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“ Love is not love Which alters when it alteration finds, Or bends with the remover to remove:
O no! it is an ever-fixed mark That looks on tempests and is never shaken;

It is the star to every wandering bark, Whose worth's unknown, although his height be taken.
Love's not Time's fool, though rosy lips and cheeks Within his bending sickle's compass come:
Love alters not with his brief hours and weeks, But bears it out even to the edge of doom.

If this be error and upon me proved, I never writ, nor no man ever loved”.

W. Shakespeare
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Abstract

The continuous development of electric drive systeand battery technology has made the Electric dkehi
technology (EV) a more competitive option in therked with conventional vehicles. Among other meri¥/s
can also provide ancillary services to supportte (acting as controlled loads or energy stonawjés) in order
to provide supply/demand matching to level theyd#lad profile and contribute to voltage and freame
control. The large deployment and wide spread of EMhe future will provide the opportunity forigtsupport
to be implemented on a large scale, and the pesififects on the grid will be increased linearlyadsinction of
the amount of vehicles connected to it.

The EV needs to be connected to the grid via atsmarface controller. Using the EV as a contrdllead only
(G2V), a controller which handle unidirectional pewilow is required, whilst according to the implembation
of V2G mode (EVs supply power to the grid) the cember is required to have bidirectional capabilithe
research described in this dissertation deals thittdevelopment of a bidirectional battery chasgeich allows
bidirectional power flow during battery charging2@ and during the flow of battery’s stored enetgyhe grid
(V2G), based on control signals from the grid aattdry management system (BMS). The regulatorydstas
on power quality influence the topology and thetoalrsystem of the converter.

The topology and the control strategy adopted Far Iidirectional battery charger will be introducadd
analysed with the support of the Simulink softwakéier the tests conducted on the model, the battbarger
will be physically realised and connected to thiel ¢wy the use of the dSPACE platform, in order ¢uify the
correct functioning of the device. This tool is aessary to control the physical system already built
implementing the signals coming from the Simulinkdel, acting as an interface between the logic dvoflthe
software and the physical world of the convertdre Thost relevant results in the real physical warltecked
with the use of an oscilloscope, will be then asati
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1. Introduction

The spreading of electrical mobility into a vehiaharket which is mostly dominated by thermal mapitian be
explained with basically three reasons: there iadged, some issues dealing withernal combustion engine
(ICE) that can be investigated. Tfiest problem posed is in terms of ecology: mitigation and efiation of
polluting emissions is an objective followed by thest of the world’s countries. Greenhouse emisslmave a
strong impact on health and environment, and tBanhl mobility is the most important cause of iheBecond
problem deals with economy: despite of their high energnsity, which made them very useful in traction
field, fuels derived from oil are non-renewableawses, and it is demonstrated that the costshi@mtwill
inevitably increase with time, so consequently tiiaglitional traction costs will become higher yedter year.
Thefinal problem deals with the fact that an electric motor canrgntee a higher efficiency than an ICE; the
highest efficiency of an ICE can be evaluated tafmeind 33%, whilst the efficiency of an electriotor can be
evaluated to be around 90%. However, electricaitiba cannot overcome completely all these probieims
example, the power which nowadays charges therpaifethe vehicle can't be fully produced by renéea
sources of energy (environmental issue), and perduwill go on using oil for power production iretffuture.
The spreading of EVs can be a valid alternativemitigate mobility issues. At the same time, it ogime
important advantages to the same grid, accorditiy eléctrical energy production and distributial]. [

The meaning of the terralectrical vehicle(EV) can be analysed in a deeper way, since diftekinds of
topology are defined with these words [2]. Alectrical vehicleis a fully or partially propelled by an electric
motor vehicle, which is fed by electric or electridated energy sources. If there is full elecmiopulsion, the
vehicle is callegurely electric vehicldPEV). If the energy source is a battery, the agno (BEV) is used; if it
is a fuel cell, instead, the PEV is called (FCEMYbrid electric vehicles (HEV) are vehicles where one of the
energy sources is electricity and the other orpmmonly a fossil fuel. Two different types of higbelectric
vehicles can be found: HEV amRlug-in HEV (PHEV). Although they are both hybrid vehicles, yyRIHEVS
have the possibility of being connected to the giging a battery charger, whilst HEVS’ battery nist
accessible. This is a very important characterisiicce the design and the size of the entire ridesystem of
the two different vehicles will be different. Farstance, EV technology presents an excellent wagdace oil
consumption for traction, by the use of the regatinve braking, which contributes to decrease tha @mmount
of losses of the vehicle.

An aggressive introduction of efficient HEVs in thational market will only slow the increase of dibduels

demand, but this won't reverse the trend of a nitybivhich is still strongly dependent from fosgileis. PHEV

technology, instead, extends the capability of &/, since oil consumption can be massively suliistit by

the use of the electricity. The possibility to darthe battery from the utility grid (at home oretectrical

station) almost frees the vehicle from the needossil fuels, because the main energy carrier waddthe

power which is stored in the battery, and the all be considered as an auxiliary energy carridre ehicles
considered in this work are the ones which candmnected to the grid by the use of a plug: thismadhat the
battery charger considered in this dissertation bé suitable for PHEV and BEV technology, and itl w
basically act as an interface between the gridthedbattery.

