &ind

(2.2)

whereE is the voltage at the stiff bu¥,is the voltage at the load bus and
Jis the load angle, i.e. the angle difference between the voltages at the
stiff and load bus [10].

From (2.2) it is found that large amount of reactive power transfer results
in a significant voltage drop over the line. This is due todbpendency
between the load angéand the active power transfer. Itdaso seen that

a weak line, i.e. larg¥,, reduces the power transfer capability.

The reactive current contributes to the rms-value ofstneply current,
thus resulting in a higher supptyrrent thameeded inorder to deliver
the active power to the load. This affects the efficiency of the pgwdr
since inreality lines are notoss lessthere exist a small resistance in
addition to the reactance for every conductor. Theses in the
conductors are proportional to the square of dheent, therefore it is
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obvious that also active as well as reactivssesincrease with darge
amount of reactive power transfer.

Solution — Local production

Local production of reactive power at a load bus decreases the amount of
reactive power transfer over the linReducing the rms-value of the
supply current to only correspond to the active power demand at the load
bus. Therefore, the lossesand the voltage drop across the line are
decreased and a more efficient power grid is obtained. @&msequence,

the voltage at the load bus may be controlled close to the nominal value by
control of the reactive power input.

Shunt capacitor banks provide a simple way of reactpever
compensation, sdeigure 2.2. In a capacitor excited by a AC voltage the
current leads the voltage by 90in phasor notation, this phadead
corresponds to a injection of reactive current dhds production of
reactive power.Shunt capacitor banks are common distribution
networks, where they are connected alistonnected according to the
load fluctuation over the day iarder tomaintain a voltage magnitude
close to the nominal.

| | —

i? IT ' ITQI
tro e C

Figure 2.2 Reactive power compensation;shunt (left), TCR(middle) and series
(right).

A more sophisticated solution includes tayristor-controlled reactor
(TCR) in parallel with the shunt capacitorSuch a devicemay even
absorb reactive power during light load condition in addition to the
production of reactive power. This combination can be treated as a
capacitor bank with variable and even negative capacitance. Synchronous
condensers, i.e. synchronous motors with no mechanical loadalsan
control their reactive power output to provide reactiymwer
compensation.

Another form of reactive powerompensation involves series capacitors,
where capacitor banks are installed in series with the Tiheir effect is

to reduce the total series impedance of the #menfrom the source,
thereby reducing line voltage drops and increasing the line loadability.

Lately, even moreadvanced compensatostructures, wherepower
electronics are included, have been proposed. The unified power flow
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controller (UPFC) consists of two converters connected back to back, one
in series with the line and the other one in pardBgl The UPFC are
intendedfor use on transmission systems andvésy flexible. It can
perform shunt reactive compensation as well as voltage magnitude and
load angle control and line impedance compensation.

2.2 Load balancing

A balanced power grid is obtained if the thigeasesare equally loaded,

i.e. eachphasetransfers one third of the total power. This gives st
utilisation of the power gridsinceduring balanced conditions thghases

are affected in theame way Electrical loads can be either one, two or
three phase loads but since a line feeds several loads, the totasdead
from the source idalanced if a large number of loads are distributed to
the differentphase conductorddencefor the transmission network and

the higher voltage distribution networks the balanced condition halds

But close to the consumers, the load may be imbalanced due to the low
number of loads to be distributed.

Imbalanced loads or systems may be analysed in steady state by the use of
symmetrical components [10]. In accordance with symmetrical
components, any balanced or imbalanced three phase quantity are resolved
into three sequence components, that pesitive-, negative- anaero-
sequence componeniBhe positive-sequence componeansists ofthree
phasors with equal magnitude and 12fhase displacement in positive
sequence, i.e. imbc sequencerefer to Equation (A.5). The negative-
sequence component also consistdhwée phasors with equal magnitude
and 120 phase displacememiowever in negative sequence, i.e.acbh
sequence, while the zero-sequence component have pbase
displacement. Figure 2.3 shows an example ddréitrary unsymmetrical
current separated into sequence components.

a) b) <) d)

Figure 2.3 Sequences of an arbitrarily unsymmetricalrent, a) positive-sequence,
b) negative-sequence, c) zero-sequence and d) total current.
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In Appendix A.1, the definition of the thrgghase to two phaseector
transformation gbc- af) is given. A balanced system with positive-
sequenceabc sequence, and rms-valuean be represented as a vector in
the stationary referenagB-frame as

7 =J31el (2.3)

while for a balanced system with negative-sequeramd sequence, the
vector is according to

P9 =31 e7ied (2.4)

Positive- and negative-sequence components can thus be separated by the
rotation direction of the vector in the stationary refereafeframe, see

Figure 2.4. Applying thesametransformation on &alanced system with
zero-sequence gives

i =0 (2.5)

This means that zero-sequence componams not represented in the
stationary referencef-frame.

Figure 2.4 Rotationdirectionof vectors in the stationatf§-frame, positive-sequence
(left) and negative-sequerfaght).

In order to obtain a vector transformation that is valid also for zero-
sequence components, the given transformation in Appendix A.1 can be
modified according to [25] where abc- af0 vector transformation is
used.

Problem — Neutral currents and voltage distorsion

Imbalanced loads cause a distorted current distribution among the phase
conductors as well as current in the neutral conductor. This leads to

higher losses in the phase conductors than for a balanced load and may
cause overload of a phase conductor. Neutral currents can result in

circulating currents in transformers and additional losses in the windings

and in the neutral conductor.
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Another aspect of imbalance currents and especially neutral currents is the
effect on the voltages at the load due to the self impedance in the
conductors. The voltage drop in the neutral conductor affectsithel

zero potential at the load, resulting in an imbalance of the tphese
voltages in terms of magnitude aptase displacement. This maguse

over- and/or undervoltage in some of the phases, which in turncauwsg
malfunction or destruction of the electrical equipment connectetiese
phases.

Solution — Redirection of load currents

The most obvious solution to load imbalances is to physically connect
similar loads to differenphase conductors. Load balancing may also be
obtained by redirection of load currents by a symmetrisation unit, see
Figure 2.5. The average power used in the load mainly corresponds to the
positive-sequence of the load current due to the balanced supply voltage of
positive-sequence. Therefore, the negative- and/or zero-sequence
components of the loadurrent may be generated locally atigus
eliminating those componenfsom the supply current. The resulting
supply current would only contain the positive-sequence component of the
load current and the unsymmetrical load ssen as an equivalent
symmetrical load from the supply point of view.

21 0° 31 0° | 0° 3l 0°
A > > A—» >
A ST )
c — C—»
N 31 0° 30 N 30
& . (Rl .
= 3§ g Sls e
A _V} _w} A _w} _V} m{}
Neg. seq. Neg. and Zero se(q.
symmetrisation symmetrisation

Figure 2.5 Load balancing principle, negative-sequence compensdlidt), and
negative- and zero-sequence compensation (right).

In Figure 2.5, thdvasic operation principles of such symmetrisation units
are shown. In the left figure, theegative-sequenaaurrent of the load is
provided by the compensator, thus resulting in only zero- and positive-
sequence supplgurrents. Total symmetrisation is obtained in tight
figure by injection of the negative- and zero-sequence currents, resulting
in a balanced supply current of positive-sequence and no neutral current.
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2.3 Harmonic reduction in distribution networks

Electrical equipment made of power electronics connected togtite
causes, due taheir non-linear characteristics, non-sinusoidatid
currents. According to the fourieanalysis, every periodic waveform can

be treated as the sum of one or several sinusoidal wavefordiferent
frequencies, i.e. the fundamental frequency and multiples of the
fundamental frequencySincethe grid voltage is nearly sinusoidal, the
power used by a harmonic generating load corresponds to the
fundamental frequency component of the loagirent. The current
harmonics are a non-desired by-product due to the switched operation of
line commutated rectifiers, i.e. diode or thyristor controlled rectifiers.

Current harmonics are in fact a steady-state problem due to their periodic
and repetitive behaviour. However, current transients origindtiom
inrush currents at start up or at distinctive shut downs or disconnection of
loads can also be treated, in accordance tdotlnger analysis, agurrent
harmonics despitéheir lack of periodicity. Still, transients aritheir
corresponding current harmonics will disappear after a sufficiently long
time.

A typical load current and the corresponding harmonic spectrum of a line
commutated threphaserectifier can be seen ifrigure 1.1. Thecurrent
contains the fundamental frequency and harmonics of @idgr wherek

is any positive integer. Theurrent harmonicgan further be resolved

into sequence components, i.e. positive- and negative-sequences, according
to Table 2.1. Theabsence of zero-sequenbarmonics is due to the
balanced configuration of thregphase line commutatedectifiers.
However, single phase line commutatexttifiers have additionatero-
sequence harmonics of ordé+3 wherek = [0,1,2...].

Table 2.1 Harmonic sequences of three phase line commutated rectifiers.

Sequence Harmonics
Positive 1, 713, 19, ...
Negative 511, 17, 23, ...

The load current of a line commutatexttifier can be represented in the
stationary referencef-frame as

TL%gd :\/éllej(wltﬂol)_'_ Z\@he—j(m&t%).,. z\;§|hei(rwlt+%) (2.6)
h=6k-1 h=6k+1
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wherel, andl, are the rms-values of the fundamental cur@rhponent

and the individual current harmonics, respectively. Equation (2.6) gives a
true representation of the current of threphase line commutated
rectifiers, whereas fosingle phaseectifiers the current harmonics of
zero-sequence are absent. This is due to the vector transforragdn
refer to (2.5).

Problem — Losses and voltage distortion

Current harmonics result in a distorted voltagehich may cause
malfunction of sensitive electrical equipmeing. computers. The voltage
distorsion is due to the voltage drop across the non-zero impedance of
cables andransformers. The current harmonican also caussevere
voltage distorsion due to resonance oscillations between the self
inductance in the distribution network and the shunt capacitor banks for
reactive power compensation [3][14].

Current harmonicxause additionalosses inthe distribution network.
Transformers ar@xposed tdhermal stresses due to an increasérom
losses caused bthe distorted voltages ancurrents. This may lead to
derating as well as premature ageing of tfamsformers. For electrical
motors, the voltage distorsion causes thermal stresses and torque ripple.

Solution — Harmonic filtering

Current harmonics are often treated adsaal problem at leador one
feeder in the distribution network. The impedance of the distribution
network dampens the harmonic propagatjid]. Therefore, harmonic
filtering should be performed nearby the source of the current harmonics
for the best result. If this is done, other equipment will be unaffected by
the harmonic producing load. Harmonic filtering or compensation is
accomplished by the use of passiileers, shunt active filters (AF) or
series active filters.

Passive filters

Passiveilters for harmonic reduction provide lownpedance paths for
the current harmonics. The current harmonics flow intosientfilters
instead of back to the supply. A typical shunt pasdiker and the
resulting equivalent impedanseenfrom the load areshown in Figure
2.6. The passivefilter consists of series LGilters tuned for specific
harmonics in combination with a general high pass fileed to eliminate
the rest of the higher order current harmonics.
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Figure 2.6 Typical passive filter for reduction of current harmonics and the equivalent
impedance seen from the load.

The performance of passivefilter is strongly dependent on thsystem
impedance at the harmonic frequenci@s]. The system impedance
depends on the distributiometwork configuration and the loads.
Therefore,design of passivélters involves thoroughsystem analysis in
order to obtain adequate filtering performance of the filter.

Shunt active filters

A shunt active filterconsists of aontrollable voltage oicurrent source.
The voltage source converter (VSBased shunt AF is bfar the most
common type used today, due to its well known topology stnaight
forward installation procedureseeFigure 2.7. Itconsists of a DC-link
capacitorC,,, power electronic switches and filter inductays

Grid @ iLine — iLoad t Load
L
Lt {@ ]Edc

VSC

Figure 2.7 Principle configuration of a VSC based shunt active filter.

The operation of shunt AFs is based on injectiorwfent harmonics,,

in phase with the loadurrent i 4, harmonics, thus eliminating the
harmonic content of the line (supplgyrrenti .. That is, suppose the
load currentcan be written as the sum of the fundamerairent
component and the current harmonics according to
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i Load =1 Load, fund * | Load rarmonics (2.7)
then the injected current by the shunt AF should be
Tar = rLoad,harmonics (2.8)
The resulting line current is
TLine =Tioad ~iaF = rLoad,fund (2.9)

which only contains the fundamental component of the madent and
thus free from harmonics. Figure 2.8 shows the ideal phase cuwkeis
the shunt AFperforms harmonic filtering of a diodeectifier. The
injected shunt AF curremtompletely cancels theurrent harmonic$rom

the load, resulting in a harmonic free line current.

T T T

1 1 1

0 10 20 30 t [mg]
Figure 2.8 Shunt AF operation principle when performing harmonic filtering.

From the load current point of view, the shunt AF can be regarded as an
varying shunt impedance. The impedance is zero, or at least small, for the
harmonic frequencies and infinite in terms of the fundamental frequency.

Series active filters

Series active filters are connected in series with the line through a
matching transformer. VSCs are appropriate as the controlled sexene
for series AFsthus the principle configuration of series AFs aimilar
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to shunt AFs. The filter inductors of shunt AFs are replaced with the
series transformer, see Figure 2.9.

. VAF .
Grid @ ILine VAR ILoad t Load

L {le

| ICac

VSC

Figure 2.9 Principle configuration of a series AF system.

The operation principle of series AFs Imsed on isolation of the
harmonics in between the load and the supply [4]. This is obtained by the
injection of harmonic voltages across ttransformer line side. The
injected harmonic voltages affect the equivalent line impedancefisman

the load. The equivalent line impedance canrdgarded as infinite or
large for the harmonics whereas should ideally be zerdfor the
fundamental frequency component. The operation principle of a series AF
is illustrated in Figure 2.10.

is isfund Zeq—O iLfund ish Zeq—oo iLh

i
Zs ZSfund i AFfund AFh
VSfund VSh

Figure 2.10Series AF operat|0|pr|nC|pIe; a) smglephaseequwalent ofseries AF,
b) fundamental equivalent circuit, and c) harmonic equivalent circuit.

Harmonic isolation is achieved by means of the infinite impedéorcéne
current harmonics in series with the line. That is, no current harmonics
can flow from load to source or from source to load. Current harmonics
produced elsewhere on the source side of the series AF canteidere

with loads on the load side, i.e. passive filters and shunt capacitors.

Hybrid filters

Hybrid filters consists of combinations of shunt/series AFs and shunt
passive filters. The main purpose of hybrid filters are to reduce the initial
costs and toimprove efficiency. Thepassivefilters reduces the bulk
harmonic content of the load current, whereas the active fitindles the
rest of the harmonic content not filtered by passivefilters. Therefore,

the rating of the active filter can be decreased compared to aadtared
active filter and thus reducing the initial cost. Figure 2shbws two
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examples ofhybrid filter configurations, additional configuratiomsve
been reported in the literature [3].

@ Léld @ A Load
il j i
LhéH 1 LT, T
1 Shunt 1 Shunt
Shunt AF Passive Filter Series AF Passive Filter

Figure 2.11Hybrid filters; left) combination ofhunt AF and shunt passive filter, and
right) combination of series AF and shunt passive filter.

The optimal solution to harmonic reduction in distribution networks in
terms of performance characteristicsnsists of the combination of a
shunt and a series AF with a common DC-ligke Figure 2.12. This
combination isreferred to asthe unified power quality conditioner
(UPQC) and has the same configuration as the UP&f€r toSection 2.1
page 10. However, the UPQ®©r distribution networks differ from the
UPFC for transmission networks in terms of operation, purpose and
control strategyf3]. The conditioning functions of the UPQ&e shared

by the series and shunt AFs. The seriesp&Forms harmonidsolation
between supply and load, voltage regulation and voltage flicker/imbalance
compensation. The shunt Aperforms harmonic current filtering and
negative sequence balancing as welteggulation of the DC-link voltage
shared by the AFs. The DC-link voltage regulation is obtained by
balancing the active power from both t&Csincluding alllosses in the
passive as well as the active components.

} IaF ; Lé
gl =

Figure 2.12Configuration of the unified power quality conditioner (UPQC).
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Design and modelling
of the battery charger

In this chapter, the hardware topology of timwestigatedcharger is
discussed. Design considerations and mode#syects othe charger are
given. The topology selectiofor the battery charger ibased on the
desired capabilitiefor a fast charger infrastructure derived Section
1.4:

« Conductive charging of EVs with sinusoidal line current.
» Grid conditioning capabilities such as:

Harmonic filtering

Load balancing

Reactive power compensation
» Possibility to act as an electronic gas turbine.

These requirements and restrictions indicate the type of power electronics
to use. Line commutated converter topologies can not be used, due to
their non-sinusoidal lineurrent. Thesecond point hints the usage of an
active filter topology as the line side interface of the batmrger.
Finally, the third capability isaccomplished if the battergharger is
designedor bi-directional power flow, i.e. the powean flow in either
direction between the power grid and the EV batteries.