Before considering the grid point of view, even tahicle sidehas to be analysed. This analysis is important
because the design of the battery charger will imfynction of the characteristics of the vehidievo different
topologies can be faced considering (for instarc®HEV, which are series (Fig. 1 a)) or paralleg (A b))
drivetrain architectures. For the improvement &f slgstem, the design of a more developed battemgeh can

be introduced, if the same architecture will adiitFor instance, the winding of the electric nratan be used
as inductors [3] [4] [5], or the battery chargédritis composed by a three phase AC/DC convedan, be also
used to run the same electrical motor. This melagisthe battery charger will not deal just with tadtery, but
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it can have a crucial role with regards to the whe\/’s circuitry; the cooperation between chargamgl traction
modes is becoming stronger and stronger, to all@apbssibility of getting different functions stag from the
same components.

Series Parallel |

GASOLINE ELECTRICAL ESOUNE ELECTRICAL

F ! OUTLET ,W OUTLET
EENGINE

Figure 1 — Series and parallel drivetrain architexfor PHEVS [6]

An overview of the impact of the spreading of thectrical mobility from thegrid side can be now analysed
from the infrastructures point of view. In factetprediction of a high spread of the electrical iitgtintroduces
modifications in the customers’ usage of the ghitithe same time, the grid manager needs to bethatahe
same grid is able to supply properly and in anyaimsthe power required from entire previous omdjitoads
(houses, offices, and working places) whit the &aoldiof these new EV loads. Will the current elecyower
infrastructures be able to match the increased ddnwd power brought by PHEVs? If the EVs will be
considered as pure loads which cannot be pilobtedgtid will face many difficulties; but whethertlEV will be
considered as “smart loads”, whose energy flow lmamodulated, the grid won't suffer from their g,
and it will have instead some benefits from it.

Figure 2 describes “load duration curves” undeifediint assumptions made on the penetration of EVs
(considered as “smart loads”). A hypothesis onglreentage of EVS’ spreading can be picked up,immhe
year the power demanded to the grid for feedinghalloads is registered, hour by hour.
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Figure 2 — Load duration curve with several hypsihen the EVs spreading [7]
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The load profile is then built in such a way tha peak power can be found at the extreme lefttlamdowest
power peak is in correspondence of the extreme,reyid all the other values are ordered accordinthis

criterion. In this way, when a point of the profiteselected, the graph says that the power retjbyecustomers
during the year has been equal or higher than #ihgevthat the same point shows in the vertical, drisan

amount of hours which is identified by the abscisthe selected point. It's now possible to notikat new
loads (EVs) do not contribute to the system’s higieak. Even in the case in which EVs are stilegoads (the
power flow inversion from vehicle to the grid istneet applied), the grid doesn’t have any overlpagblem

and, as a matter of fact, electric industry cahreeke electrical energy without increasing the maxm power
peak required to power plants. This is one of tlestrimportant advantages that the EV technologyleauwith

smart charging can bring to the grid.

The idea of thgpower inversion can be now considered: the power flows from the tgr the batteryvehicle-
to-grid, V2G) when the battery is discharged and neeti® teecharged after traction mode; but the bidioecti
battery charger will be able to take back parhef&nergy stored in the same vehicle’s battery vitherfull and
deliver it to the grid grid-to-vehicle G2V) [8]: the EV in this way is transformed to ‘@mnergy storage system”
for the grid, in a way to furnish important andailleservices. The main services brought by this lohdystem
are, in fact, supply-demand matching, overcomindifficulties associated with intermittent naturferenewable
energy such as wind and PV, and voltage-frequenoyral. However, relevant advantages for the géd be
achieved only with significant spreading of thehtealogy and also thanks to smart grid capabilities.

Here a classification of V2G applications is anatysnore in detail.

e Virtual Power Plant: the whole EV’s fleet can bemsas a virtual power plant, which can be employed

in order to balance power supply and demand. kwliy the power generated by traditional plants can

be decreased during determined periods of time.cldsr aim of this strategy is to replace the power
that power plants should produce using the enetgsed in EVs during peak periods, when the
production is more expensive. In this way generatidll become cheaper and there will be decrement
of pollution. This model can be also used as a suppf renewable energy sources, thanks to the
possibility to store energy. Unfortunately a griak of the system is pointed out: the real chartces
set up a virtual power plant are low, due to thet fhat battery capacity is not so high yet, aretdls
the need of lot of EVs all parked together and emted to the grid to have a power that can be lisefu
for the grid.

e Application in Micro Grids: V2G can be used for\gees in micro grids and autonomous islands,
supplying active or reactive power to grid. In gadar, applications in these contexts assume quéati

stress, because in such grids power comes in masgsdrom renewable energy. EVs can reduce the

uncertainty of renewable energy resources, thankseir ability on storing energy.

» Utilizing as V2B/V2H: EVs can be used to meet dechanpeak hours, but the flow of energy can be
carried out not only for vehicles to the whole giit from vehicles to single buildings (V2B) or to

houses (V2H). Actually, there is strong interespimblic charge locations such as shopping centre or

places of work, where vehicles can be connectednwhey are parked. Equipping car park with a
proper smart controller makes possible the usaeifgy stored in batteries, smoothing the load cofve
the same building. One of the best advantagesisnatbplication is surely the fact that it is eadier
control than the virtual power plant, because tinalmer of vehicle to be controlled is definitely lemv

The most promising markets for V2G power flow drese services that electric industry calls angilkervices.
These are services that the grid needs twentyHours per day, seven days per week; for this profere is
the necessity of a great penetration of EVs, amufyetime a big amount of vehicles has to be avhkilamong
the others, there is a specific ancillary serviesy important for the grid: the frequency regudatiln particular,
EVs are well suited to provide this service thatiksheir fast and accurate response to operatm@rals, and
usually not a prohibitive energy request is madewdadays, frequency regulation services are supiied
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electric generators, which are switched on or offfunction of an automatic signal, which deals witie

mismatch between supply and demand. If demandeiatgr than generation, regulation up is requiredithe

signal will induce generators to increase the padedivered to the grid, and vice versa. The newa idbich can
help these generators is to use the energy stardtkibatteries of the vehicle, when this solui®possible.
This means that regulation up is equal to the diggd of the battery; regulation down is equal todharge of it.
An issue that comes directly from this service hattstorage resources providing frequency regulagice

basically related to the random nature of the seegalation service: a prolonged period of regutatiown, for

example, could charge completely the battery pdcth® vehicles. In this case, the fleet would bahle to

receive power from regulation and provide serviethe grid (this depends on the severity of theease and
the global capacity of the storage units which @anected). That's why the grid operator shouldvknon

average, the portion of regulation reserve thavigilable for ancillary service from storage resesr at the
same time, the grid manager needs in any instaadaquate number of EV composing the fleet: a minim
power threshold has to be always guaranteed.

With the word “V2G” it is implied the flow of actey power from vehicle to grid; adding this mode he t
traditional “G2V”, the active power flow is repreged with continuous charge and discharge cyclethef
battery, and this can reduce the same batteryinie. This is an important disadvantage of thdarent
application. Consumers can disagree and not alleactrrying out of these operations. However, ther@n
application in which the battery’s cycles of chaayed discharge are not engaged: this is the caseaofive
power operations [9]. On board chargers are able toigecapplications such as reactive power compemnsatio
and voltage regulation without the charging or thgcharging of the battery. The reactive power Wwhis
absorbed in correspondence of the load side isrdred from the generation system to the load udpno
transmission and distribution networks: this caugesincrement of energy losses and the decrenfetiteo
efficiency of the system. EVs can supply this re@cpower locally without forcing the grid to geaé it and
send it through the network; consumers owning arth&¥ carries an on board battery charger can rsgatith
the utility grid to allow the usage of the samergea for grid support, compensating the reactiveent, also
for other consumers close to him that haven't an @&W. 3). The generation of reactive power in
correspondence of the common coupling point pravaeincreased efficiency of the system and deesealso
the transformer’s overloading. The importance @$ tleactive compensation stands on the fact thataal be
made despite of the state of charge of the battenyyerters are almost always able to supply reagtdwer.

Utility grid ig
T—— W\~
Lg

/T

-— PCC
? ie

Other Customer with
customers plug-in vehicle

Figure 3 — Reactive power regulation with EV conaddb the PCC [9]

The effective realization of a model like this hetreal world is still not so easy, because |gparameters are
able to influence the spreading of electrical mbhilwhich are not linked only to technologicaluss. First of
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all, fuel price can be a strong variable that ieflaes consumers. This price is subjected to freduetuations,
and it's demonstrated that lower prices corresgonaduction of EV’'s purchases and vice versa. Afsogap
between consumer’s expectations and performances @iectric vehicle has to be considered; butniost
important issue is related to the fact that therdifference between power markets: for some camtv2G
would not be so much beneficial from the econompraht of view. Barriers of different natures aregent and
still strong: consumer’s behaviour, economic inoess, cultural and social contests have here gneadrtance.
Government supports are needed to overcome theséeobnical issues, trying to create the backgroiand
making the electrical traction a strong and reéabjstem.

Setting aside the requirement for all this kindnoih-technical issues, the proposed work means smmule
battery charger which can be suitable for G2V arizVimodes in order to overcome all the technological
obstacles that can interfere with the effectiveirbitional power flow from the EV point of view. #&fr the
analysis of the role of each single component efdavice, a block scheme will be built, in ordercteck the
stability of the system, and the proper controldél be applied. The last step will consist in theactical
realization of the device in the laboratory.
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2. The Bidirectional Converter

This chapter deals with all the battery chargetdadamental characteristics that make it suitable tfie
achievement of the bidirectional power flow [10].