3.1 System description

The selectedbattery charger topology able toarry out the listed
capabilities is shown in Figure 3.1, where the point of common coupling
(PCC) towards the power grid and an EV battettached to theharger

are also shown. The battery charger consists of a DC-link cap@gita
three phaseVSC connected back to back to a half bridgenverter, and
passive filters.
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Figure 3.1 The selected battery charger topology.
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The passive filters are, due to the switched operation of the VSCs,
essential components of the battery charger topology. The output voltage
pulses of the VSCs are filtered by the passive filters, reducing the high
frequency current components. Hence, sinusoidal line currents as well as a
low ripple battery current are obtained. The passive filters shown in
Figure 3.1 consist of third order LCL-filters instead of ordinary first
order L-filters. The reasons are discussed in Sections 3.4 and 3.5. At the
moment, it is sufficient to say that the high frequency as well as the low
frequency characteristics of the LCL-filter are beneficial compared to the
L-filter configuration, i.e. the equivalent impedance is high for the high
frequency current components and low for the active filter currents.

The line side of the battery charger topology forms an equivalent shunt
AF. The decoupling of the converters provided by the DC-link capacitor
ensures that the functionality of the shunt AF is separated from the battery
side operation. Therefore, harmonic filtering as well as load balancing
and reactive power compensation may be accomplished by the topology
selected. However, the lack of a neutral conductor makes balancing of
zero-sequence current components impossible. Thus, only negative-
sequence current balancing is achievable according to the discussion in
Section 2.2.

Finally, the half bridge DC-DC converter enables charging of EV
batteries of different voltage levels. Furthermore, it allows bi-directional
battery current and thus that the battery charger is able to function as an
electronic gas turbine.

3.2 Converters

The VSCs of the battery charger consist of four bridge legs as shown in
Figure 3.2. Three bridge legs form the line side converter while the
fourth bridge leg acts as the DC-DC converter at the battery side. A
bridge leg, or a half bridge converter, consists of two transistors each
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connected to an anti-parallel diode. The transistors shmeliérably be
IGBTs! due to their superior overall performance characteristies,
forward voltage drop and switching times, in the power range considered.
Soft recovery free-wheeling diodes shouldused inorder toget less

snappy turn-off at reverse recovery of the diodes.

@ @ ]
Figure 3.2 The VSCs of the battery charger including drivers for the DC/DC half

e
bridge converter.

VdCE: Cudc

In Figure 3.2, additional drivers needed to convert the logic control signal
s into gate voltages suitable to the IGBTs are also shown. The logic
inverter block prior to the lower IGBT driver ensures that the IGBTs are
not simultaneously conducting. Thus, short circuit of the DC-link
capacitor is prevented.

Ideally, there are no losses in the VSCs and current commutation is
instantaneous. However, this is not the case for practical VSCs. In
practical converters the power electronic devices are not loss less and the
switching times are finite. When a power electronic device is conducting
current, a simultaneous voltage drop of a few volts across the device
appears. The finite switching times imply that the current and the voltage
are simultaneously high, leading to large instantaneous power dissipation
during the switching transients. These losses, referred to as conduction
losses and switching losses, are the limiting factors in the current loading
capability and the switching frequency. Stray inductance further stresses
the power electronic devices at the switching instants [27]. Therefore,
snubbers to reduce these effects are often needed.

The finite switching times further imply that during commutation both
IGBTs may conduct at the same time, since one IGBT is turning on and
the other one is turning off. This implies that the DC-link capacitor is
short circuited at the switching instants. This is prevented by additional
control logic in the drivers. The turn on of the IGBTs are delayed in
order to guarantee the completion of the turn off process of the other

1 Insulated Gate Bipolar Transistor
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IGBT. This isreferred to aghe interlock or blanking timesince both
IGBTs have temporarily logic low control signals.

The energy efficiency of theSCsmay be improved by thase of soft-
switched topologies instead of the hard-switched shown in Figurgl 3.2
Extensive analysis of resonacbnverters are performed in the parallel
thesis [18] and therefore not considered in this thesis.

Instantaneous modelling

In order tomodel theVSCs,the simplified equivalent circuit oFigure
3.3 is used. The equivalent circuit is derivebed on the ide@roperties
of the VSCs. Hence, the upper valve of the half bridge is condustieg
the logic control signal or the half bridge switching statés high,
whereas the lower valve conducts wiseis low. High and low value of
the switching state corresponds to one aedo, respectively, in the
following discussion.

Vlink+

J Spatt ! ibatt
o= 40( :\o—+>—a
Uibatt
Viink— -

Figure 3.3 Simplified ideal model of the VSCs.

The instantaneous uni-polar output voltageg, of the half bridgeDC/DC
converter is given by

Utpatt = Spatt Vac (3.1)

where s, corresponds to the switching state of the DC/Bdhverter.
Whens is low, the output voltage is ideally zero, since the outgrrhinal

is shorted by the lower valve to the DC-link negative supaily If, on

the other hand, the switching statis high then the upper valve is active.
Hence,the output terminal is connected to the positive supaily of the
DC-link and the output voltage ideally equals the value of the DC-link
voltage, i.eV,.

A similar approach for the thre@hase VSC gives the following
expressions for the output phase voltage potentials with respect to the DC-
link negative supply rail
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Evla = S‘anc
DV1p = Sp Ve (3.2)
H’lc = Schc

wheres,, s, ands, are the switching states of theidge legsfor phases,
b andc, respectively. From (3.2) the outppihase voltages seémom the
neutral point of the power grid are given by

(Wha = Via + Viink= = SaVe * Viink—
(b = Vip + Viink— = Sp Ve * Viink— (3.3)
Hch =Vie + Viink— = ScVae + Viink—

wherev,,,_ is the voltage potential of the DC-link negative supyayl

with respect to the power grid neutral. The voltage potential of the DC-
link negative supply rail can be determinfdm the balanced condition

of a threephase system, which states that the phase quantities should sum
up to zero according to Equation (A.3). That is, since

Uy, + U + U, =0 (3.4)
thenv,,_is given by
s, +S,+S
Viink— = ‘%“Vdc (3.5)

which indicates that the DC-link supply rails of the VSCs are floating with
respect to power grid neutral.

The corresponding voltage vector of the three phase VSC in the stationary
referenceaf-frame, obtained by the space vector transformation given in
Appendix A.1, is defined as

P4
I

, . P21
=apB _ |2 0 15
Ulﬁ St +upe’ ® +ue (3.6)

— 0

\ 0
Insertion of (3.3) into (3.6) gives the following expression for vbkage
vector

[l [l
Am . P21 A
+Vlink—%m +eJ 3 +eJ 3 [0 (37)

‘ P21 H
=aB _ {2 15 J
u- = \/3§an0 +Sbvdce s +Schce s

=0

which can be simplified to
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07 = BV ba + 56’ * +5€ 7 0 (3.8)

since the zero-sequence compongnt vanishes in théransformation as
indicated in (3.7).

From (3.8) itcan be concluded that, since ttwee switches can be
combined in 2=8 ways, eight discrete voltage vectors may be generated
by the three phase VSC. The voltage vector space for the hese VSC

is displayed in Figure 3.4. Here, the switchirgjates for the
corresponding voltage vectors are indicated by the notatin .

Uooz Ujo1

Figure 3.4 Voltage vector space for the three phase VSC.

The length of the voltage vectors aQ%VdC according to (3.8)except
for the zerovoltage vectors obtained when all switchstgtesare equal,
i.e. the combinations 000 and 111.

Pulse Width Modulation

Pulse width modulation (PWM) methods are employedonder to
determine the instantaneous switching states of the YE]|84]. Usually,
modulation of the/SCsare obtained througlurrent control. Inclosed
loop PWM techniques, theurrent control isincluded in the switching
state generation, whereas open loop PWMaised orreferencevoltages
obtained from current controllers. In the lattecase, thereference
voltages are themsed to find the instantaneous switchisigtes of the
VSCs either by generalspacevector modulation or, in particular by
carrier wave modulation.

Closed loop modulation by hysteresis control

Closed loopcontrol of theVSCs isobtained by hysteresis or tolerance
band current controllers. The principle of hysteresis controllers kedp
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the current within théwysteresis dead band. This is shown in Figure 3.5
together with the principle scheme of a hysteresis current controller.

Figure 3.5 Top) Principle scheme of lysteresis current controller. BottorBasic
current waveform included the controller dead band (dashed).

The basic principles of hysteresis current controltengseghe current to

be within the hysteresis dead band. This implies high dynamic
performance,since thecurrent isable to follow almost anyeference
current trajectory. Hence, hysteresiscurrent controllers arevery
attractive in active filter applications. However, there are simherent
drawbacks with this control method [15] such as

e lack of intercommunication between the individual hysteresis
controllers and therefore no strategy to generate zero voltage vectors.

« atendency to lock into limit cycles of high frequency switching.
» generation of subharmonic current components.

» the current is not strictly limited by the hysteresis dead band as can be
seen inFigure 3.5. This can happen whenever the grid voltagdor
has an component that opposes the active switching state vector.

Anyway, the varying switching frequency complicates tbenverter
design. Furthermore, the intended use oECL-filters make hysteresis
current control less practicable.
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Open loop modulation by triangular carrier PWM

Open loop control oVSCs isusually obtained bycarrier based PWM
strategies. In Figure 3.6, the princideheme and signal flowliagram
for triangular carrier PWM VSCs with additional symmetrisation is
shown. Here, the instantaneous switchisigites are generatedrom
comparators, which compare the voltage references withctheier
signal. At the crossing instants of a voltagderence and thearrier
signal, the corresponding switch stafieanges and commutation of the
bridge leg is initiated.

DA Y,

B +] ibatt
L T M )_“ Vde= "_(
! ) ==
Q) S VaN L 2_, : EL
L I )
j* . * . 01 lS('; :Sb
la” | Aig Bl Uag Uas” é AN att* o,
= "¢ LJ 1\‘ batt - Ibatt
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Figure 3.6 Signal flow diagram of carrier based PWM.

An important property of carrier based PWM techniques is determined by
the frequency modulation ratio, defined in [27] as

m; = fca]{”ef (3.9)
1

wheref_,.. andf, are thecarrier signal frequency and the fundamental
grid frequency, respectively.

Accurate time average output voltages are obtained, if the amplitude of
the carrier signal corresponds to thetantaneous DC-link voltage of the
VSCs. Hence, the peak value of the carrier signal for the fitrase VSC
should be

A 1
Ucarrier = Evdc (3-10)

whereas thearrier signal usedor the uni-polar half-bridgeconverter

should vary between zero aNg.

Figure 3.7 shows in detail the logic control signal generatiotmiahgular
carrier PWM of a three phase VS8incehigh performance igquivalent
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to a largem,, which implies that the voltage references carmassumed
constant during the carrier period as shown in the figure.

%Vdc 4 Ucarrier Uaz'
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Figure 3.7 Detaileddescription of the logic control signal generation for a three phase
VSC with triangularcarrier PWM.

From Figure 3.7, it can be concluded that the switching frequégoyf
the VSC is given by the carrier signal frequency, i.e.

fsw = fcamer (3- 11)

Symmetrisation of the phase voltage references, as indicated in Figure
3.6, by the subtraction of a zero-sequence compangiten by

* * * . * * *
max(ua, Up, uc) + mln(ua, Up, uc)

u, = 5

(3.12)

improves the performance of the PWM method [15]34] The utilisation of
the DC-link voltage increases and the current ripple decreases.
Furthermore, the phase currents are equal to their average values at the
triangular carrier end-points. Sampling of the phase currents at these
instants reduces the need of average filters for control purposes in digital
controllers. Hence, the sampling rdteand the corresponding sampling
time T, are given by

fs =2 |:Ifcarrier
E=: (3.13)

As stated before, a large, means that the frequency of the carrier signal
is much higher than the grid frequency. Hence, only small changes in the
voltage references occur between two periods of the carrier signal. This
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means that the content of the frequency spectrum of the outfiages

will be dominated by the content faf and at multiples of,,, besides the
fundamental grid frequency component. This is illustrated in Figue
where the normalised spectrum of the output voltage obtained by
triangular carrier PWM withm, equal to 99 corresponding toseitching
frequency of 4950 Hz.

T T T T T T T T T

Y

o
]
(6}

Normalised spectrum
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0
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Figure 3.8 Normalised phase voltage spectrum of triangular carrier PWM VSC.

The well defined harmonic content afarrier based PWM makes the
design of proper passive filters easier.

Average modelling

The fundamental properties of triangulaarrier based PWM with
symmetrisation imply the use of average modelling of the convd&g}s
During each sampling interval, the average output voltages equal the
reference voltageslence,the average output voltage of the haifdge
converter is given by

Unpatt = Spatt Vac = {0 S Uppgyt < Vdc} (3.14)

where the switching state average is referred to as the duty cypldser
ratio. The rightmost part of (3.1l4ipdicates the limitation in output
voltage due to the DC-link voltage restriction. Similar expressions are
obtained for the average phase voltages of the three phase VSC, that is

Ejla ={_%Vdc < uIaz s %Vdc}
Silb = {_%Vdc < Uy, < %Vdc} (3.15)
FHhc = {_%Vdc Sl < %Vdc}

still under the balanced constrint given by (3.4).
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The average models of théSCsare used in theperformanceanalysis of
the controller structures in the battery charggince they enable time
efficient simulation of the principle behaviour of the batteryarger.
Furthermore, the non-ideal propertiesuM8Cssuch as the semiconductor
forward voltage drop and the blanking time effect may alse@di@ained
in the average model as described in [15].

3.3 DC-link

The DC-link capacitoC,, provides an intermediate energy storage, which
decouples théhree phaseVSC from the half bridgeDC/DC converter.
Hence,the VSCscan be operated independently of each other as long as
the average power flow is balanced betweenviB€s. The instantaneous
difference in active power is stored @,, which causesthe DC-link
voltage V,, to vary. Hence, the value of C, is determined by the
constraint on the maximum allowed DC-link voltage rippg¥/,.. The
instantaneous DC-link capacitourrenti.,. can be derivedrom Figure

3.3 and is given by

I'cde = ~Sala =Shlb ~Sclc ~ Spatt! batt (3-16)

In [7], a thorough discussion on thdimiting factors of the DC-link
capacitor size is given. It is stated that the DC-link capacitor should be
large enough to handle transients, i.e. load changesrigpthg of circuit
breakers, without any severe effect on the DC-link voltage. elfergy
handling capability of the DC-link capacitor should correspond to the
excess energy stored in the passive filters.

However in shunt AF applications, the limiting factor of the DC-link
capacitor size isletermined by the instantaneous actpoever redirected

by the shunt AF. This means that the instantaneous active pontined

in the conditioning current is temporarily stored in the DC-link capacitor.
The worst case corresponds to long periods of charging/discharging of the
DC-link capacitor. This implies that load balancing at rated power of the
negative-sequencaurrent component gives the limiting design constraint
on the DC-link capacitor size.

A design expressiofor the DC-link capacitowalue is derivedpased on
simplified analysis of the instantaneous actpmver flow in thebattery
charger when performing load balancing at rated power. The
instantaneous active power flow through the PCC can be expressed, in the
synchronously rotating referenderframe oriented to the integral of the
grid voltage vector, from (A.16) as
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Prcc =€qig +e4iq ={ey =0} =&y (3.17)

whereeg, andi, are theg-axis components of thgrid voltage vector and
the injected negative-sequencerrent vector, respectiveljHence, they
are given by

& =E,

| 3.18
i = Om(y 31,6712 ) = V31, sin(-2c01t) (3.18)

where subscriptn denotes nominal value ana, is the fundamental
angular frequency of the grid.

If the line filter and the threghaseVSC are consideredoss less, the
instantaneous activeower flow through the PCC should correspond to
the power flow in the DC-link capacitor, i.e.

Pcde = icdeVae = Ppcc (3.19)

Substituting (3.17) into (3.19) and rearranging gives an expression for the
average DC-link capacitor curreny;,

. € .
lcge = —— | (3.20)

i (3.21)

Linearisation of (3.21) around the average DC-link volt&gegives

1 € .
dAv, =% (3.22)
« ¢ Cdc Vdc a

where AV, corresponds to the DC-link voltage ripple. SubstituiBd.8)
into (3.22) and solving the differential equation, a design expression for
the DC-link capacitor is found by rearrangement of the solution as

Cpzo 1 (3.23)
VoAV, 200,

whereS§, is the rated power of the battery charger.
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3.4 Line filter

As statedearlier, the line filter reduces the high frequency harmonic
content of the battery charger lineurrent, caused by the switched
operation of the threphase VSC. Hence, sinusoidade currents can be
obtained. Usually, the line filteconsists offilter inductors, i.e.L-filter,

but by the use of additional capacitors aimdluctors, otherfilter
combinations such as LC- &CL-filters can be applied. In thisection,
however, only the L-filter and the LCL-filter configurationshown in
Figure 3.9, are investigated.

g 2 g g ) g 1 om
LR| | [LuR e L,R @
PCC C PCC

Figure 3.9 Line side of the battery charger with LCL-filter (left) and L-filter (right).
LCL-filter — Modelling

The differential equations of the LCL-filter in the stationary reference
ap-frame are

R L U
1 1
4G :é(i‘fﬁ -iF) (3.24)
g G‘B :—72 Gﬁ T ”aﬁ _"aﬁ
ai, L i+ L (uC é )

which are equivalently represented by the state space description

GR -1 O 01 O
[ rE—— |
Wlaﬁ O DLl Ll 1aﬁ O a: ap
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d@?o=0- o “Up¥mUo oWt 0 (3.25)
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The frequency response of the LCL-filterskown in Figure 3.10Note

the peak at the resonance frequency ofLiE¢-filter, which implies a
poorly damped oscillatory behaviour. Thee oftriangular carrierbased
PWM, however, prevents the excitation of this resonance due to its
advantageous frequency spectrurefer to Figure 3.8.Anyway, the
attenuation at the resonance frequency can be improved by damping
resistors in series with the filter capacitors at #xpense of the high
frequency attenuation.