All the different options to build an electric veld which can support both traction mode and thé gass
through the necessity to design a bidirectionalepatcharger. The power has to be allowed to floonf the
power supply to the battery for the reload of thme battery, and from the battery to wheels oh¢éosme grid.
Even in case of braking there should be the oppitytto convert kinetic energy into electric enetbyough the
electric motor (regenerative braking). Figure 2nbws the block scheme of the battery charger, whdok
lines represent the power flow and fine lines repn the data flowing from each block to the cdigraand
vice versa The proposed configuration consists tmto different main blocks. The first one is a D@D
bidirectional converter, which has to link the baytand a capacitor, called DC link; the second witiebe the
AC/DC converter, which will be connected at oneedid the capacitor, and at the other side to tite By the
use of some relays, if the battery charger is aesidor a three phase power supply, the same cenweill be
able to run the motor and perform even traction en@ashed line).

N

GRID

BATTERY DC/DC [ | AC/DC

'--’,--

TRACTION

CONTROLLER

Figure 2.1 — Block scheme of the battery charger

Every single block has to be linked with the colrathrough data flow wires for monitoring, conltemd safety
purposes. In this way indeed the controller is ableecognize the state in which every block iany instant of
the working mode (data flowing from the circuitttee controller), but at the same time it can pilet DC/DC
converter and the AC/DC converter in function dftiaé information which it gets from the circuitaf@ flowing
from the controller to the circuit). This is impant because every part of the system has to rumibdtinction
of the other parts composing the system and intimmof some internal parameters, which can berfstance
the SOC or the temperature of the battery, andriction of some external parameters, like the amotiactive
power required by the grid in case of emergency.ti#d thick lines represent the bidirectional powew: if
grid-battery system is involved, V2G and G2V moderespond to the two modes that can be appliedittesn
power flowing consists both of active and reactpaver; whether the system composed by electric moto
(instead of the grid) and battery is involved, thve modes which produce two opposite power flovesteaction
mode and regenerative braking mode.
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2.1 AC/DC Converter

2.1.1 - H BRIDGE CONVERTER

The AC/DC converter is the heart of the batteryrgaasystem [11] [12]. It works as a rectifier whée power
flows from the grid to the battery and as an irmewhen the flow is reversed: this makes the bidiioeal

requirement always verified. The full bridge inv#ri(H Bridge) is the most used configuration innderd

industrial applications, thanks to its simple tagy and low number of switching devices and eles@eeded
for its realization; fig 2.2 depicts the circuitny the design.

SWITCHING _"@ ) SWITCHING ;:‘3 Dinde s
DEVICE3 | ™) Diode3 DEVICES |

1

Vde —
T RL load 2 V load

1

SWITCHING
DEVICE4

) =
,] Dicde ngw?l}ggf @ Dicde 6
] L]

2N,

Figure 2.2 — Single phase H bridge converter

Diodes are necessary to avoid any damage whiclbegroduced after the instantaneous opening otkini
devices installed in an inductive circuit; indeé@m the nature of the load, the current step ognffom the
sudden opening could be able to generate an ovegelwhich is able to break the same circuit.

From the physical point of view, two switches o ttame arm can’t be both closed: this situatioréddmeans
the creation of a short circuit that damages thécds of the circuit. Dead times have to be intemtiwhen the
system will be physically realised: basically, altidgh one switch has already been opened, thetd tha need
of waiting few moments before closing the othee oif the same arm, for being sure that the firgt igrreally
opened and no short circuit risks are present. Minisation does not depend on the control strategyon the
topology of the circuit. There aren’t any other itmtions to be kept in mind regarding the way thgtching
devices are fired; so many control techniques eaagplied. For the achievement of the bidirectityalf the
system, the converter has to be based on conti@kalbitching devices: many possibilities on theich®f these
can be picked up, but uncontrolled devices (diodesemi controlled ones (thyristors) can't be used
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From battery’s charging and discharging point @&w;i single phase and three phase topology canbeotised
because, basically, the converter works chargindismharging the battery by the connection betwbéenand
the grid; the use of a single phase battery chafgging one phase and neutral conductor) or a thhese
battery charger (using all the three phases) aeki¢glve same global result. The differences betvileernwo
topologies stand on a higher power flow, which nselamver time for charging the battery, and a managlex
system, considering the three phase case. Alsaheha single phase battery charger will be comsitlénside
the vehicle two different converters are needebletinstalled, one single phase dealing with thegihg of the
battery (V2G and G2V modes) and one three phasedation mode. If the three phase battery chasghrtion
is brought on, the topologies of the battery chasgeonverter and traction’s converter are the same the
converter can do both the operations.

The use of only one power electronic device to@ahimany different modes can be a great advantaggms
of investments and in terms of lighter weight of fhower electronic block inside the vehicle. Thee¢hphase
solution brings more stress to the same AC/DC cdexesince it will have to satisfy both tractiorode and the
charging of the battery. For this reason, the carveised for all these purposes needs an apptemtiwice of
the size of the switching devices, and the heawgses of energy, coming from an intensive useetiavbe
properly disposed in order not to overheat theesgstor the next step dealing with the realizatibthe control
strategy either a single phase converter or a tptesse converter can be considered; the choicehfer
dissertation regards a single phase one.

2.1.2 - CONTROL METHODS

The square wave control method is the simplest aneording to this technique, referring to fig. ,2uhich

shows a single phase H bridge converter connecteddeneral RL load , the DC constant voltage irgaut

produce, in correspondence of the AC output, only possible values+Vi or -V.. In this way a voltage
square wave is obtained in output, and its fundaahéna sine wave which can be matched with tree afrthe

grid.