0 T T T

Gain [dB]
/

-100 i i i
100 1000 10000 f[HZ]

Figure 3.10Frequency response from converter output voltage to output current (solid)
and with damper resistors (dashed).

Transformation of thestate spacelescription in stationary coordinates
into the synchronously rotating referenck-frame is obtained by
subtraction of the angle difference as described in Appendix A.2. This
operation is equivalent to a shift in the frequency-domain [11]. The
resulting statespace description of the LCL-filter in synchronous
coordinates is given by

R, -1 O 01 O
dg O — W — 0 dg O|:|
[Dﬂi B DLl L Ly 1 1 E 1 dq
dmi=0 = -jo, = 9 Uo o3l O (3.26)
Q0 g C C o0 B ‘
-R, -1
2Bp o L TR_jud* B g g
g L, L | 0o Lo
AdgL BE%L

The complex valued statgpacedescription in synchronous coordinates
indicates that the behaviour of the LCL-filterdependent on theotation
direction of the vectors. A real valued stapacedescription of (3.26) is
obtained by separating the vector equations in their realiraadinary
parts, i.ed- andg-components, respectively. Hence, the LCL-filtenliso
described by the following state space system
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LCL-filter — Design

The design of th@assivefilter is dependent on the attenuatioeeded in
order to reducethe high frequency components of the lioerrents.
Hence,the design inputdor the passivefilter are the high frequency
spectrum of the three phase VSC, showkFkigure 3.8, and the harmonic
regulation to be fulfilled, forexample the IEC 1000-3-4 regulation on
current harmonicemissions into thepower grid. The IEC 1000-3-4
regulation states that current harmonics above tfesB8uld be less than
0.6 % of the nominal current, i.e.

l, <0.6% ofl, for h > 33 (3.28)

The design expressiomar the LCL-filter are derived from thanalysis

of an idealised LCL-filter, where the series resistance of the inductors are
neglected. The relationship between tlomverter output voltage and the
line current in stationary coordinates is given by the transfer function
G*(s) derived from (3.25), wittR, andR, set to zero, that is

1
O N L,L,C
G (s)=[001|[sl - A% | ges B hito (3.29)
[ ]( LCL) LCL @E SD X . Ll + L2 0
L,L,C

where s denotes the Laplace®perator. The correspondindourier
transform G*(jw) is obtainedfrom (3.29) by thesubstitution of the
Laplace operators with jw. Hence,the gain function G®(jw)| of the
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LCL-filter for each harmonic, i.e. replacing with hw,, can thus be
expressed by

1
L,L,C
L+l
L,L,C

\G“B(jhwl)\ = (3.30)

2..2

From (3.30) it is clear that several combinations of the fifi@rameters,
i.,e. L, L, andC, can fulfil the harmonic content constraint of the line
current. Additional requirementsuch as theatio between the inner and
outer inductors and the idle production of reactive power byfitter,
are needed to derive a design expression. In [23], it is stated thatithe
between the inductors is a trade off between low resonance frequency and
low current ripple in the inner inductot,. From [23], a good
compromise is obtained if the inner inductor is twice the size obtiter
inductor. Furthermore, aitle reactive current of 5 % of theominal
line current is considered reasonabfience,the additionalrequirements
are given by

L, =2L,

C =0.05C, .o (3:31)

whereC, .. is defined in Appendix B.1.

Substituting (3.31) into (3.30) and solvirfgr the outer inductorl,
finally gives a design expression for the LCL-filter

f u 0
phaseh M (3.32)

L -maxg + o_s +
*" v fach?w? \Hicn?w? H heor Thmax H

where U,..., represents the rms-value of the outmhase voltage
harmonics given in Figure 3.8. Note that the given design expression is
only valid for harmonicsabove the resonance frequency of th@L-

filter, refer to Figure 3.10.

L-filter — Modelling and design

As described previously, theassivefilter usually consists only offilter
inductors thus forming &-filter. The L-filter is described by theector
differential equation in stationary coordinates
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dvap — _Rrap  1(cap _ B
| LI +L(ul e ) (3.33)

or in synchronous coordinates by the complex valued vaettfarential
eguation

g-"dq__DB ; dg 1 ~dg _ <dq
Gl = D|_+jculaL +L(u1 e ) (3.34)

The complex valued representation of théilter is transformed into a
real valued statgspace system isynchronous coordinates by separating
(3.34) into its real and imaginary parts, that is

0-R 0. 0,0 ol 4O
[WldD DL 0% O

)
e e, TRE S e b e
H% EP L
AECI BEQ _qu

The previousdiscussion on the design of th€L-filter can be applied
also to the L-filter. Hence, a design expression forinldectance. based
on the same requirements as for the LCL-filter case is given by

L= maxD Yprasen O

(3.36)
h wllhmax

Comparing the properties of L- and LCL-filters

The advantageous characteristics of L&l -filter compared to the L-
filter are found from the frequency responses plotted in Figure 3.11. The
filter parameters are obtained from the design expressions givEéh3d)

and (3.32) for the LCL-filter and (3.36) for tHefilter. Hence,both
filters fulfil the harmonic current constraint.

In the high frequency regio(r2.5 kHz), the attenuation increases with
60 dB/decade for the LCL-filter compared to the 20 dB/defad¢he L-
filter. Hence, the higher order current harmonics are battenuated by
the LCL-filter and thus the total high frequency harmonic distorsion is
lower for the LCL-filter case.

In the low frequency region (<1 kHz), the slope of the frequency
responses are both 20 dB/decade. This implies thdiGhefilter can be
regarded as a virtual inductor with amductance ofL,+L,, refer to
(3.29). However, the difference in the attenuafiorther indicates that
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the sumL,+L, is smaller than the L-filter inductanée Consequently, the
voltage drop across th&CL-filter, caused by the injectedurrent
harmonics, is lower compared to the L-filtemase. This is the key
advantage of th&CL-filter, which is especialljmportant in anactive

filter application.Furthermore,the lower voltage drop across th€L-

filter implies that the required DC-link voltage is lowétence, agreater
semiconductor margin can be obtained, i.e. the ratio between the
operating and the rated voltage levels of the IGBTs.

Gain [dB]
!

- 100 n n
100 1000 10000 f [HZ]

Figure 3.11Frequencyresponses,LCL-filter (solid) and L-filter (dashed), from
converter output voltage to line current.

The major drawbacks of the LCL-filter are the high current ripple in the
inner inductorL, and the increased number of transducers needed for
control purposes. The high current rippleLinresults in high amount of

iron lossesj.e. hysteresis and edawrrentlosses, which implies the use

of thin laminated iron cores or even iron powder cores. Also, the
extended complexity increases the requirements on the signal electronics
and the control systenfrurthermore,the reactive power requirements of
the filter capacitors have to eccommodated by theonverter as to
prohibit reactive grid currents when the unit is operating under idle
conditions.

3.5 Battery filter

The battery filter in Figure 3.1 alsoonsists of alLCL-filter. The
intention is to reduce the physical size of tfiker, since the total
inductance of aLCL-filter is smaller than for a L-filterinductance.
However, the large current ripple in the inner indudterimplies high
amount of iron losses, and herleeger iron cores araeeded irmorder to
reduce the thermal problems. Anyway, tdvantageous higfrequency
characteristics of the.CL-filter, i.e. the 60 dB/decade slopéurther
motivates the use of the LCL-filter.
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Modelling

The state space description of the single phase LCL-filter is given by

OR _1 ,0 01 ,C
. o - . 0
2980 5 LPRE o
1
§007pg 0 oDt ® 0 O B3N
E % 0 1 R % 0 1 batt [
Do = -20?%- 0o -0
g L, L, 5 O Lo
ALcL BLcL

where the same quantity notation as for the line filter are used, aed
i, are the currents in the inner and outer indudtgandL.,, respectively.
Also, u, and u, are the DC-DC converter output voltage afilder

capacitor voltage, respectively.

In Figure 3.12, the frequency responses the single phasd CL-filter
obtained from (3.37) are displayed. The corresponding frequency
response of a L-filter is also shown in the figure.

Gain [dB]

100 1000 10000 f[HZ]

Figure 3.12Frequency responses fratonverter output voltage to currenisandi,
LCL-filter (i, solid and, dashed) and L-filter (dash dotted).

Design

The design procedurtor the batteryside LCL-filter resembles the one
usedfor the line filter. That isknowledge of the frequency spectrum of
the DC-DC converter output voltage and the allowed battemrent
ripple gives theequired overall attenuation of tHeCL-filter. The lack

of standardisation implies that no regulation on chargiagent ripple
exist. However, a charging current ripple of 10p#ak to peak of the
nominal current is considered reasonable hrdce thecurrent ripple
constraint is given by
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Al page < 0.051 g (3.38)

Consider the principle voltage and current waveforms of the LCL filter in
Figure 3.13. The half bridge converter output voltagmnsists of
equidistant pulses of constaduration t,. Hence,the converter output
voltage u, can be expressed analytically by the trigonometdarier
series

® 2V, sin(h7r[D)
U () =DV + y == ———

cos(hwg, t) (3.39)
& h

whereD is the duty cycle or pulse ratio defined by
D=—" (3.40)

Note the difference in thg andi, current waveformshown inFigure

3.13, which is due to the high frequency characteristics oL @liefilter
shown in Figure 3.12. The almost sinusoidalurrent is a consequence of
the slope of 60 dB/decade in the frequency response of the LCL-filter and
the inverse proportionality to frequency of the convertaitage
spectrum. Thereforethe design of th& CL-filter should be derived for

the switching frequency andfbr a duty cycle D of 0.5, since this
corresponds to the highest amplitude which is concluded from (3.39).

Vdc [

Vbatt B

batt
batt

batt

Figure 3.13Principle waveforms of the battery side. Top)solid) andv,,, (dashed),
and bottom), (solid) and, (dashed).
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The transfer functions from converter outpoltageu, to the inner and
outer inductor currents andi, are obtained from (3.37) and given by

0, 101
B T LcH
G (s) = S
o, L+LoD
L,L,C O

1

L,L,C

Gi,(s) = L2

U, Ly +L,0

5 " LLcH

(3.41)

(3.42)

where the series resistance of the inductors are neglected. The attenuation
at the switching frequency can be obtairfemm (3.41) and (3.42) by

replacings with jw,,, which gives

w _ 101
. N Y oiu (N
‘Gil(JwSN)‘ i 2 2|_1 + le O
Pow o LlLZCE
1
. L,L,C
G, (jwa)| = L2

, L+L,0

0
DsuPsu =7 1 cH

(3.43)

(3.44)

In the derivation of design expressidios the LCL-filter, two additional
requirements have been applied. First, the filter capacitor haschesen
equal to the filter capacitors of the line filter. Second, a constraint also on
the current ripple in the inner inductamplies control of thestresses
applied to the inner inductor and the DC-D@nverter. Thisase up the
manufacturing of these componenkdence,the additionalrequirements

are given by

G, (jwg)| = XTIG;, (jwgy)
C =0.05C,

(3.45)
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where the factok is given by the selected constraint on the curreyle
of the inner inductor. From (3.43) to (3.45) the design expressions for the
inductors can be derived as

2V g N x+1

L, = = 3.46
Y Xwg, ATy X w2, C (3.48)
x+1
L= (3.47)
wg, C

In the thesis, the factox is selected to 3. This should imply that the
current ripple in the inner inductor is three times the current ripple in the
outer inductor. However, as can be seen in Figure 3.13, the aatwaht
ripple in i, is somewhahigher. This is due to the contribution of the
higher order harmonics, refer to (3.39hich are more efficiently
attenuated in the outer inductor case.

3.6 Target system specification

The general specification of the targsfstem investigated in the thesis is
listed in Table 3.1Hence,the investigated battergharger is thesame as
the one designed and tested in [5], exdeptthe rated powewhich is 10
kVA in this case but 75 kVA in [5].

Table 3.1 General specification of the battery charger.

rated power S, 10 kvA
grid voltage E, 400 V
grid frequency f, 50 Hz
battery voltage Vpart 375V
battery current Ipattn 26.67 A

Note that the battery current is limited either by the nominal current or
by the rated power listed in Table 3.1.

In Table 3.2, the parameters of tMSCs and the DC-link are listed.
Furthermore, adndicated previously triangulacarrier based PWM
modulation is used, which implies that the switching frequency sl

the controller sampling time are fixed. Synchronous sampling at the
carrier wave end-pointsrefer tothe discussion given in Secti@?2, is
employed.

Note that the actual DC-link capacitor value is not selected according to
the design expression (3.23). The main redsonthe larger value is to
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improve the robustness of the physical implementation, described in
Chapter 6. Anyway, the effect is that the specified peak to peak DC-link
voltage ripple is reduced to 2.5 % of the nominal DC-link voltage.

Table 3.2 Parameters of the voltage source converters, including the DC-link.

DC-link voltage Ve 750V
DC-link voltage ripple AV, peak-peak 10 % of
DC-link capacitor Cyc design 570puF

actual 2.2 mF
switching frequency fow 4.88 kHz

sampling time T, 102.4pus

The parameters of the line filter is given in Table 3.3. The desmrs

are the IEC 1000-3-4 regulation on current harmamussions(3.28)

and the converter voltage spectrurefer to Figure 3.8Note that an
additional 10 % margin is applied on the inductor values used in the actual
charger. Theequivalent series resistances correspond to the winding
resistance of the inductors used in the experimental setefpr to
Chapter 6.

Table 3.3 Parameters of the line filter.

LCLfilter L, design 2.0 mH
actual 2.2 mH

R, 75 mQ

design 10pF

actual 10puF

L, design 1.0 mH

actual 1.15 mH

R, 66 mMQ
L-filter L design 15.6 mH

The corresponding inductance of an equivaleififter is also given in
Table 3.3. The largevalue of this inductance in comparison to the total
inductance of thd.CL-filter indicates the advantageous ldwequency
characteristics of theCL-filter, refer tothe discussion given isection
3.4.

The parameters of the LCL-filter applied on the batteide is listed in
Table 3.4, where the design is according to the discussion giv@eciion
3.5. In this design, the maximum allowed charging current rippigven
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by (3.38). Furthermore, the corresponding inductance of a L-filtatsis
given in the table.

Table 3.4 Parameters of the battery filter.

LCLfilter L, design 5.6 mH
actual 5.3 mH
R, 57.2 mQ
design 10puF
actual 10pF
L, design 0.414 mH
actual 0.415 mH
R, 19 M
L-filter L design 16.3 mH
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Control

In this chapter the overall control structure of the battery charger is
presented. Model basecontroller synthesis is appliedFurthermore,
extensive analysis of th@erformance characteristics is given with
emphasis on stability and frequency domain characteristics.

4.1 Overall control

The overall control structure in the battery chargensists of a DC-link
voltage controller, a battery current controller, and a licarrent
controller, refer to Figure 4.1.

i1 i2

— —

I eI

oA - 5
Line current] 01 DC-link Ul* Battery

controller voltage current itf "
" . | control controller -——22%
ok i .
iAF 2 I2q 1 |

Figure 4.1 Overall control structure of the battery charger.

The DC-link voltage controller balances the active power flow in the
battery charger. This is obtained by controlling the active current
component on the line side. In order to avoid conflict with the active filter
function of the battery charger, the bandwidth of the DC-link voltage
controller has to be low. However, feed forward of the battery current
implies faster response to changes in the battery current, and hence
reducing the DC-link voltage deviation during transients.

The battery current controller consists of a model based cascade
controller. The cascade controller is composed of an outer current control
loop for the battery current, i.e. curremnf an intermediate voltage
controller for the filter capacitor voltage, and finally an inner current
control loop for thd, current. The cascade configuration enables the use
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of basic P- andPl-controllers, where the gain of the proportiomalrts
are derived from the model representation of the battery filter, described
in section 3.5.

The line side current controller resembles thscadeontroller structure

of the battery current controller. However, the line current controller is
implemented in the synchronously rotating refereshgérame oriented to
the integral of the grid voltage vector as described in AppeAdix
Hence, individual controllers for theactive and reactivecurrent
components with additional compensatfon the cross-coupling of the-
andg-axis quantities are obtained. Synchronous coordirfatéiser utilise

the use of integrators in the controller structureider toeliminate the
steady state errors of the fundamental current components.

4.2 Battery current control

A model based discreteascadecontroller for the battery current is
obtained by applying Euler approximations to the differential equations of
the LCL-filter (3.37). By assuming dead beat response in each P-
controller, the following discrete controller is derived

U 0= Ky 22 (1500 =150K9) + R [350)+ Ve ()

5= e = 0700 = (0) #1500 (4.1)
0 0 =g 2215 (0 = 3(0) + R () + UK

wherek indicates the time for the sampling instants according-td..

The controller structure in (4.1onsists ofthree cascaded-controllers
with additional feed forward and feed back terms given byL@ike-filter
model. In order tcstabilise thecontroller, the gain of the P-parts are
altered from thedead beat gain by the constakis k, andk,. Proper
values for these are then obtained from the stability analysis.