The advantage coming from an easy control doedalaince the disadvantages: the harmonic contergris
high, and frequency is the unique parameter thateacontrolled: fundamental and harmonics ampdisuchn’t
be piloted and the peak value of the fundamentalwsays constant and equal t6/m)* V.. Analysing the
frequency spectrum, harmonic amplitudes Bfe times the fundamental amplitude, wherés the harmonic
order. The following equation shows harmonic orgeesent in the system

u=6k+/-1 (2.1)

with k=0, 1, 2, 3.... This spectrum can be an issue from the gridtpafiview (although the system composed
by the battery charger and the battery would nffesfrom any problem): a filter should be requifed making
suitable the connection to the grid. A better coirtechnique can be applied: thelse width modulatio(PWM)

is introduced.

The theoretical idea of PWM starts from the assionpthat the reference wave furnished in input ban
reproduced in output according to a proper switghechnique of AC/DC converter’s switching devic&he
hypothesis is to divide time into very small pespdalled switching periodi. In each of them the value of the
reference input is close to be a constant, anddhneerter is asked to produce an output constdoewahich
approximates it. The voltage level required, howevaries period by period, whilst the voltagete DC side
of the converter is fixed. This problem is overcooyethe combination of the two voltage levels akalnduring
the switching period to produce a mean value dogke reference. This means that if the voltage lias to be
produced in a determined period is assumed 10 (vE the same quantity can be written as
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u'(t) = % * (Ve * Ton = Vdc * Toff) (2.2)

WhereT., is the fraction of the switching period in which positive voltage is applied and T.zthe remaining
fraction in which negative voltage is applied. Takowing equation can be written

w'(t) = Vdc (28 — 1) (23)

Here the symbad is the ratio between,fand T; and is called duty cycle.

How can be seen by the equation, the variatiomefrequired voltage u’'(t) produces the variatiorthef duty
cycle applied in a determined period to the comreihis idea will be implemented by the use offtiilywing
method, called Sinusoidal PWM (SPWM).

The SPWM technique uses a sine wave as the inguaalsithe frequency and the amplitude of the output
waveform created by the converter can be modifebrling to the variation of this reference signélyol
(Fig. 2.3 a)). The technique is based on the coisparbetween the reference signal and a trianguderier
signal, which is called Mange The output of the control will be high (assumingt value) or low (assuming nil
value) if Veonroi@ssumes higher or lower values thage; this kind of square waveform produced is used for
the firing of the switching devices. If the outpsithigh, for instance, switching device 3 and 6igf2.2 will be
closed, and the voltage through the load will beaddo V.. If the output is low, switching devices 4 and B w
be closed and the voltage becomeg.—M this way, the waveform produced will be the@mown in fig. 2.3 b)
and despite of a profile which has only two valuéshe Fourier analysis is carried on, a sine wauth the
same amplitude and frequency of the control sigaalbe distinguished.

Two parameters are fundamental, and they need am&lgsed properly since the profile of the outpatveform
depends from them.

The first parameter is the modulation index m, Wwhgdefined as

Vcontrol
m=

(2.4)

Vtriangle

whereVeontrol is the amplitude of the control reference sigmal ¥iangle the amplitude of the triangular carrier
signal The peak amplitude of the fundamental of the cusme wave produced is

V fundamental = M *Vqc (2.5)

If m<1 is applied, the peak amplitude is reducld s the way in which the amplitude of the outpoitage can

be modified. On the other hand, when the modulaitiolex reaches and overcomes=1, the equation is not
true anymore and the working region is not lin€ktnis happens because the reference signal excheds t
amplitude of the triangular signal and in this veagroper SPWM piloting of the switches cannot tpleee. The
higher the overmodulation is the closer to squaagesnmodulation control the output voltage becorsesthe
amplitude of the fundamental is nat+ V. anymore, but according to the continuous incresehin, it keeps

on going close t(%* V4c - The modulation index is a parameter which infeess the amplitude of the output
fundamental, and at the same time even the harndéstirtion.

The second parameter, which is the frequency madaulaatio, is introduced.

mg =§j (2.6)
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Figure 2.3 — SPWM technique: a) comparison betveeatrol signal and triangular carrier signal b) ttohsignal for

switching devices and resultant fundamental wawvefproduced in output (two different standards) [3]

fs is the frequency of the triangular signal, whifstis the desired fundamental frequency of the inverte

voltage output, so the frequency of the refereigess. It is necessary for a proper work of tharerdystem that
the triangular carrier signal and the sine wavers#ct at least twice every single period of tlengular signal,
and this happens if the slope of the triangulandaigs higher than the maximum slope of the sirtgs Theans

that the following equation has to be verified

mf>7'[*%

2.7)

In this way, if the two parameters’ boundariesraspected, the created system works properly. \ddrabe still
an issue for the grid is the distortion of the peodf the wave, so harmonic analysis can be nawezhon. The
harmonics in the inverter output voltage wavefoppear as sidebands, centred on the switching freuand
its multiples, that is, around harmoninﬁc, me, 3mf, and so on, and this general pattern holds truelfo
values ofm in the linear range. Because of the relative @adiétering harmonic voltages at high frequenciis,
is desirable to use a high frequency for the tridaagcarrier signal, except for a disadvantageeiter's losses in
correspondence of switching devices increase ptiopaily with the switching frequencf. The AC/DC
converter will use a 20 [kHz] triangular carrieeduency, and the reference signal frequency i$Hz{ For the
improvement of the harmonic spectrum, usually tlengular carrier signal frequency which is freqiensed

is three times a multiple of the fundamental frauye

21



2.1.3 - SPECTRUM ANALYSIS

Since the AC/DC converter acts as the interfacevdat the battery charger and the grid, it is ingurto
analyse its harmonic spectrum in order to checkhé connection to the grid can be realised withiat
application of any filter. Rigorous standard implito keep the total amount of harmonics below &dfix
threshold, and because of this the analysis optiveer exchanged with the grid has to be always tomed and
its quality improved. It is possible to study th@tage sine wave produced by the converter wighfédst Fourier
transform (FFT) analysis, with the aim of a betteareness of the characteristics of the sine waitely the
converter. The following figures show the analytbiat can be carried on with ttf&mulink platform using the
option “Powerguf.
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Figure 2.4 — Spectrum of the voltage at the AC sidtee AC/DC converter

As can be seen, the graph depicted in fig. 2.4 shthe spectrum of the voltage waveform produced in
correspondence of the AC side of the AC/DC convesii¢hout any filter connected to its output; theufier
transformation is applied to one voltage period @he amplitude of each harmonic is compared to the
fundamental, whose amplitude in percentage is I0@. switching frequency is 20 [kHz], so this meamet
harmonics will be related to this value. The funéatal frequency is equal to 50 [Hz] as what expkcaad in
correspondence of frequency values of 20 [kHz],[kKHz], 65 [kHz], 80 [kHz] the harmonics amplitude i
relevant. The concept of THO ¢tal Harmonic Distortioh can be now introduced.

/Z"‘; Y2
THD = Y21 (2.8)
1

This parameter should be taken in consideratiooaliee national standards avoid the connectioneoA®YDC
converter to the same grid if the value does ravicsunder a fixed threshold, which can be aroundd% LV-
MV network. How can be seen, the software calcoiatnay seem not to be suitable for the connectioting
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grid, showing a THD value equal to 123,99 %. How ¢® seen by THD definition, all the harmonics are
introduced to the sum independently from their orddis means that high order harmonics, althobgly tion't
create problems on the grid’s current, are verjuérit with regards to the TDH calculation. If afdient
“harmonic window” is considered, so from DC to 25B&] (gap often considered) (Fig. 2.5), the cadtioin
will give back a value which is suitable for thenoection to the grid without the application of diltering

device.
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Figure 2.5 — Reduced voltage spectrum at the ACdfitlee AC/DC converter
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Figure 2.6 — Spectrum of the current flowing throtige grid and the AC/DC converter
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It can be seen how the reduced window adoptechtocalculation of the voltage THD generates a taeghich
is completely different from the previous one: tfue passes from 123.99% to 3.79%. This meansthieat
distortion was duty of high order voltage harmonitse spectrum of the current which flows from g to
the AC/DC converter can be analysed too. Figurel2bcts the current shape analysis.

As can be seen, the current sine wave is smoothwiether the spectrum is studied, it can be seanhilgh

frequency voltage harmonics don't affect the curpofile: after the fundamental all the harmoricssent can
be considered negligible, and this comes from #uw that the grid is represented as an inductiad.lén this
way all the high order voltage harmonics don’t gate high order current harmonics and the currediil is

close to be perfectly sinusoidal.

2.1.4 — SWITCHING DEVICES CHOICE

The switching devices which can be applied to fstesn can be both MosFETs and IGBTs. Which desce i
more suitable? Many different aspects can be cersitl

* Voltage levels: IGBTs can support higher voltagpl@ations

« Power losses: for high current applications, IGBId&ses will be less than MosFEt’s losses

e Costs: IGBTs are less expensive than MosFETs

e Switching Frequency: IGBTs are slower than MosFEfsir best performances are given at 20 [kHz]
or less; some particular IGBTs can reach switcliiaguency of about 100 [kHz], but not higher.

Since the system works with a switching frequent2®[kHz] and it deals with high voltages, the belsoice
will be that one of using IGBTSs.

2.2 DC/DC Converter

The DC/DC converter is a bidirectional device whishnstalled in such a way to connect the batterg the
AC/DC converter, and the link between these two groglectronic devices consists in a capacitoredaldC
link, grafted in parallel [12] [13].

The importance of a synchronised run of the twoveadters is relevant: the DC/DC converter has torgpigze
that the same amount of power which flows throdghAC/DC converter has to be furnished by the batia
such a way that the system is always in equilibrfoom the power point of viewls the DC/DC converter
necessary for the battery charger’'s operations reqgeted? Theoretically, the battery charger is able toiffulf
V2G, G2V and traction mode without the applicat@fra DC/DC converter and only by the use of the BC/
converter. Although it is not necessary, the DCHiE®ice is installed leading to some important athges.