The controller in (4.1) is further modified in threseps tofit the
application. First, the discrete controller is implemented in a digital signal
processor (DSP), which gives a time delay of one sample due to the
calculation time. The calculation delay causes additional phase deviation of
the system. This decreases the stability margin and hence the bandwidth of
the controlledsystem has to beeduced. However, compensatitor the
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time delay is accomplished by adopting the Otto-Sraghtroller [9] for
systems with time delays as described in [22]. Second, the feed back of the
resistive voltage drops are replaced by an integrator in the outeent
control loop. The integrator reduces theady stateerror of the DC-
guantity of the battery current as well @smpensatefor uncertainties in

the model.

Third, if the gain of the inner current and capacitoltageP-controllers
are chosen according to

kilﬁ[k 2:1 (4.2)

then the effect of the capacitor voltage dynamics are cancelétte, no
measurement of the capacitor voltage is needed for control purposes.

The final discrete current control algorithemployed to thebattery
charger is therefore given by

ug (K) =k, 2 ((. (K) =i (K)) + 3 Ay (K)) + Vi (K)

iy (K) =5 <k) +ignith (K) (4.3)

(k) =k = (n1 (K) = i2(K) + ug (K)

where the variabléy Ai, corresponds to the integral part and is given by

, T, x . ,
S k)= i (0-100) + T ALK (4

The delay compensation (Smittredictor) algorithmemployed to the
inner current control loop is given by

S (k+l) % RiTsH (k)+ uy (k)
RlT
L

1

(4.5)

| smitn (K +1) = p(k)- uy (k)

The block diagram representation of the discrete battenyrent
controller, including the Smith predictor, is displayed in Figure 4.2.
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Figure 4.2 Block diagram representation of the discrete battery current controller.

The characteristics of the Smigredictor are fully utilised if its input
corresponds to the output voltage of the half bridge convesiece the
DC-link voltage limits the converter output voltagefer to (3.14), the
same limitation should be applied to the feed back of the voltage
reference. This is obtained by limiting the voltage reference, which is
indicated in the block diagram by the saturation block.

Analysis

In order toanalyse thdéattery current controller, theosed loopsystem

of the controller and the LCL-filtethas to bederived. The discrete
controller implies that a discrete time model of the LCL-filter (3.37) has
to be used.

The state vectox and input vectou of (3.37) are defined according to
. . 1T

x=[iy U i (4.6)
T

u=[u; V] (4.7)

The continuous statspace system of th&CL-filter (3.37) can be
described by the discrete-time model

Xk+D =@ o x(K) +[Mih Ttk

. (4.8)
i (K) = Cc X(K)
where the system matrices are given according to [37] as
O o =eftals (4.9)

TS
Y/
s r]=fete"dnB (4.10)
0
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and the output matrix is
Ciel =[0 0 1] (4.11)

The computational delay in the discrete controller implies that the
converter output voltage corresponds to the reference voltage delayed by
one sample, that is

uy (k +12) = uy (K) (4.12)

The closed loop discrete state space system of the controller ab@lthe
filter is derived based on the extended state ve¢tand the inputector
U, defined according to

X=[iy uo i uos, Y| (4.13)
1T
U=[Vow ] (4.14)
Note that the converter output voltage is represented as a state variable in
the closed loop system due to the computational delay (4i2jher on,
the discrete control algorithm of (4.3) can interpreted as a linede
feed back controller with feed forward of the inputs according to

K=l L, L |_Zi2]X(k)+[|_Vbatt L, UK (4.15)

where the individual feed back elements of (4.15) are fduowmh (4.3),
(4.4) and (4.5)

O, L L, O
Le=mmka— 0 —kip =] (4.16)
O Ts s
— TS I-1D_
Ly, = L e ?SE— —kiy (4.17)
_RT. L0
Ly = e gk (4.18)
L
Lsi, =Kz Ti (4.19)

Ly =1 (4.20)
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L
Li,« =kiz sz +kiy

S

L
=

S

(4.21)

The closed loop system is then given by the extended discreteszaate
system

Va
%DLCL rflCL 0 0 E g-ub:lit 0 B
oL L L Lo, O L L .0
X(k+1) = x W Sp Sip OX(K) + 0 Voatt i2 U (k)
0o SH SSp 0 0 oo 0O (4.22)
O O 0 O
ip(k)=[Cc. 0 0 0] X(k)
where the additional non-zero elements are
TS
=_S 4.23
&= (4.23)
R Tg
=1--_18 4.24
S, C (4.24)
T. O
IX :%) 0 - s 0 (425)
U L/R [0
T,
|i2* =— S5 (4.26)
Ly /Ry

Stability analysis of the closed loop system finally givesptaper values

for the gainconstantsk, andk, of the P-controllers in theascaded
controller. Here, the root locus methfgY] is applied on the closed loop
system. The root locus method is convenientsensitivity analysis with
respect to the gain of the P-controllers. The stability boundary for
discrete timesystems is defined by thenit circle. Hence, ifthe poles of

the closed loop system, i.e. thigenvalues of the statgatrix in (4.22),

are inside the unit disc, the discrete system is considered stable.

In Figure 4.3 the root locus of the closed loop system is shown, when both
k, andk, are altered. Since the complex poles appear in conjugaiesi

only the upper half of the unit disc is displayed. From the root locus it can
be concluded that a high gain in the inmeirrent control loop, that is
close to the dead beat gain, implies an unstable or oscillatdmgviour.
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Further on, a low value of the gain in the outer current control loep,

k, lower than the dead beat gain, has the same effect. As a conclusion it is
stated that the gain of the inner control loop should be well bdkad

beat gain, whereas the gain of the outer loop should be chosen some times
higher than the dead beat gain.

Imag axis

1 -05 0 05
Real axis

Figure 4.3 Root locus for the closed loop system Kg#[0.05...1] andk,=[0.5...7];
circle) k;=0.5 andk,=1, squarek,=0.1 andk;,=5.

In Figure 4.4, the transfer functions from battery current referghte
battery current, are shown for two sets of gain constants. The first set of
gain constants arehosen a%;,=0.5 andk,=1, whereas for theecond set
they arek,=0.1 andk,=5. The poles corresponding these sets of gain
constants are marked in Figure 4.3 with circles and squares, respectively.
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Figure 4.4 Frequency response froraference current to battery currenf (o i,),
solid) k,=0.5 andk,=1, and dashed,;=0.1 andk,=5.

The suppression of the resonance peak provided bgettend set of gain
constants implies a lessscillatory behaviour, which confirms the
conclusiondrawn from the rootocus plot. Sincethe bandwidth of the
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systemsare almost the same, tlsecond set of gain constants, that is
k,=0.1 andk,=5, are chosen.

Simulation

Simulation of the battery side of tlebarger confirms th&essoscillatory
behaviour with the second set of gain constants, as showigime 4.5.
However, the oscillation does not seem to appear inirther inductor
currenti,. This implies that the oscillation originatésom the outer
inductor and the filter capacitoiSince the gain in the outerccurrent
control loop is low for the first set of gain constants, ¢batroller is not
able to generate counter actions to the oscillations. Howevehigher
gain provided by the second set of gain constants is sufficieorder to
dampen the oscillations.
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Figure 4.5 Battery side currents,” (dark grey),i, (black), andi, (light grey).
Top: k,=0.5 andk,=1, and bottomk,;=0.1 andk,=5.

4.3 Line current control

The derivation procedure of the line current controller resembles the one
used for the battery current controller. The line currecontroller
consists of a model based cascade control structure as wees#fer the
battery current controller. However, the line current controller is
implemented in the synchronously rotating refereshgérame oriented to

the integral of the grid voltage vector as described in Appendix A.2.

In synchronous coordinates, the reactive and active quantitielated
to the d- and g-axis components, respectivelyHence, individual
controllers for the active and reactive quantities with additional
compensatiotfor the cross-coupling of thé- andg-axis components are
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obtained. Synchronous coordinates further utilise the usetefrators in
the controller structure in order to eliminate the steady states of the
fundamental current components.

Applying Euler approximations to the differentiglquations given in
(3.26) for the LCL-filter in synchronous coordinates andasguming
dead beat response, the derived discrete line current controller in complex
vector notation is given by

02 0=k =2 (7 00T, 00)+ 3 7,0 Ry + e L )P, () +6(K)

e C L * _ . _ e e

i () =k (0 (K) =0 (K)) + 60, Ce (K415 (K) +Hgrn () (4.27)
S

% L ok > . - .

0 (K) =k (7 (=72 0)+(Ry+ jeoy Ly)Fs (0)+ 0 (K)
S

where integrators in the outer current control loop as well &mnah

predictor in the inner current control loop in orderctmmpensatéor the
computational delay in the DSP are included. The integrator is given by

- T, (e . _
S k)= (T 0 -TW) 3 o000 (4.28)

whereas the Smith predictor algorithm is according to

R R T, . Ll T. _
Sp(k+D) = A= L — T s, (0 + > (k)
1 1
(4.29)
- OR, T, . R T. .
i (K + 1) = ERlLTS T - 009

The block diagram representation of the discrete line current controller is
displayed in Figure 4.6. Note that the feed back ofcin@vertervoltage
reference is bounded by the DC-link voltagepmder to fully utilise the
properties of the Smith predictor. The resemblance to the baftergnt
controller, displayed in Figure 4.2, is quite obvious. However, the
robustness and the frequency domain characteristics are improved by
keeping the intermediate capacitor voltage P-controller in theclimesnt
controller. This is especially important due to the active filter function of
the battery charger.
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zZ '( l' R]_TS / L 1'j (A)_]_TS

Figure 4.6 Block diagram representation of the discrete line current controller.
Analysis

Analysis of the line current controller is based on the closed loop system
of the discrete controller and the line LCL-filter. The closed loop system
is derived in the same way as the battery side counterpart was in the
previous section. The complex valued discrete state space vector
representation of the LCL-filter in synchronous coordinates is found from
the continuous model (3.26) and is given by
x(k+1) = ®% x(k) + F 39, u(k) 4.30)
iy (k) =C™M, x(k) + DX, u(k)

where the state vectarand input vectou are defined according to
- g T
x=[iy G T (4.31)
_ 21T
u=[t, €] (4.32)
The state matrix® %, and the input matrix" %%, are given by

- Adq T.
®4, =ehal (4.33)
Fdg _[Fu Fe |- (oA (B
Ml = [rLCL rLCL] = [er - dhB ¢ (4.34)
0

and finally, the output matrixes are given by
CH =[0 0 1] (4.35)

DX, =[0 0] (4.36)
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The extended state vectdrand input vectotJ of the closed loogystem
are defined according to

x=[ O L oo s, yap| (4.37)
[e |2] (4.38)

The cascadecontrol algorithm can be interpreted asstate feedback
controller with additional feed forward of the inputs according to

ul(k+1)=u{(k)=[tX L, L, [Ziz]X(k)+[[e [,-]uk) (4.39)
where

IZX:[I:i1 L, L

12

(4.40)

The entries are found from (4.27), (4.28), and (4.29) and are given by

C, = —hlz PR+l (4.41)

[, =1+ kil_ll'_iﬁ—kuc_lzﬂwlcﬁ (4.42)
Lookip ey The Pt RG] (443)
L —Etﬂql_ll"_iz—kil (4.44)

Ls, = E% + T Eﬂhl = k(R +joorLy) (4.45)
Lsi, = lql_'z IZIkuC_I(_:S (4.46)

Le = Kl Dkuc T (4.47)

.= K12%+ kuc_lc_:ljkiz_l'r:% (4.48)
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The complex valued vector representation of the closed $ysfem in
synchronous coordinates can now be expressed as

&)dq [fgq Flg(l]
d - i
~ e A~ o
EBL?:L Ffee O 0 B g_LCL OE
oL [, L[ L¢. O 0L L..O
Xk+h=g * " ¥ 2PXW+o - 2 UK
0o S, SSp 0 O 0o 0 (4.49)
0 - U 0 - U
Ok 0 0 1O 0% lirg
Q@:E@_oo qu+p 0] U(k)
~dq [5dq 5_qu
Cx e “ip*
where the additional non-zero elements are given by
- T
=_S 4.50
S, L, (4.50)
~ T,
S, =1- Rt - jw T, (4.51)
1
- 0
= 0 k20" g (4.52)
O Ts L/R[O
L T.
I =k, 202 (4.53)
s L/R

The complex valued vector representation of the closed Embem
(4.49) is easilytransformed into a real valuetiate spacelescription, by
separation of the complex valued relationships into their real and
imaginary parts, i.e. the- andg-components.

The gain constants,, k, andk, are selected on basis of stability and
frequency domain characteristics. The selected gain constants are

kq, =05
K, =0.25 (4.54)

Stability of the system with gain constants according (4064) is
confirmed by the pole plot shown in Figure 4.7. Tdiesed looppoles
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corresponding to theselected gain constantre shown with largex
markers. In the figure, the root locus of the closed loop system when only
one gain constant at the time is altered while the others are fixadois
shown.

"1 -05 0 05 1
Real axis
Figure 4.7 Root locus plofor the closedoop system.Selected gairconstants X),
varyingk; (), k. (+) andk; (00).

Sincethe closed loop system igpresented in vector notation, it can be
regarded as a single input-single outg@®SO) system.Therefore,
ordinary gain anghase deviation functionderived from the frequency
response are valid. The vector notatiomther implies that positive as

well as negative frequencies have to considered. The sign of the frequency
corresponds to the rotation direction of the vectefer tothe discussion

in Section2.2 on representation of positive- andgative-sequences in
vector notation. Figure 4.8hows thefrequency response for thdosed

loop system.

-0 S S S A,_,——/’ \\ i
g 3l | W]
c ]
'®
3 ]
g ]
(o i
E i
8 ]
T 500 | :

100 1000 f[Hz]

Figure 4.8 Frequency response frolime current reference to lineurrent, positive-
sequence (solid) and negative-sequence (dashed).
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Note the phase deviation of thequency response shown in Figutes.

The phase deviationorresponds approximately to a lingalnase lag of
three samples, which is indicated by the grey line in the figure. The effect
of the phase deviation will further be discussed in Chapter 5.

If the real valued vector representation, i.e. individual representation of
thed- andg-components, is used, the closed loop systeragarded as a
multiple input-multiple output (MIMO) system. In this casether
frequency domainanalysis methods have to be applied [26].[11],
frequency domain analysis based on the minimum and maxisimgular
values is described. It is stated that the gain spread is bounded by the
minimum and maximum singular values. The gain may vary between the
boundary valuegor a specific frequency depending on the direction of
the input vector. In fact, itvas found in[11] that the complex valued
transfer functions for the positive- amegative-sequencerrespond to
these minimum and maximum singular values.

Simulation

A simulation of the line side currents of the battery charger, when applied
to step changes in tlte andg-current references, is shown in Figur®.

The overshoot of the step responses in the aumtgenti, of about 30 %

is due to the high bandwidth selecfed the line current controller. The
high bandwidth in combination with the thimtder LCL-filter imply an
oscillatory behaviour, which is derivefdom the peaks in thdrequency
responses shown in Figure 4.8. However, due to the active filter option of
the battery charger, the high bandwidthdeemed necessary order to
obtain high filtering performance.

The cross-coupling of thel- and g-currents is clearlyseen in the
simulation. That is, the oscillations in theandg-currentscaused by step
responses in the oppositerrent component. However, tisteady state
influence of the cross-coupling is compensafied by the linecurrent

controller. The slower response in tipeurrent for a positive steghange

is due to overmodulation of the VSC.

In Figure 4.10, a simulation with the averaged model of W& is
shown. The dynamic resemblance of the current responses obtained by the
averaged model compared to the instantaneous model is Thiggdir
difference is merely due to the high frequency current ripgdpecially

in the inner inductor current, caused by the switchezperation of the

VSC for the instantaneous modeHence,the validity of the averaged
model is confirmed. Furthermore, the time consumptionfor the
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simulation of the averaged model is decreased by at leasordee of
magnitude compared to the instantaneous model.

p.ul
% 1k v/\ M ,
£ 05 |
3
-é 0 V‘\\r \/A

p.u. T T T T
" 1k N A\ 4
=
9 0 A N\
o

; V
0 5 10 15 20 t[mg]

Figure 4.9 Line sided- andg-currentsj,” (dark grey)j, (black), andi, (light grey).
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Figure 4.10Line sided- andg-currents obtained by simulation tife averagednodel,
i, (dark grey)i, (black), and, (light grey).

4.4 DC-link voltage control

The purpose of the DC-link voltage controller is to preserve the DC-link
voltage at its reference value. This is accomplished by balancing the active
power flow in the battery charger. That is, #etive currentcomponent

i,q ON the line side is controlled in order to match the power consumed by
the battery charger. The consumed power, in this case, corresponds to the
charging (output) power and the power dissipated in the battery charger.
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The block diagram representation of the DC-link voltage control loop is
shown in Figure 4.11. The DC-link voltagentroller consists of a PI-
controller, where the integral part reduces $teady staterror of the
DC-link voltage. The lowpassfilter introduced in the feed back loop
limits the bandwidth of the DC-link voltagmntroller. Hence,generation

of counter actions due to the DC-link voltage variatmaused by the
active filter currents are avoide&urthermore,the low bandwidth is
circumvented by the feefbrward ofthe batterycurrent. Thisimplies a

faster response to changes in the battery current and thereby reduction of
the DC-link voltage deviation during transients.

iLoad
. K .
Vd*c Pl-control icac € |29 Current|'29|Vdc| -vicdc| 1 | Vde
- Gpi(s) Vdc control €q sCdc
Vdclp Low pass filte

GLp(S)

Figure 4.11 Block diagram representation of the DC link voltage controller.