The advantages achieved with the series connectioRC/DC and DC/DC converter are explained in the
following paragraph. The first deals with differé®Cs of the battery: when the battery is exhaustedneeds
to be charged, its voltage can be the half of #ted voltage at unity SOC. The variation of thedygtvoltage
value influences the peak of the sine wave prodimethe AC/DC converter, and this in turn influesadbe
amount of active and reactive power absorbed bysyistem. Deep differences between the two fundaahent
magnitudes are equal to strong variations of aciwreactive power. The AC/DC converter is ablmbalulate
the amplitude of the output sine wave produced rlicg to the variation of its modulation index; hewer the
peak of the sine wave produced can be only redéroed the maximum value and not increased. Thidés t
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possible limitation that a DC/DC converter will &ble to overcome. In this way a complete decougiiiyveen
the voltage through the battery and the DC sidin@fAC/DC converter is achieved. If the scheme batery
charger using both DC/DC and AC/DC converter isliagpa wider range of voltage through the capaaitm
be reached, ensuring a more flexible system, arddwhl be basilar for the achievement of reactpawer
regulation.

The second benefit deals with the fact that the dd@ent which feeds the battery can be smoothedrby
inductor, improving the quality of the power abstby the battery (preventing it from ripples thah impact
on its life time). At the DC side of an AC/DC comier there is indeed a direct current flow, but therent is
not continue: in fact it does not assume instamasealues effectively close to its mean value. pitesence of
an inductor is required.

The assumption made for this work is that the gataf the battery is always lower than the voltdgeugh the
capacitor. The ratio between these two voltages value which is almost fixed (equal to 1-2): ttargmeter
which gives power bidirectionality will be the sigri the mean value of the current. Many alternatitee the
chosen circuit, which is analysed in the followsggtion, can be proposed for the design of a DGiBverter.
Their analysis is completed in Appendix 1.

2.2.1 — BIDIRECTIONAL DC/DC BOOST CONVERTER
The scheme of the bidirectional boost converteshiswn in fig. 2.7 [14]. The number of switching dms is

minimal (two) and only one of them is commutatingidg each mode, whilst the other one is always Dffo
diodes are needed to complete the scheme.

Diode 2

STIR \ g ==
L
—>|e 1 '"I’
(L)
IGET 2
:51 * Diode 1 .
HE_-art.-e_w
—

Fulse generator 1 Pulse generator 2

Figure 2.7 — Bidirectional boost converter

If the power is considered to flow from the gridtte battery, the commuting device is IGBT2 whiBBT1 is
always open. When it is open, the same circuitpsnoand no current flows and feeds the battery;nwthe
switching device is instead closed, the resultaeshmwill make the current to flow naturally fromethigher
potential (capacitor) to the lower one, charging Iattery. The value of the duty cycle appliedhm $witching
device determines the amount of current (activegrpwvhich flows from the grid side to the battefyduty
cycle close to unit means that for almost all & #witching period the mesh is made by capacitoiygtor and
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battery, and a high current will flow. If the dutycle is close to be nil, for almost all of the wking period the
capacitor is not connected to the battery and itofgystem, so less current will flow.

If the power is supposed to flow from the batteryte grid, the commuting device will be IGBT 1.eTturrent
will flow in the opposite way as the former casedstd. When IGBT 1 is closed, in fact, the battengrges the
inductor, which stores energy. When the switchirgick changes its state, the diodes force the muroeflow

through diode 2 and battery (inductor) energyasdferred from one side to the other of the coeveBEven in
this case the duty cycle value is directly promovéil to the amount of active power flow. If the Wdat/cle is

high and close to unit, it means that for mosthef time the inductor is charged and when the svatzthmutes
lot of energy will flow; if it is low, negligible eergy is transferred from the battery to the AC/&@verter.

2.3 — The chosen topology

The bidirectional converter which will be considéréor this dissertation consists of a bidirectiotalost
converter (DC/DC converter) and a single phase ibgerconverter (AC/DC converter). This is the tapl
which will be now considered in order to do the tnstep, which is the design of the control stratefyhe
system. The whole battery charger topology is shioviig. 2.8.
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Figure 2.8 — The whole configuration: Battery, DC/Ddheerter, AC/DC converter, grid
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3. Active and Reactive Power

The way in which the battery charger, focusing tsnAC/DC converter, absorbs or delivers active aattive
power when it is connected and synchronized togtid and the parameters which are able to impadhe
exchanged power, are fixed in this chapter. Thermsection of the chapter shows how this powew flall
impact on the battery charger electrical paramedsrsamic.

3.1 — The Grid Model

The structure of the grid can be roughly represkatean inductive-resistive load, but the resigtiag is always
assumed smaller than the inductive reactance. iBhisot always true, specially whether LV systeme ar
considered. However, under this assumption, tHeviithg equations are the same for every voltagellévom
the transmission to the distribution networks; tioftage becomes a parameter which is strongly atirdeto
inductive reactance. The achievement of the cordfoVoltage drops or over voltages passes throingh t
regulation of the reactive power, whilst the cohwbthe frequency will mostly depend on the actp@wer
flow. For a better analysis of the system and piigeconnection active power and phase angles eaative
power and voltage amplitudes, a section of the igritbnsidered, and Thévenin theorem is applied.r€bult is
that of a scheme made by an ideal voltage sourd@arR-L load connected in series (Fig 3.1); thedyeis can
be made according to it.