The low pass filter further implies that the dynamics of the line current
controller can be neglected in the DC-link voltage controller synthesis.
From Figure 4.11, the closed loop transfer function of the DC-link
voltage controller is obtained according to

1
sCiGP' ()
— dc
Gpic(s) = 1 (4.55)
1+ ——Gp (5)Gp(9)
SCdc
The transfer function of the Pl-controller is given by
1

Gy (s =K1+ — 4.56
pi () = K( o ) (4.56)

where the parametets andT, are the gain and integral time constant of
the Pl-controller, respectively.

The low pass filter consists of a first order filter with the cut off
frequency selected t,=30 Hz. Hence, the transfer function of the low
pass filter is given by

_ Wp
Gip(s)= o (4.57)
Ip
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The closed loogransfer function of the DC-link voltage controller can
then be written

K (T + )5+ )
Gpic(9) = de ! Ko, Ko (4.58)
S +s%w, s+
Cdc CdcTi

where the denominator of (4.58) corresponds to the characteristic
polynomial of the closed loop system.

Sincethe characteristic polynomial of the closed lagystem isknown,

and thereby also the characteristic equation, the parameters of the PI-
controller can be determined by pole placement. The poles otldsed

loop systemare selected as tiple pole, in order tavoid oscillations in

the DC-link voltage and also prevefiom a largevoltage overshoot at
systemstart up. The characteristic polynomial of a triple ps}ystem is
given by

(s+x)3 =% +3s%x +3sx? + x3 (4.59)

wherex corresponds to the location of the poles on the negativexesal

in the s-plane, i.e. the angular frequency of the closed loop system. By
identification of the coefficients of the characteristic polynomial given by

the denominator of (4.58) with the desired characteristic polynomial in
(4.59), the following equation system with the corresponding solutions are
obtained

0 U w,

0 3X=wy, Ox= —P

0 o 3

O Kw, Cycw

Bx2=—" QO %K: el (4.60)
0 Cac 0 3

0 . Ko 0 g2

Ox3=——» o, =—

O CocTi H Wip

From (4.60), itcan be concluded that the triple pole placement strategy
gives a bandwidth of the closed loop system which istbing of the low
pass filter bandwidth.



60 4, Control

Simulation

The performance of the DC-link voltage controller is verified by
simulations, where the averaged converter models are used. The simulated
DC-link voltage response at systestart up is shown in Figure 4.12. In

the figure, the effect of the feddrward of the battery (load)xurrent
during a stepchange is also shown. The feddrward term almost
eliminates the DC-link voltage dip during the battery current transient.

p_u_ T T T T
1875F /7 T —
/ —~
>° 1tk i
0 1 1 1 1
0 100 200 300 400  t[mg

Figure 4.12Simulation of the DC-link voltage, in per unit, at system start up and a step
change in the battery curretrresponding toated power att=300 ms.
Pl-controller with feedforward of battery current(grey) and without
(black dashed), and Pl-controller with fefesward andanti resewindup
(black).

The overshoot in the DC-link voltage at syststart up is approximately

30 %. The overshoot is due to the zero provided by the integrator in the
numerator of the transfer function (4.58), i.e. the demated at IF, on

the negative real axis in theeplane. However, by limiting the output of
the DC-link voltagePl-controller, the overshoot at systemtart up is
reduced at thexpense of @rolonged start up time. This limitaticalso
reduces the resulting line currents during start hgnce smoothestart

up of the system is achieved.

Furthermore, in order tavoid windup of the integrator, an anti reset
windup algorithm[37] is employed. The anti reset winduggorithm
resets the integrator to an appropriate value, if the output of the PI-
controller exceeds thdimitation. Hence,the value of the integrator is
reset so that the output of the Pl-controller is within the boundary. In
Figure 4.12, the result of the Pl-controller output limitation andatiig
reset windup strategy is shown. Here, the output of the PIl-controller is
limited within 20 % of the corresponding nominal line current.
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Active filter control

In this chapter specific properties concerning shunt active fdtartrol

are discussed. The operation principle of a shunt AF for grid conditioning
purposes, such as reactive power compensation, harrfilaring and

load balancing, is generallgiscussed inChapter 2. It is stated that the
basic operationprinciple of a shunt AF is to inject the undesired
components of the loaclrrent, in order tacanceltheir presence in the
line current. This is illustrated in Figure 5.1. It is clear that the
performance of the shunt AF is determined by the amount of reduction of
these undesired components in the line current.

E:

Current contro|

Identificatio

Figure 5.1 Shunt active filter operating principle.

The function of a shunt AF can be divided into two parts. First, the
currents that should be compensated for have to be identified or detected.
This can be performed either in the frequency domain or in the time
domain. Furthermore, the detection can be based either on the load
current, the supply (line) current, or the grid voltage [3]. Detection based
on the load current, which is used here, is suitable for a shunt AF installed
in the vicinity of the load to be conditioned.

The second part consists of the active filter current controller, which
should ensure good agreement between the injected currents and the
undesired components of the load current. Basically, the filtering
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performance of a shunt AF is determined by ¢berent control part, at
least in steady statgperation. However, during transient operation the
filtering performance is also affected by the identification part.

5.1 ldentification based on the load current

Various methodsfor identification of the undesired loadurrent
components are proposed in tliterature. Inthis thesis, however, only
three methods are considered.

Fast fourier transform

The fastfourier transform (FFT)method calculates the magnitude and
phase of the load current frequency components [24]. Then the component
corresponding to the fundamental actorgrent is removed. Finally, the
active filter current reference isbtainedfrom the inverse FFT of the
remaining frequency components. The advantage of the FFT method is
that the magnitudes of the frequency components are kndemce by
manipulation of the magnitudes, overloading of the shunt AF can be
prevented. Furthermoreselective conditioning is made possible which is
useful in some applications, where the focus is to reduce spewfic
component of the loadurrent. Howeverthe calculations involved are
cumbersome and also the lack of information regarding the sequeaces,
positive- or negative-sequences, of the conditioning components makes the
FFT method less practicable.

Instantaneous reactive power theory

The instantaneous reactiyower theory (IRPT) proposed [d][2] is a

wide spread conceptor load current identification inactive filter
applications. The idea is to derive the compensatingent references
based on the decomposition of the instantaneous active and rqamiree

into their DC and AC components, respectively. The fundamewatale

and reactive currents are then given by the DC component of the
instantaneous power. Consequently, the AC component corresponds to the
negative-sequence current component as well as the current harmonics.

According to the IRPT, the corresponding vector representation of the
instantaneous powdd in the stationary referenag3-frame is defined as

p=e® T% =p+jq (5.1)

where p and g denotes the instantaneous active and reagtiveer,
respectively. Note, the difference from the normal definition of
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instantaneougpower given in Appendix A.3, where the conjugation is
applied on the current vector and not the voltage vector as in (5.1).

In order to illustrate the IRPT, consider ttase of doad currentvector
r;ggd and an ideal grid voltage vectsf? given by

He% = gl

ap — 1 ol(et-a) ~jot 5wt j et
Load = 1€ e ™ +lee +1e

(5.2)

Then the instantaneoymwer vector is obtained by inserting (5.2) into
(5.1), which gives

p=EleI® + E(1e7? 41 el 4 1%)  (5.3)

The DC component of the instantanepasver in (5.3) is divided into its
corresponding active and reactive component according to

Poc = Poc t jdbc = E e = B, [cos@ - jsing) (5.4)
The AC component of the instantaneous power is given by
Pac = El(l_le_jz“’lt +1_ge loet 4 I7ej6’*’1t) (5.5)

Since the compensatingurrent should correspond to thiestantaneous
power given by all AC components and the reactive DC component, i.e.

Pcomp = 1dbc * Pac (5.6)

the compensatingurrent is determined by the inverse relationship of
(5.1), that is

~af — pComp
IComp éO’BD (5-7)

which in this case corresponds to
- H _Ir i i .
I8 = lsinge 7D 4 eiet 1 eIt 4y el (5 8)
The compensatingurrent in (5.8)contains all the undesired components
of the load current irthis case. Hence, these componearts cancelled

from the line currentwhich then only consists of thmurrent component
corresponding to the fundamental active power, i.e.
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% =1, cospel® (5.9)

As a conclusion, the IRPT enables full identification and decomposition of
the compensatiorturrents that should be injected by the shunt AF.

Furthermore,this is achieved without cumbersome calculations, which is
the main reason for the wide spread use of the method.

Instantaneous currents in synchronous coordinates

Another approach for identifying the undesiresimponents of the load
current considers theinstantaneous currents represented in the
synchronously rotating referendrframe oriented to the integral of the
grid voltage vectorf4][5]. This method resembles the IRPT method and
under ideal conditions they are equivalent, which will be shiater.
Furthermore,the use of synchronous coordinates is convenient, since the
line sidecurrent controller of the battery charger, describedéattion

4.3, already utilises the synchronous referedgérame.

As described in Appendix A.2, the load current vector in the synchronous
referencedg-frame is derived from the stationary referemggframe by
subtraction of the corresponding angle differeB@ecording to

IL%c;d _ILoad (e 19 (5'10)

Consider thecase investigateg@reviously for the IRPT, where thgrid
voltage vector and loadurrent vector are given by (5.2). Tlaagle 6
used in the vectotransformation is given by the argument of tiped
voltage integral, that is

6=w1t—g (5.11)

The representation of the load current vector of (5.2) in synchronous
coordinates is then given by

L TT
rda (| omim -j 2wt -j6wit j6ait) )2
(0 = (16712 + 1872 4 e 0 R 2 (5.12)

The DC component of the load current vector in synchronous coordinates
is written

ihaoc = 11 dsing, + j cos@) (5.13)
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where the real and imaginary parts correspond to the reactivacind
current components, respectively. The AC component of thedoaeént
vector corresponds to theegative-sequenceurrent component and the
current harmonics, that is

=dq _ —j2owyt —j6ont j 6ot
g ac = {1 g€ 7120 +1 _geTI00 + 1 el0r ) (5.14)

As in the case ofthe IRPT, theinstantaneousurrents represented in
synchronous coordinates provide complete information ofdifferent
load current components. The compensation curs@ould correspond to
the fundamental reactiveurrent, i.e.the real part of the DC component,
and the AC component

=d _ = d = d
i Comp = De(' Loqad,Dc) + T\ gad A (5.15)
which is equivalent to the compensation current obtained from the IRPT.

The result of load currendecomposition by the IRPT and by the
representation of théstantaneousurrents in synchronous coordinates
are equivalent under ideal conditions [4]. However, in the presergedof
voltage distorsion, the obtained compensaticurrents differ. The
distorted voltage implies that the correspondimgrent harmonics will
contribute to the actual power flow, and hence to the DC component of
the instantaneous power.

According to the IRPT, this contribution implies that part of lbad
current harmonicgan not be separatddom the fundamentaturrent
component, and hence can not be detected. However, fanstaataneous
currents represented in the synchronous referdndeame, the effect of
the voltage harmonics is reduced. This is due to the integration gfithe
voltage vector involved imrder toobtain the transformation angle. This
means that even if theurrent harmonics contribute to tlaetual power
flow, they are still represented by the AC component of the domcknt
vector.

From the discussion given above, identification by the instantaneous
currents represented in the synchronously rotating referégdeme is
selected. The choice is motivated by the equivalency to the IRPT method,
together with the convenient relationship with the legrent controller.
Table 5.1 gives the correspondence between the conditioaomgonents

and their representation in the synchronous referdgdeame.
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Table 5.1 Representation of the current components in giiechronouslyrotating

referencedg-frame.
Component Sequence Frequency Vector
active positive DC ig
reactive pos. DC ig
asymmetry negative 2 | _1e_j 2opt
5" harmonic neg. é, |_ge ot
7" harmonic poSs. é, el
11" harmonic neg. 13, | e it
13" harmonic pos. 12, | ge! 2

Filters

In order to extracand remove the curremomponent corresponding to
the fundamental active power, a higlassfilter on the g-axis current
component of the loadurrent vector is sufficient. However, order to
obtain selective conditioning by thmattery charger, filters extracting the
respective conditioning componerftem the load current arepplied
instead. This is illustrated in Figure 5.2, where a fmsgsfilter on thed-
axis current and aand passfilter at twice the fundamental frequency
provides for the fundamental reactive currecdbmponent and the
negative-sequence component, respectively. A pagsfilter extracts the
corresponding load current harmonieghich indicates that there is no
selectivity in the harmonic filtering capability, i.e. either all or qwrent
harmonics are filtered. This is not regarded as a severe restriction of the
shunt AF performance, but theeeded calculatioreffort is greatly
reduced.

f»dq
LP ILoad,DC
>af -dg -dq ->do,
ILoad oo ILoad gp | 'Load.ngt AF
->dqg
HP ILoad,h
]

Figure 5.2 Principle block diagram of the load current identifier. Note that the low
pass filter only provides thitaxis DC current component.

The low pass filter consists of & 4rder Butterworth filter, with cut off
frequencyf,, equal to 30 Hz. This is a trade off between high attenuation
of the current harmonics and the negative-sequence current component
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versus the transient characteristics, i.e. response time and overshoot, of
the filter. The corresponding transfer function of the lpassfilter is
given by

4
Wip
Gip(s) =

5.16
s* +2.613w),,s° +3.414w5,s” + 2.613wj,s + Wi (510

A first approach fordesigning the bangassfilter is to combine a low
pass and a high pass filter. However, the band pass filter in fact consists of
two identical bangassfilters applied to thel- andg-axis components of

the load current, respectively. Hence, the calculation effort would be high.
Another approach33] utilises the vector representation of the load
current andapplies a vectortransformation into anegative-sequence
oriented reference frame, referred totlas nsframe. This implies that
the fundamental negative-sequemcerent component is represented as a
DC quantity. Consequently, lowassfilters are sufficient inorder to
extract the negative-sequence comporfeotn the loadcurrent. The
output from the lowpassfilters are then transformed back into the
synchronous referenceg-frame. The result of the badkansformation
corresponds to a frequency shift of the Ipassfilter. The transfer
function of the bangbassfilter is obtained according tfill] in complex
notation as

GE3(9) =GR (s + j2w,) (5.17)

where the lowpassfilter consists of a 4 order Butterworth filter,refer
to (5.16), with cut off frequency equal to . The frequency response
of the complex valued band pass filter is shown in Figure 5.3.

Gain [dB]

1 10 100 Frequency [Hz]

Figure 5.3 Frequency response tife band pasdilter in the synchronougeference
dgframe, positive- (solid) and negative-sequence (dashed).

As can be concludeffom the figure, it is only thenegative-sequence
current component of twice the fundamental frequency thadses the
filter, which is the intention of the band pass filter.
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For the highpassfilter, a similar approach is used. his casefirst
order high passfilters are employed in both the referenéemmes
corresponding to the positive- andgative-sequences of the fundamental
frequency. The complex valued transfer function of the high pass filter is

S+ j2w, oS

G () =G (s+ 2w, ) (G () =
hp (S) np(S+J2w,) G (9) S+j2w1+whp S+ Wy

(5.18)

where the cut off frequendy, is chosen to 10 HZ he relatively low cut

off frequency of the high pass filters ensures high phase agreement for the
filtered current harmonics. The frequency response of the faghfilter

is shown in Figure 5.4. The result is, in some aspect, equivalemtch

filters at the fundamental frequency in the stationary referafieame.

—T T T ——— T

&
&
T

.

1 10 100 Frequency [HZ]

Figure 5.4 Frequency response tfie high passfilter in the synchronouseference
dgframe, positive- (solid) and negative-sequence (dashed).

In Figure 5.5, the complete block diagram representation ofldhe
current identifier is shown.

->dq >dq
10 ILoad GEg ILoad,DC
>af ->ns ->ns -dq >dog,
ILoad eje ILoad Gns ILoad,DC e.jzg ILoad,ns Y |AF
LP
>dq
ns | dq |!Load,h

Figure 5.5 Block diagram of the load current identifier.
Transient responses of the filters

From the discussion given above, it can be concluded that the steady state
performance of the filters, applied in the load current identifier, is good.
This indicates that the steady state performance of the shunt AF is
determined by the current controller. However as mentioned previously,
the transient performance of the shunt AF is affected by the identification
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filters. This is illustrated in Figure 5.6, where the filtered outputs are
shown when step changes in each of the conditiooumgent components
are applied.

Id,DC

i i i i
T T T T

- - RAmﬂ
—/\W NN

0 lO 20 30 40 50 60 70 80 t [mg]

Figure 5.6 Ideal (black) and filteredbutputs (grey) during step responses in the
individual d-axis components dhe load current at 1Mhs, 30 msand 50
ms forthe reactive, harmonic and negative-sequence cuwoenponents,
respectively. Note the coupling between the filtevatputs,especially for
the high pass filter output.

From Figure 5.6, it is concluded that the response tiorethe low pass

and bandpassfilters roughly correspond to two fundamental time
periods, i.e. 40 ms. This is due to the low cut off frequersséscted for

the low pass filters used. The low cut off frequencies further provide high
reduction of the other frequency components, which implies low
interference between the filtered outputs.

The highpassfilter output, on thecontrary, is stronglyaffected bystep
changes ineither the fundamental current or theegative-sequence
current component. This is due to the low cut off frequency of the high
passfilter, selected inorder to obtain good phase agreement of the
harmonic current reference. Initially, all frequency componpatses the
high pass filter, which implies that the harmonic current refereacebe
dangerously largeFurthermore,the transient bias in the highassfilter
output cancause unintended active oeactive power flow in theshunt

AF.
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5.2 Original active filter controller

The original and first approach to the active fil@ntroller isobtained

by combining the identification filters with the line side curreontroller
derived in Section 4.3. In Figure 5.7, the block diagram representation of
this original active filter controller is shown.

i =d -d >d
i2q tfq Lufq Eq
— da
»d ~d ~d > -d u
ILo%d BP |- IAlgk \L io % -pig ugq* ~PE|1} G ~PEIL .
tuj L
HP

Figure 5.7 Block diagram representation of the original active filter controller.

Note that the fundamental acticarrent referencé,, obtainedfrom the
DC-link voltage controller imdded to the active filtecurrent reference.
Also note theshorter notation applied to the P-controllers (P), vigéd
back of thed- and g-axis cross-coupling (~) and the additional feed
forward (E).

In this section, the performance of a shunt AF employing dhginal
active filter controller isinvestigatedfor one conditioningcapability at

the time. The same resulise obtained when all conditioniragpabilities

are analysed simultaneously. However, the analysis is simplified since the
results may be hidden under other phenomena, wberiorming
simultaneous investigation of the conditioning capabilities.

Reactive power compensation

Reactivepower compensation is in mamgpectshe easiest activélter
task to beperformed. Since the synchronously rotating referender
frame is employed for the original active filter controller, reactosver
compensation is equivalent to controlling thekaxis DC current
component. Furthermore, since the activefilter controller contains
integrators in the outer current control loagmmplete reduction of the
reactive current component is obtained.

The simulated result, when performing reactive power compensation with
the original active filter controller, is shown in Figure 5.8. In this case the
load consists ofpurely inductive elements, which implies that the load
current is completely reactive and lags the grid voltage by 90 degrees.



5. Active filter control 71

17 T T T T T 7]
mm
O, .
g
- '1 1 1 1 1 1 \
17 T T T T T ]
Q
=R I
-1 i
17 T
‘20
1E

-10 0 10 20 30  t[ms]

Figure 5.8 Simulated phase currenmighen performingreactivepower compensation
of inductive load. Top)load current (black) and grid voltaggrey),
middle) resulting line current, and bottom) injected AF current.

The remaining component of the lineurrent corresponds to the
fundamental active current consumed by the active filter itself. Srhadl
active current component is needed iarder to maintain the DC-link
voltage at its nominal value, thus compensatorgthe losses inthe shunt
AF.

Load balancing

The simulated result wheperforming load balancing, with theriginal

active filter controller, isshown in Figure 5.9. In this case, thmad
consists of a resistive load connected betweerpliasesa and c. Hence,

the load current consists of equal amount of the positive- and the negative-
sequencecurrent components of fundamental frequency. The twase

load is considered appropriatsince the load balancing capability is
restricted to the negative-sequence component due to the lackeoftral
conductor in the shunt AF, i.e. the battery charger.

Under ideal conditions the resulting limeirrent should only contain the
fundamental positive-sequencarrent componentince that component
corresponds to the average power consumed by the load. However, as can
be seen inFigure 5.9, the line currents are not totatlglanced in this

case, despite the injection of the negative-sequenaent component by

the shunt AF. This implies that the injectedrrent is notequal to the
correspondingnegative-sequenceurrent component of the twagphase

load.
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Figure 5.9 Simulated phase currents (phaddack, phasé grey, and phase dashed
black) when performing load balancing of a resistive two phase Tag).
load currents, middle) line currents, and bottom) injected AF currents.

The difference between the load current and the injextecbnt is due to

the phase deviation of the line siderrent controller,seeFigure 4.8 on

page 55. Theghase deviation implies that the injectmarent differ in
phase from the load current. Hence, complete cancellation of the negative-
sequencecurrent component is not accomplished. Nevertheless, the
performance can be improved by compensafing this inherentphase
deviation. This is further discussed in the next section.

Harmonic filtering

Sinceharmonic filtering involves the injection of several high frequency
current components corresponding to the current harmonics produced by
the load, it is considered from a control point of view as the hatdslst

to perform. In order t@nalyse théharmonic filtering property of the
original active filter controller, the complete model of the higlssfilter

and the current controllenas to bederived. From (5.18), theomplex
valued discrete statgpacerepresentation of the higpassfilter can be
derived and is generally written according to

th(k + 1) = Athhp(k) + BhpiaL(i)cjad (k)
TAT (K) = CpXpp (K) + Dl 4 (K)

wherex,, is the state vector of the higtassfilter. The complete model is
obtained by the series connection of the sktgiace systemgs.19) and
(4.49), which gives

(5.19)
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Dx<k+1)g mpdq F99C,, 0X(K) O g‘dq 95, ElDe"“(k)g

+
B(hp(k+1)g EO Ahp @(hp(k)g QO Bnp @Load(k)g

E) (9 Ce% (k) O
K —|c qu | |qu DYDH |
(A Gro g(hp(k)g- e DutDr DLoad(k)%

BE [0

(5.20)

Neglecting the influence of the grid voltage in the analysis, the closed loop
system of the original active filter controller is written

DX(k+1) O Bbdq dqchpEﬂJX(k) O Drquhp
@(h (k+1)D 0 h (k)g-'- 0> —- |:ILoad(k)
P @ @( P H B B (5.21)

X(k) D .
O+ 1 aha (K)

)@

Basically, both the bandwidth and the phase deviation ofctireent
controller affects the harmonic filtering performance. The bandwidth of
the current controller, refer to the frequency response plot in Fig8re

is sufficiently high. The phase deviation, on thider handhas amore
deteriorating effect on the filtering performance. Thhase delay,
corresponding to three samples, decreases the harmidtécing
performance. This isoncludedfrom theclosed loop frequency response
displayed in Figure 5.10 for trshunt AF investigated, i.e. the frequency
response from the load current to the resulting line current according to
(5.212).
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Figure 5.10Closed loop frequency response floe original harmonic filter controller
in the synchronousreferencedg-frame, positive-sequence (solid) and
negative-sequence (dashed).

Note that the low frequency behaviour is due to the pagsfilter used
in the current harmonic identification and ncaused by thecurrent
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controller. Anyway, the poor filtering performance of the origiaelive

filter controller is clearly seen. In fact, as candeen inFigure 5.10, the
higher orderload current harmonics, i.eabove the 12 harmonic in
synchronous coordinates, are even amplified instead of reduced by the
injected harmonic currents.

The poor harmonic filtering performance can also be conclérded the
simulated result shown in Figure 5.11. In this case, the doadists of an

ideal threephase diodeectifier with an infinitesmoothing choke on the

DC side. The DC current isompletely flat, and hence also tipbase
currents when their corresponding diodes are conductingutrent. In

this case, the amplitudes of the current harmonics decline with the inverse
of their corresponding harmonic order.
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Figure 5.11Simulated phase currents and the corresponding harrspeatrum, when
performing harmonic filtering with the original active filter controller.
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Note the conformity of the resulting line current spectrum anctlised

loop frequency response displayed in Figure 5.10. Nevertheless, the
unacceptabl@oor filtering resultdemanddor modification of theactive

filter controller in order tdncrease the harmonic filteringerformance.

The inherentphase deviation of theurrent controller has to be
compensated for, which is the topic of the next section.
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5.3 Direct phase compensation of the active
filter controller

The main conclusion drawn in the previous section, is the need for
compensation of the inherephase delay in the lineurrent controller.
This phase delay is the main readon the poor harmonic filtering and
load balancing results of the original active filteontroller. In this
section, some basic methods that can be teethe compensation of the
phase deviation in the current controller are described.

The phase deviation of the lineurrent controller approximately
corresponds to a three sample delsge Figure 4.8.Hence,the phase

compensation should provide ghase advanceorresponding to three
samples in order to cancel the inherent delay of the current controller.

Load balancing

In the load balancing case, the phase compensation is obtained in a straight
forward manner, wheréhe bandpassfilter output vector is rotated an
angle corresponding to the desired phase advdie®e the argument of
the current reference vector is modified to provide for the depinade
advance in theotation direction of thenegative-sequenceector. This
phase compensation is described, in complex vakeetbr notation, by
the following expression

Tar =T ganse 2 (5.22)
Another approach[5], utilises lead-lagfilters in the d- and g-axis
components, respectively, to provide thease advance of theurrent
reference vector. The obtained result is the same, but the simplicity of the
straight forward method is preferred.

The improved performance of tlwempensated activillter controller is
concludedfrom the simulation result, shown in Figure 5.12, where the
phase compensation given by (5.22) is applied. In this case theulirent

is totally balanced, compare to Figure 59 the uncompensateresults.
The resulting line currentontains only the positive-sequence component
of the loadcurrent, which corresponds to the ideal case. Thesult
further implies that the injectedurrent equals the negative-sequence
component of the load current.
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Figure 5.12Simulated phase currents (phaddack, phasé grey, and phase dashed
black) when performing load balancing of a resistive phasdoad with
the phase compensated active filter controller.

Harmonic filtering

The straight forward methodapplied for the fundamentainegative-
sequencecurrent component, is not directlypplicable in theharmonic
filtering case. Since in the harmonic filtering case, several frequencies are
concerned. The straight forwardethod would require simildsandpass
filters for each of the harmonics, iarder toobtain the correciphase
advance for every harmonic current component [20]. However, if the FFT
method is employed in the loadirrent identification, the corresponding
phase of thenarmonic current referencesmn be advanced according to
the straight forward method [24].

Since the phase deviation of therrent controller corresponds talaee
sample delay, the desired phase compensation is obtained by the prediction
of the current harmonics thresamples ahead itime. The periodicity of

the current harmonicdurther implies that previous periods of the
harmonic currentcan be usedor the prediction.Hence,the predicted
harmonic current is given by the harmordarrent, one periodminus

three samples back. For each current harmonic this can be written

A~

rL?)?ad,h (k+3) = TL%id,h (k=T +3Ty) (5.23)

whereT, is the time period of the corresponding current harmonic. The
prediction (5.23) is generalised to be valid for all harmonicsdigcting

T, according to the time period of the lowesitrrent harmonic, i.e. the
sixth harmonic in the synchronous referedgdrame.



5. Active filter control 77

The realisation of the phase compensation is obtained by arahifter,
with a length corresponding to the time period of the lowest ardeent
harmonic. Hence, the harmonic current reference is given by

q (k) = ILoad h (K= Tanittregister + 3Ts) (5.24)
The discrete state space description of (5.24) can generally be written
Xg (K +1) = Ag Xg (K) + Bg [, %94 1 (K)
[39 (k) = Cg Xg (K) + Dsrll_oad h(K)

(5.25)

The closed loop statepacerepresentation of theohase compensated
harmonic filter controller is obtained by inserting (5.25) irfta21),
which gives

BX(k+1)E gbg{q r9cy 1Y SrChpE[I]X(k)D [T Dy By, U
Exg(kﬂ)gzgo A By Cip E[D(sr(k)D"'D By Drp mLoad(k)
Bek+DE g0 O Arp @(hp(k)ﬂ D By E

0X(9 &

0,
i$e(k=[-C 0 0]%(k>mlLoad(k)
0
@(hp(k)g

The effect of the applied phase compensating method is visualised by the
frequency response shown in Figure 5.13. At the frequencies
corresponding to the current harmonics in the synchronous refedence
frame, the attenuation is improved in comparison to the oricactle

filter controller. Atleast 20 dB, or ten times, reduction of th@monic
content of the line current is achieved.

(5.26)
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Figure 5.13Closed loop frequency response fie compensated harmonic filter
controller, positive-sequence (solid) and negative-sequence (dashed).
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The main advantage of this compensation method is the simple realisation.
However, it is seen inFigure 5.13 that the effect of thehase
compensation decreastty the higherorder current harmonicghis is

due to the fact that for the higher order harmonics ptiese deviation of

the current controller starts to differ from tlessumedthree sample
phase delay, refer to Figure 4.8.

The simulated result, whgwerforming harmonic filtering withthe phase
compensated activdilter controller, is shown in Figure 5.14. As
expected, the harmonic filtering performance is greatly improved in
comparison to the result obtained with the original active fitmtroller,
refer to Figure 5.11.
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Figure 5.14Simulated phase currents and the corresponding current spettrained
with the phase compensated active filter controller.

Phase compensated active filter controller

Figure 5.15 shows the blockdiagram representation of thphase
compensated activéilter controller. According to thediscussion given
above, the expectegerformance of this active filtecontroller is high.
However, in a practical realisation of the phase compensated &titive
controller, some degrading properties appear that is not modelled or
taken into consideration when performing the theoretical analysis. In fact,
the experimental results, given in Chapter 6, indicate quite filbering
performance of the phase compensated active filter controller.
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Figure 5.15 Block diagram scheme of the phase compensated active filter controller.

One degrading property is the sensitivity to variations in the system
parameters. Since the active filter control is performed in open loop, the
performance is determined by the accuracy of the estimated parameters
used in the current controller. Uncertainties in these parameters cause the
actual behaviour to differ from the expected. Consequently, the
theoretically obtained frequency responses do not describe the actual
system accurately. Tuning of the active filter controller parameters based
on experimental results improves the performance, however this
procedure is cumbersome and should be avoided in practice.

Furthermore, the non-linear properties of the VSC also have a degrading
effect on the conditioning performance. For instance, the blanking time

introduces current harmonics which are not compensated for, since they
do not appear in the load current.

5.4 Rotating integrators in active filter control

In order to overcome the deteriorating properties of the phase
compensated active filter controller, another improved active filter
controller structure is proposed, where integrators in harmonic oriented
reference frames are employed [6] The main focus is to obtain a
parameter insensitive active filter controller with high harmonic filtering
performance in the steady state [6]. However, as will be shown in this
section, additional features such as harmonic filtering selectivity is also
achieved. Furthermore, the transient performance of the shunt AF is
improved.

The idea of the proposed controller is based on the observation of the
effect of the integrators applied in the outer current loop of the line

current controller, described in Section 4.3. Due to the infinite gain at

zero frequency of the integrator, the steady state error of the
corresponding DC component is eliminated. As a consequence, the
uncertainties concerning the DC component of the system are totally
compensated for. In fact, this is equivalent to compensation of both the
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gain and the phase deviatidior the fundamentalpositive-sequence
current component in the stationary refereafeframe.

Integrators applied in several harmonic oriented reference frames, where
the corresponding current harmonics are represented aquBdities,
should have the same effect on the steady saters of the
corresponding current harmonig32][35]. This implies that the injected
harmonic currentequals the harmonic content of the loagirent, and
hence complete cancellation of the liogrrent harmonics are obtained.
Since this is already true in the reactive power compensation case, refer to
Figure 5.8, the original active filtercontroller for reactivepower
compensation is kept unchanged. Furthermore, the same technicesl is

in a negative-sequenceriented reference frame, providing improved
performance also of the load balancing property.

Parallel rotating integrator (PRI) controller structure

The block diagram representation of the proposed paratigting
integrator (PRI) controller structure, where the additional harmonic
oriented integrators are simply inserted in parallel to ¢mginal
synchronous referenadg-frame integrator, is shown in Figure 5.16. Note
that in the figure, only the integrators corresponding to the lawder
current harmonics are shown, i.e. tifeahd 7' current harmonics. In the
thesis, however, harmonic oriented integratfns the 5" up to the 2%
current harmonics are employed.
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Figure 5.16 Principle block diagram representation for the PRI controller structure for
activefilters.

Note the additional compensation angleinserted in the transformation
from the harmonic oriented reference frames back to the synchronous
referencedg-frame. The effect of this additional compensation aiyles
discussed later on, at the moment it is sufficient to say that it improves the
phase margin, or stability margin, of the PRI controller. This is especially
important for the higher order current harmonics. However, as will be
shown later, a suitable value féf is
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5
6, = Ea)lTS (5.27)
In order to include the rotating integrator loops in the theoretical analysis,
the equivalency of the vector transformatiéor continuous time and
discrete time systems have to be given

- jort B Stjw
s 08’ Ls%n g ;

0 g (5.28)

which describes the result of vector transformation between the stationary
and the synchronous reference frames. Nevertheleshatieprinciple
given in (5.28) is easily extended to arbitrarily vector transformations.

Applying the relationship for the transformation of discrete tsystems

(5.28) on the rotating integrator loops, the complex valued disstate

space system, including the additional compensation angle, is found
ARI BRI

Osk+)0 % o Msko Ke'®*sg. .

O F O o ErO i (0)-1()

Ok+)g g o0 sk g BKe™rs

_ e0.10-5(K)O
aF=[e7*% 0" 0
Ol7(k) O

Cr

(5.29)

The integral gairK, is given by

1 a( L, 0T,
Ky =— K, —= 5.30
" BT EH (5.30)

where 1, corresponds to theselected time constant of thearmonic
oriented integrators. Note that wrder to correctly interprethe time
constant, scaling with respect to the gain condtagnof the intermediate
capacitor voltage P-controller has to be made. Basically, thectomg&tant

of the rotating integrators can be chosen equal to the time constant of the
integrator used in the synchronouseference dg-frame controller.
However, inorder to improvethe transient behaviour of the shunt AF,
the time constants of thbarmonic oriented integrators amelected
according to

1,=10 ms (5.31)
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Anyway, the effect of the time constamtis discussednore in detailater
on.

Extending the line current controller given by (4.49), again neglecting the
grid voltage in the analysis, with the state space description gbtagng
integrators (5.29) gives

DX(k+1)D D ¥ r¥c,mXk o oreo ?d*
O 0L2 077 (K)
D(R|(k+1)D E‘Bmcx Ay (KO B O

o (5.32)
) <o gOX0O
j.dacy = [Gda
F0=[CE oy 0
where
FF o :[o Csi, O o]T (5.33)

links the output of the rotating integrators to the conveseltage
reference, refer to Section 4.3.

The closed loop discrete stagpace system of thBRI harmonicfilter
controller is then obtained by inserting tekte spaceepresentation of
the high pass filter (5.19) into (5.32)

OX(k+ 0 D & TRiCy T “‘*qqp%xw)g g D0
K (K+)FGBRCY Ay BrCipMm (KO Br thuLoad<k)

0 0o (J OO
k) g O 0 Arp @(hp(k)ﬁ g By E
OX(k) O

~dq 0 0
15009 =[-C8 0 0] (KITH (k)
B(hp(k)g

In Figure 5.17, the frequency response for the PRI harmbher
controller, with integrators oriented to thd &ip to the 28 current
harmonics, is displayed. Thewarrow notches, at the frequencies
corresponding to the harmonics in the synchronous referéqdeame,
indicate the elimination of the correspondiogrrent harmonicsHence,

the harmonic oriented integrators provide complete compensation of the
degrading phase deviation in theoriginal active filter controller.
Furthermore, this is obtained independent of the system parameters.

;:n

(5.34)
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Figure 5.17Closed loop frequency response floe PRI harmonic filter controller in
the synchronousreference dg-frame, positive-sequence (solid) and
negative-sequence (dashed).

Note the similarity between the frequency responses obtained with the PRI
controller and the original harmonic filter controllshown inFigure

5.10. Except for thenarrow notches in the PRCtontroller case, they
appear to be identical. This implies that the higleeder current
harmonics, i.e. without corresponding integrators, still are affected by the
phase deviation of the lineurrent controller. Hence, thesecurrent
harmonics are even amplified instead of reduced, which caormzuded

from Figure 5.17.

The conclusions drawn from the frequency response, of the PRI harmonic
filter controller, are confirmed by th&mulated results shown iRigure

5.18. The current harmonics with corresponding integrators are
practically eliminated. This implies that the remaining oscillation in the
line current iscompletely due to the highesrder current harmonics,
partly present in the load current and partly due toinfextedfiltering
current. This isconcludedfrom the plotted harmonic spectrum of the
currents. Furthermore, ttan be concluded that the settling time of the
integrators correspond to the selected time constant

The still remaining degrading property of the PRI harmofiiter
controller, i.e. the amplification of the higher order current harmonics, is
due to the direct path provided by the P-controllers througltabeaded
controller structure. The consequence of this is that the controller puts as
much control effort orthesehigher order current harmonicdespite the

fact that the produced control actions only decreasepdHermance of

the activefilter. However, this is circumvented by the removal of the
direct path through the active filtercontroller. In fact, this is
accomplished for the active filter controller described next, which still has
the advantages but lacks the drawbacks of the PRI controller.
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Figure 5.18Simulated phase currents atkebir harmoniccontent, when performing
harmonic filtering with the PRI controller.

Multiple rotating integrator (MRI) controller structure

In order to overcome the remaining drawback of the PRI harnfitéc
controller, i.e. the amplification of highesrder current harmonics, a
further improved rotating integrator controller is proposed. Basically, the
idea is to remove the direct path through ¢hecadeaontroller structure
for the current harmonics. This @btained by removing the pafhom
the high passand the bandpassfilter outputs to the linecurrent
controller. These filter outputs arénstead only input to the multiple
rotating integrator (MRI) loopssee Figure 5.19. As aconsequence,
harmonic selectivity is obtainedince only current harmonics with
corresponding integrators are filtergdence, in this thesithe 3" up to
the 2%' current harmonics are filtered, while the highlmder current
harmonics are left unfiltered.

Note the additional anti windup block (AW) inserted in the figurlijch

is described later on. Also note the principle differemegarding the
bandpassand highpassfilter inputs. This implies that theurrent of the
battery chargeanlso is filtered. However, the filters are regsential for

the function of the harmonic oriented integrators, hedce can be left
out in the MRI active filter controller. Nevertheless, their presence reduce
the ripple in the harmonic oriented integratomised by the fundamental
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current componentyhose magnitude is several tim@gher than any of
the current harmonic magnitudes.
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Figure 5.19 Principle block diagramrepresentation for the MRI controller structure for
active filters.

The parameters for the MRI loops, i.e. the compensation #&gled the
time constant for the harmonic oriented integratprsare chosen equal to
the PRI harmonic filter controller. However, the time constant of the
negative-sequence oriented integrator is selected to

1,=100 ms (5.35)

which is due to the longer response time of the band pass filter, refer to
Figure 5.6.

For the MRI harmonic filter controller, the complex valued discrete state
space representation is given by

OXk+) OO &% T8Cy 0 MXKkDOO o O

0. X .. m o0 . O
%(RI (k+1) EF g BrDnCx' Ar BrGyp %(m (ko SBRI Dhp %Load (9]
Bp(k+D5 —%Cﬂq 0 A, mw®E 8By

(5.36)
e
960 =[-CX 0 0] Dt (KITH B ()
EGYS

which is similar to the PRI harmonic filter controller case (5.34).

The absence of the direct path, in the MRI harmonic filter controller,
results in the fact that the higher order harmonics are left unfiltered. This
is concluded from the closed loop frequency response of the MRI
harmonic filter controller (5.36) displayed in Figure 5.20. The gain is
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approximately unity for all frequenciesxcept at the frequencies of the
corresponding integrators.
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Figure 5.20Closed loop frequency response for the MRI controller with corresponding
integrators forthe 8" up to the 28 currentharmonics, positive-sequence
(solid) and negative-sequence (dashed).

The pole and zero map of the MRI harmonic fileamtroller (5.36) is
shown in Figure 5.21. Thearrow notches in the frequency response are
due to the pole and zero pairs located in the vicinity of the unit circle. In
fact, the zeroes are actually on the unit circle, wheguses the
cancellation of the corresponding frequency component, i.e. the depth of
the notches in the frequency response. In [36], an afitige controller
based on notch filters in the controller was proposed resulting in a similar
pole and zero map.
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Figure 5.21Pole and zero map for the closed IddRI harmonic filtercontroller. The
right plot shows a close up of the first quadrant.

Note that the location of the poles corresponding to the original line
current controller, without theMRI loops, are proportionately
unchanged, refer to the pole map shown in Figure 4.7.

The simulated result, whewerforming harmonic filtering witlthe MRI
controller, is shown in Figure 5.22. The superiority of the proposed MRI
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controller, compared to the previogases, ixlearly seen. Theurrent
harmonics up to 25are eliminated, whereas the even higlweder
current harmonics are left unfiltered.
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Figure 5.22Simulated phase currents atiteir harmonic content obtained with the
MRI harmonic filter controller.

Note that the response time of the M&introller corresponds to the
selected time constant, of the harmonic oriented integrators. This is
further verified in Figure 5.23, wherthe harmonic orientedhtegrator
outputs for the lowest and highest orders of current harmonics are shown.
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Figure 5.23The integratoroutputs for the simulation of the MRI harmonic filter
controller, top) % dark and ¥ light, and bottom) 238dark and 28 light.
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Note that the ripple in the integrators of the lower figure is due to the
remaining higher order current harmonics still present in the line current.

An additional feature of the MRkontroller concerns the transient
behaviour of the shunt AF. In the MRbntroller case, the lowpass
filtering property of the integrators neutralises the transient coupling in
the high pass filter output shown in Figure 5.6. Hence, the time comstant

of the harmonic oriented integrators determines the transient response
time of the MRI controller.

Anti windup schemes for the MRI controller

The MRI controller provides forsimple counter-measures order to
prevent from windup of the harmonic oriented integrators. It is
recognised that integrator windup or integrator runaway only occurs
when the VSC, i.e. the actuator, output is limited by the DC-link voltage,
refer tothe discussion in SectioB.2. Hence, if overmodulation of the
VSC is prevented, then integrator windup can not occur.

Overmodulation of the/SC appears, in steady state, when the voltage
drop across the LCL-filtebecomedarger than the margin between the
DC-link voltage and the grid voltage. This voltage drop is dependent both
on the magnitude of the injectedrrent harmonics and on tleeguivalent
impedance of the filter seen from the VSC. However, the influence of the
latter is reduced by the use oL E&L-filter in comparison to amrdinary
L-filter, refer to the discussion in Section 3.4.

Anti windup is achieved in steady state either by reducingrthgnitudes

of the injectedcurrent harmonics or by omittingome of theharmonic
oriented integratorsHence,anti windup is ensured at the expense of a
reduced filtering performance. In the firsase, this can be accomplished
by reducing the amount of the load currgmior to the bandpass and
high passfilters. This principle is shown in Figure 5.19, where the AW
block simply consists of a scalirffigctor. The valudor the scalingfactor
AW is then determined by the following simple algorithm

if overmodulation
AW:=MIN(0,AW-0.01)

else
AW:=MAX(1,AW+0.0001)

Note that the decrement should be considerkistyer than the increment
in order to accomplish anti windup in steady state.
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In the second case, anti windup@dsovided by continuous reset of the
corresponding integrators of the current harmonics to be omitted,
preferably applied to the higher order harmonic oriented integrators.

Influence of the MRI parameters

The influence of the rotating integrator parameters, .eand 71,, have
previously not been discussed. The value of the compensationngle
however, crucial in order to obtain stability of the MRI controller. This is
especiallyimportant for the higheorder harmonic oriented integrators.
The time constantg, and1,, on the other hand, determines the transient
characteristics of the MRI controller.

In Figure 5.24, the loci of the poles and zeroes of the bRtroller is
shown when the rotating integrator parameters are altered. Note that only
the poles and zeroes corresponding to the highest order harmonic oriented
integrators, i.e. for the Z3and 2% current harmonics, are shown. It is
concluded that the proposed seBoéndr, gives a stable system, since the
poles are inside the unit disc.

0.74; =10 ms
2 0.72 2
g 3/2 g
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712%% e p
0.68 92 ¢
0.68 0.7 0.72 0.68 0.7 0.72
Real axis Real axis

Figure 5.24Part ofloci of poleand zero magor the MRI harmonic filtercontroller,
varying 6, (left) and varyingr, (right).

Note that the dotted line corresponds to the frequency of the investigated
harmonic in the synchronous referemzgeframe.

Figure 5.25shows the effect on th&Fequency responsesaused by the
parameter variations of the MRbntroller. Note the principle difference

in the location of the peaks when the compensation afigle altered.

This is due to the fact that the corresponding frequency, i.e. location, of
the polediffer more orlessfrom the frequency of the zeroes involved.
The closer to the corresponding frequency line, tbes distorted
frequency response.



9 5. Active filter control

o

Gain [dB]
=
| J
|
| \
[ )
»—__v,"_\_7
:—ﬁ‘__z\//\
(
|

m  5F [ T
S, [\

c 0 =

T

O]

100 Frequency [HZz]
Figure 5.25Influence of the MRI parameters on the frequeregponse fothe MRI
harmonic filtercontroller. Top)6,= 5/2w,T, (black), 7/2u,T, (grey), and

9/2w,T, (dashed black)Bottom) 7,= 5 ms (grey), 10 ms (blackynd 50
ms (dashed black).

Furthermore, the width of theotchesare narrowed with increasing time
constant, and at the same time the bias in between the notd¢be=isd.
This is due to the morelosely aligned poles and zeroks larger time
constants. Hence, drade of between the response time and the
intermediate bias has to be made. This is espedmlportant for the
highestorder harmonic oriented integratorsince a high bias results in
the amplification of the even higharder current harmonics, refer to
Figure 5.25.

Note that the analysis given reveals that the selected set of MRI
parameters are not the optimal choice. In fact, the compensationéangle
should preferablyhave been selected to W, since in thiscase the
frequency correspondence of the poles and zeroes improved.
Nevertheless, the main objective in terms of high steady state conditioning
performance is fulfilled with the proposed set of MRI parameters.
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Experiments

In this chapter, the experimental results of the proposed battemger
are presented. Thieasiccurrent controllers described in Chapter 4 are
verified. However, theemphasis is put on therid conditioning results
and especially the properties of the proposed MRI active filter controller.

6.1 Experimental set-up

The experimental set-up is shown in Figure 6.1. Note that the pgpcer
should be connected in the lower leftmpsirt of the figure. Thehree
phase diode rectifier is applied in order to generate the load current to be
conditioned by the shunt AF part of the battetyarger. Thediode
rectifier load is purely resistive, i.e. a lamp ballast. Note thatldbd
current is not explicity measurednstead it is estimatedrom the
measured supply (line) current and the battery charger current.
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Figure 6.1 Schematic layout of the experimental set-up.

The battery package, shown in the lower right of the figure, actually
consists of a rotating converter, where the armature circuit of a DC
machine is used as a battery equivalent. The nominal DC voltage of the
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battery equivalent is 240 V, which implies that the maximum charging
power is lower than the rated power of the battery charger.

The surge currents are limited by the additional resistors in series with
the source to be connected. Initially at syssart up, the contactors in
series with the current limiting resistors are closed. After the initial surge
transient, the main contactors aotosed and thus short circuits the
current limiting resistors. The contactors in series with toerent
limiting resistors are at theame time released. This is automatically
controlled by timer relays, which are not shown in Figure 6.1.

The VSCsactually consist of six SKM50GB123balf bridge modules,
where the additional two modules are due to the implementation of the
guasi resonant DC link converter described in [18]. The modulesated
1200 V and 40 A at 80C casetemperature. The drive8KHI23/12, also
manufactured by Semikron, is usdeurthermore,the blanking time of

the IGBTSs is selected to4s.

The DC link capacitor value is given in Chapter 3. The DC link capacitor
consists offour electrolytic capacitors, two serieé®nnected capacitor
pairs in parallel in order teustain the DC link voltage and the DC link
current. Furthermoreadditional capacitors, i.e. resonant link capacitors
[18], distributed among the half bridges serve as overvoltage snubbers.

The output filter parameters are according to the design expressions given
in Chapter 3. The inductors are wound on iron powder cores
manufactured by Micrometals, refer to [18]. Thileer capacitorsconsists

of polypropylene capacitors manufactured by Icar.

The control algorithms are implemented in the IEA MiM@ntroller [7],
which is based on the TMSC320C3ating point DSP. The main
characteristics of the IEA MIMO controller are, simultaneous sampling of
16 analogue inputs with 12 bits resolution, 8 analogue outputs, and a
DSPLINK busfor expansion boards, i.e. the PWhbard. The PWM
board consists of a triangulaarrier wave generator and comparators in
order to generate¢he instantaneous switching states of W8Cs. The
sampling instants of the IEA MIM@re synchronised to theiangular
carrier end-points via the DSPLINK bus. Note that all 16 analogoue
inputs are used for control purposes, where the final input isfasdte
battery current reference. The 8 analogue outputsisgdfor debug and
controller analysis.

The currents are measured with LEM LA50P current transduagrish
provides galvanic isolation and high bandwidth. The AC voltagegrie.
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voltage and line filter capacitor voltage, are measured tréthsformers,
whereas the DC voltages, i.e. DC link voltage and the battery voltage, are
measured with LEM LV25P voltage transducers. Hence, galvanic isolation
is obtained also on the voltage measurements. The transducer outputs are
converted to suitable electronic voltage levels by operational amplifiers.

The measurements shown in this chapter are obtained witkk&onix

TDS 640A four channel digitising oscilloscope, where each channel is
stored by 2000 sample points in memory. The stored data havedben
transferred to a computer, where MATLABIs used in order tperform
further analysis and plotting of data. However, ander to reduce the
effect of measurement noise in the results, the 2@0@plesare split into

500 cells each containirfgur adjacent samples. The time domain results
given in this chapter are then provided as the mwdues of eacliour
sample cell. This considerably decreases the noise in the measurement
results shown in this chapter.

6.2 Current control verification — Step response

In order to confirmthe transient behaviour of the currecontrollers
used in the battery charger, they have been exposed to step changes in the
reference currents. In Figure 6.2, thep response of the lineurrent
controller is shown. Note that repeatgtanges in both thé- and g-axis
current components are made simultaneously. This implies that the line
current controllerdoes not enter steady stafeiwrthermore,the pulses in

the g-current component are centred around zermrder to prevent
from anyactive power flow, in average, during the measurement. The
reason for this is that the battery side of the unit is turned off dtiniag
measurement, in ordamot to interfere with the line currentontroller
analysis. However, the instantaneous acpesver flow affects the DC-
link voltage, which results in DC-link voltage controller action that is
added to the step changes in theomponent of the referenceurrent.
This explains the slight deviation during the pulses ingHagis reference
current component shown in Figure 6.2.

The deviation from theimulated step response, shown in Figure 4.9, is
apparent. There exist no simple explanatfon this deviation in the
measurement. However, uncertainties in model parameters, imperfect
decoupling of thed- andg—axis components, the non-linear properties of
the VSC and measurement noise surely contribute to the deviation.
Nevertheless, the step responses shown satisfy the requirements of the
application. In any case, the integrators provided in the outerent
control loop reduce the current error in steady state.
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Figure 6.2 Step response ithe d-andg-axis current components dfie line current
controller, reference currents (grey) and resulting currents (black).

In Figure 6.3, the step response of the battery current controller is shown.
In this case, the conformity to the simulated step response shown in
Figure 4.5 is good, except for the DC offset in the battery cudering

the current pulses. The DC offset is due to the fact that the integrator, in
the outer current control loomloes not enter steady state. Tdadected

time constant of théntegrator is longer than the width of tlairrent
pulses.

-20 -15 -10 5 0 5 10 15 t[mg]

Figure 6.3 Step response die battery currentontroller, reference currenf (dark
grey), outer currerit, (black), and inner curreng (light grey).

6.3 Charging of battery equivalent

The measured currents when charging the battery equivalent are shown in
Figure 6.4. From the figure, it is clear that the condition dmusoidal

line current when charging is metFurthermore, the reactive power
requirements of the filter capacitors asecommodated by the VSC
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resulting in unity power factor for the unit, which can be concludenh
the slight phase difference in between the outer and inner phase currents.
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Figure 6.4 Charging currents. Top) battery currents, outer cuiefilack) and inner
currenti, (grey). Bottom) line currents, outer phase curignfblack) and
inner phase curremt, (grey).

In Figure 6.5, thesamecurrents areshown in ashorter timescale. Note
the high frequency oscillations 6f35 kHz contained in thecurrents.
Their presence are unexplainable and attributed to measuremefur
system noise. Nevertheless, the switchiregjuency current ripple of 5
kHz is clearly seen in the inner inductor currents, ii.@ndi,,, shown in
grey in the figure. The effective damping provided by L& -filters
practically eliminates this content in the outer inductor currghtsvn in
black.
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Figure 6.5 Charging currents irthe short time scale. Top)battery currents, outer
currenti, (black) and inner curremf (grey). Bottom) line currents,outer
phase currerit, (black) and inner phase currépt(grey).

I2a I1a !

When the batterycharger is idle running, the current into thattery
charger should be zero in the idealse. Howeverlosses inthe passive
filter and in theVSC cause aractive current component inorder to
preserve the DC-link voltage at its nominal value. The introduces 4
dead time, or blanking time, in the IGBT driver circuitsusedow order
current harmonics in thehasecurrents. Furthermore, gridvoltage
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distortion alsocausedow order current harmonics. In Figure 6.6, the
phasecurrent when the unit is idle running is shown. Note the high 5
harmonic current component, which is mainly due to the blanking time of
the VSC.

The effect of the blanking time, i.e. the l@xder current harmonics, is
greatly reduced by the MRlontroller asshown in the middle ofFigure

6.6. In this case, the line current is practically sinusoidal with fundamental
frequency. This implies that the MRI controller is capable of reducing the
internally generated current harmonics of the battery charger. As a
consequence, the MRbntroller can be applied to an electrical drive for
reduction of the torque rippleaused by the blanking timer/and the
semiconductor forward voltage drops.
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Figure 6.6 Phasecurrentwhenunit is idlerunning. Top)original controllermiddle)
with MRI controller, and bottom) harmonic content of the currents above.

The spectrum of the phassirrents isshown in the lower part of the
figure. The harmonic content of tipasecurrent in theMRI controller
caseis, in fact, reduced down to the noiteor of the experimentaset-

up.

Note that theRMS-values ofthe fundamental currentomponents are
equal in the two cases. Furthermore, the idle reactive current filtdre
capacitors corresponding to 0.73,Ai.e. 5 % of the nominal lineurrent
according to the design given in Secti8rt, is accommodated by the
VSC.
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6.4 Load balancing of a two-phase load

In order to confirmthe load balancing characteristics of the investigated
battery charger, an asymmetrical load is used. The asymmeiwazl
consists of apurely resistive load, i.e. a lamp ballast, connected in
between phasesandc. In fact, the three phase diodectifier isused also

in this case, where thb phase is disconnected by means of the fuse.
Hence,the resulting load currentontains equal amount of positive- and
negative-sequenceurrent components of fundamental frequency. The
ideal result of load balancing shoulderefore correspond to a resulting
line current which only contains the positive-sequenagent component

of fundamental frequency.

In Figure 6.7, the result of load balancing with the dirpbtiase
compensated active filter controller is shown. Since the phiaer of the
injected AF current igch, it is clear that the injected A€urrent consists

of a negative-sequenaairrent component. However, the resultitige
current stillcontains an asymmetry, which implies that the load is not
totally compensatefor. This differ from thesimulated result shown in
Figure 5.12, where complete compensation of a similar loadhtened
with the phase compensated active filter controller.

From the experimental result, it is clear that the amplitude of the injected
negative-sequencaurrent component is not sufficient inrder tocancel

the asymmetry in the line currents. This is due to the sensitivity to the line
current controller parameters, which implies that the gain is not unity for
the negative-sequence current component.

The sensitivity to the parameters of the line current controller is reduced
by the MRI controller, which is due to the integrators introduced. In
Figure 6.8, the result wheperforming load balancing with the MRI
controller is shown. It is clear that the load is fuligmpensatedor in

this case. The resulting lineurrent contains only the positive-sequence
currentcomponent of the two phase load, while the injectedent by

the shunt AF provides the negative-sequetigaent component of the
load current. Hence,the advantageous characteristics of imeoduced
negative-sequenceriented integrator for theegative-sequenceurrent
component are confirmed.
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10 20 30 40 t[ms]

Figure 6.7 Phase currentsa (black), b (dark grey),and c (light grey), when

performing load balancing witthe directphase compensated controller.
Top) estimated loadurrents,middle) resultindine currents,and bottom)
AF currents.

10 20 30 40 t[ms]

Figure 6.8 Phase currentsa (black), b (dark grey),and c (light grey), when

performing load balancing witlthe MRI controller for the negative-
sequence current component. Topdtimated loadcurrents, middle)
resulting line currents, and bottom) AF currents.

Note that the MRIcontroller in thiscaseonly contains the negative-
sequenceriented integrator. Thismplies that the presence aolurrent
harmonics are due to the effaxd@used by the blanking time and thed
voltage distortion, which is previously described.
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6.5 Harmonic filtering of a diode rectifier

The harmonic filtering property of thmvestigated batterycharger is
confirmed by the filtering of the current harmonics produced bythiese
phase diodaectifier. The threephase diodeectifier is loaded by an
equivalent resistor, which is previously described.

For the directphase compensated actifider controller, the result of
harmonic filtering is shown in Figure 6.9. As can be seen, the measured
harmonic filtering result is quite poor. The harmonic reduction is only
50-70 % in the measured case, which should be compared to the
anticipated reduction of at least 90féém the theoreticahnalysisrefer

to Section5.3. The difference is again due to the sensitivity to the
parameters in the line current controller. The magawusefor the
remaining line current harmonics is given by the difference in the
amplitudes of the injectedurrent harmonics in comparison to tlead
current harmonics. This is concludiEdm the spectrum of the harmonic
content of the currentdisplayed in Figure 6.9, whicimdicates that the
gain of the experimental set-up is lower than urfity the current
harmonics concerned.

However, the phase compensation, i.e. the phase advance corresponding to
three samples, still improves the harmonic filterpgyformance. This is
concludedfrom the fact that the remaining harmorgontent of the line
current is directly given by the subtraction of thgected current
harmonics from the loadurrent. Thisimplies that the phase of the
injectedcurrent harmonics corresponds to the load current harmonics.
However, this is only true for the lowerder current harmonics, i.e. up

to the 13 current harmonic. For the higherder current harmonics the
phase correspondencedsteriorated, which in faavas anticipatedrom

the theoretical analysis.

In Figure 6.10, the measured result obtained with the proposed MRI
harmonic filter controller is shown. TheéMRI controller contains
harmonic oriented integrators for th& Gp to the 28 harmonicorders.

The harmonic filtering result is excellent arfidrthermore,completely in
accordance with the theoretical analysis. The effect of the inserted
rotating integrators are twofold. First, the gain deviation of the line
current controller ixompletely compensatddr, which implies that the
gain is unity for the corresponding harmonic frequenc&escond, the
phase correspondence in between the injectetent harmonics and the
load current harmonics are complete.
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Figure 6.9 Result of harmonic current filtering witthe directphase compensated
active filter controller. From top tdoottom: estimated loadurrent, line
current, injected AF current, and the harmonic content of the currents.
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Figure 6.10Result of harmonic current filtering withhe MRI controller. From top to

bottom: estimated loacurrent,line current,injected AFcurrent, and the
harmonic content of the currents.
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The additional advantageous characteristic of the MRhtroller,
regarding the harmonic selectivity, &so confirmed by the measured
results. In this case, this corresponds to the fact that the higder
current harmonics are left unfiltered.

6.6 Dynamics of the MRI controller

From the theoretical analysis on the dynamics of the MRI harnfdtec
controller, it is found that the responsmes of the harmoni®riented
integrators are given by thselected time constants. This farther
confirmed by the simulated resultSince the same valudor the time
constants of theharmonic oriented integrators areelectedfor the
experimental implementation, the anticipated response time of the MRI
controller should thus be 10 ms. In Figure 6.11, the harmfaiecing
currents at turn on of the MRI controller are shown.
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Figure 6.11Turn on of the MRI harmonic filtecontroller, top)estimated loadurrent,
middle) resulting line current, and bottom) injected AF current.

The harmonic oriented integrator outpudts the lowest and highest
orders of the corresponding current harmonics displayed inFigure
6.12. In thiscasethe response time of the integrators am&ended
compared to the simulated case. In fact, the response time is
approximately doubled. Also the integrators oriented to the higheer
harmonics have further a prolonged settling time.

The extended response time of the harmonic oriented integrators is
certainly due to a number of reasons. Here, two reasons are giv&n.
the interpretation of the integrator time constant is obtaired theline
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current controller parameters according to (5.3@onsequently,
variations in the systenparameters decreases the validity tfis
interpretation, whichcausesanother time constant than the anticipated.
Second, the blanking time introduced in tW8C increases the settling
time of the integratorssince the effect of the blanking time is dependent
on the operating point of the converter.
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Figure 6.12Turn on ofthe MRI harmonic filtercontroller. Integrator outputsriented
to the current harmonics afrders 8 and 7' (top), and 2% and 2%'
(bottom).

Note that the shown dynamic response of the MRBhtroller only
describe the turn on of the harmonic oriented integratblence, the
transient behaviour concerning load changes is not displayed.

However, the transient behaviour of the M&idntroller isnevertheless
improved. The smooth start of the integrators neutralises the transient
coupling in the highpassfilter output shown in Figure 5.6. In fact, the
transient response is very well described by the dynamic resgbnss

in this section.
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Conclusions

In this thesis, a high performance battery chargerEVs is presented.
The drawbacks of line-commutated battery chargers in terms of the
current harmonic generation and the reactive power requirement, are
overcome by the use of self commutated charger topologies. By including
power line conditioning capabilities in the battecharger, aviable
conceptfor a fast charging infrastructure is obtained. Tiee of the
investment in the fast chargingfrastructure increasesjince both EV
users and power distributors can utilise the battery chargers for their own
purposes. The EV user extends thiving range of the EV whereas the
power distributor increases the power qualitifurthermore, the
investigated concept is not restricted to battemgrgers, but can also be
applied to other applications involving the powgrd, such as photo
voltaic systems and uninterruptible power supplies (UPS).

The investigated battery chargeonsists of dahree phaseVSC and a half
bridge DC-DC converterconnected back to back across a DC-link
capacitor. Carrierwave based PWM is employedrurthermore, the
switching frequency harmonics are attenuated by tbiter LCL-filters.
The advantageous low frequency characteristics of @& -filter
facilitates better utilisation of the DC-link voltage whearforming grid
conditioning. Modellingaspectsand design consideratiofer the battery
charger are given in the thesis.

The control system of the battery charger consists of model based discrete
controllers, where the synchronous referemicgframe are applied for

the line current controllerBasically, the derived contr@dystem consists

of cascaded P- arel-controllers. Additional feefbrward areemployed

in order to improvethe transient behaviour of the contreystem.
Furthermore,the cascadedurrent controllers are interpreted as linear
state feedbackontrollers in order to perform theoreticahalysis and
confirm stability of the control system.

The use of the synchronougference dg-frame in the linecurrent
controller enables direct separation between the fundamental, the
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negative-sequence and tharmonic currenttcomponents. This is utilised
in the load current identification part of the active filter control structure.

The model based lineurrent controller suffers from the inhergpitase
deviation caused by the PWM technique employed. Th@résimvented

by use of the direct phase compensation method. The experimental results,
however, reveal otheweaknesses ahis active filter controller, such as

the sensitivity to system parameters and the inability to compensate for the
current harmonicgaused by the shunt AF itself due to then-linear
properties of the VSC, such as the blanking time.

Instead a control structu@r shunt AFs based on severategrators in
multiple rotating reference frames is proposed. The robjectives with

the proposed MRIcontroller are to reduce theensitivity to system
parameters and further improve the steady stet®ormance of thehunt

AF. An additional feature obtained by the proposed MBhtroller is
harmonic selectivity. The superior performance of the M&itroller is
verified both theoretically and experimentally. It is found that the
introduced rotating integrators practically eliminates toeresponding
current harmonics. Furthermore, the dynamic performance is determined
by the integral time constant selected. Also, the MRI controller neutralises
the coupling during transient operation which is due to the paws
filtering property of the harmonic oriented integrators.
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A

Vector notation

A.1 Three phase to two phase transformation

Three phase quantities,(s, ands,) are transformed to twphasevector
representation by

A

~ap , 20 o 2T jar
s =sa+JsB=\§§%ae +sye 3 +s.e 3 (A.1)

T

or in real notation
o = J3(sa -3 +))
B =2 (- )

The inverse, twophase tothree phasetransformation for abalanced
system, i.e.

(A.2)

SatSt+s =0 (A.3)
is given by
éga = \%Sa
D5 =55 +1/3Sg (A.4)
o _

If the threephase quantitieare sinusoidally varying with rms-valug
angular frequency, and phase shifted 12 time

[, =~/2Scos(wt)

0

[ =~ 2Scos(wyt — &) (A.5)
Eﬁc =/ 2Scos(wyt — 4
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then the corresponding vector is
59 = | 3selt (A.6)

Thus, the vector rotates with constant magnitud8S and angular
frequencyw, in the stationary referenag3-frame.

A.2 Vector transformation

A vector in the stationary referenag3-frame is transformed into the
synchronously rotating referende-frame oriented to the integral gfid
voltage vector, see Figure A.1, by subtracting the angle diffet@nce

5% =510 (A.7)
where the angle difference, transformation afjjlis given by

g8 = Eneiwlt 0 ,I,Gﬁ :J’é“ﬁdt = qJnej(wlt_g) 0 6=wt —7—2-[ (A.8)

The transformation can also be expressed in real notation as

[($¢0 [cos@ sSnO[%, 0

%q%: %gne cose%ﬁg (A.9)
Hence, a rotating vector in the stationary referem@drame
59 = 35p)(@it=9) (A.10)
is transformed into a vector in the synchronous referdgdeame
5% = 5B (1 78) = gl ) S+ isg (A.11)

where the real and imaginary parts are constants, i.e. DC quantities.

Figure A.1 Relationship between the stationary referengB-frame and the
synchronously rotating referendgframe.
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The inverse transformation, from the synchronously rotatafgrence
dg-frame to the stationary referenag-frame is equivalently given by

59 =gdgld (A.12)
In real notation the inverse transformation is given by
5,0 [@osfé -snf3$40

= A.13
%ﬁg %in@ cos6 %5 ( )

A.3 Instantaneous power

The threephase to two phastansformation given in (A.1) ipower
invariant, i.e. the instantaneous power can be expressed as

p=u, O, +uy, O, +u, O, (A.14)
or
o = ypd
p:De(u"ﬁ s )=ua Oy +ug g (A.15)
or

p= De(qu [n“dqm) = Ug g +Ug [ (A.16)
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B

Normalisation

B.1 Per unit definition
The base value$or power,voltage and frequency are defined according

to
Shase = S
Upase = Ep (B.1)
Wpase = W1

where§, is the rated powerk, is the line to line rms-value of thgrid
voltage andw, is the fundamental grid frequency. Thase values for
current and impedance are then obtained according to

e = 222 =31 (B.2)
base
Ui, U
— “base _ “base (BB)

Zb
o Soase I base

wherel, is the rated line (phase) curredf,, canfurther bedivided into
bases for inductance and capacitance according to

Z
Lpase = zase (B.4)
ase
1
Ciee = B.5
base wbasezbase ( )

The normalised (per unityalues of the electricgbarameters are then

given by
- Rap (B.6)

R
P Zbase
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= b - Bohaselyen O Xopog

Lou. (B.7)
P Loae O Zbase O Zoase
_ YA _ H _Z B_ Z
Cp.u. - C[ . - EwbasezbaseC[F] - bfse = base (B-8)

Crae | DsCr B CI9