AT

R4jXL

Fig. 3.1 — Scheme of the grid

AE = |Ev| — |E1| = Rl cos ¢ + XI sing (3.1)
3E1*AE = (3E1*Icos@ *R)+ (3E1 *Ising x X) (3.2)
3Eq *AE = RP + XQ 3.3)

Where P is the active power flow and Q is the ieagiower flow. Sinc&q = Ev — AE,
3(Ev—AE)*AE = RP + XQ = 3Ev « AE —3AE*> =M (34)

M can be considered as an auxiliary parameter whilthvevuseful for the next step.
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If the equation which describes M function4¥ is plotted, and the variable term is assumed thHehe result
is the parabola shown in fig. 3.2, which matchesahscissa axis in O afi¢h. The value of Ev is assumed to be
230 [V].

Since the aim is to make the grid working aroundat®d voltage, all voltage drops and over voltdgese to be
limited. This means that the analysis will be cartdd looking at the left side of the plot, whé# is close to 0
or, anyway, is a percentage of the rated voltage Ev

x10°

M [V?]

AE [V]
Figure 3.2 — Relation between the parameter M agdditage drop\E

Assuming that the voltage drop will be always l&ssn 50 [V] (precautionary parameter), a closeitiedr
relation between x and y axis, so betwdémandA4E, can be found. This means that positive valuelsl afeal
with voltage drops, negative values of M deal vatler voltages, and in this way the new fictitioasgmeter M
can be replaced byF parameter for the next equations.

M = RP +XQ (3.5)
2=2140 (3.6)
Q=2-= 37)

Since the assumption is that of a model where ¥rémter than R, the second term of the (Eq. 3.@3qmts a
relatively low value, and as a consequence of thigyre variation of active power will not influena a deep
way the reactive power exchanged; on the other ,handariation of the parameter M produces a relevan
variation of Q, which will be amplified in case lofv values of X in absolute term (parameter whiepehds on
the grid). This means that, theoretically, when toaverter will run and it will be subjected to elavant
variation of active power, the results will havedimow a limited variation of reactive power excheshgThe
variation of the reactive power exchanged, accgrdinthe variation of the active power flow, wiktgsmaller
and smaller whether the R parameter will get closertil value or the ratio between R and X will tensidered
negligible.
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The case of the grid approximated to a pure incwetas in fig. 3.3 is analysed. The vectors dejimmagnitude
and phase of the input and output voltages ancitgrare those represented in the picture. Comsglartwo-
axis domain, the hypothesis is that the vectde®ds the vector )/ and the angle between the two (phase angle)
is calledd. The vector Vis represented coincident with the real axis, sthihe vector Y that lags the first can
be found in the fourth quadrant, because the ghgl@ssumed not to be greater than 90°.

X

Vi Vo

Figure 3.3 — Scheme of the grid modelled as a jmgigctance

So=VoxIy (3-8)
So=VorHe (3.9)

So =12k — %; (3.10)

Sy = Kn—iljx—’e—%; (3.11)

So = (Vo) selG?) Yol % (3.12)

The two vectors can be seen as the voltage produgdle battery charger and the voltage of the. drét's
make the hypothesis that the system is working 2V @Ghode: active power has to flow from the gridthe
vehicle. Vectors with the subscript letter “i” dewith the grid and the ones with the subscripeletv” deal with
the AC/DC converter when the connection with thd @ realised. In function of the values of thegraeters of
the battery charger (SOC, duty cycle, voltage ttothe capacitor...) the controller creates a singewarough
the AC/DC converter, which is the,Wector. Splitting the equation, its real and inmagy part will furnish

respectively the active and reactive power, thatamsidered flowing from the grid to the battehamer (\
lags V).

V_*V. V V. .
P, =Re(Sy) = —2—Lx cos (g - 9) = 2=l sin(0) (3.13)
VoxVi . V. 2  VoxVi v 2
Qo = Im(So) = OX L% sin (g — 6) - —O—X = OX L cos(8) — —O—X (3.14)

If the magnitude of the vector which defines thétage of the grid is assumed to be constant, ttigeapower
depends on the magnitude of the voltage and theephiagle in correspondence of the AC/DC conveReal
working situations deal with phase angles valués Wwhich are relatively small. For this reason some

simplifications can be conducted, and the followégiations show P and Q when the phase differestveckbn
the two vectors Vand \, is equal or less than 11°.
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Po =72k x sin(f) = "2l g (3.15)
VoxVi vV, 2 _ VoxVi Vo? _ Vi-Vo
Qo =—; *cos(6)——;—=T—7=Vo* < (3.16)

These simplified equations (Eq. 3.15, Eq. 3.16hkgit what mentioned before, so how the paramtat
mostly influences active power flow is the angleagdy, whilst the reactive power is mostly influentsdthe
difference between the two voltage amplitudes. Herethe dependence of the reactive power fromatigle
phase and of the active power from the differenetevben the amplitude of the two voltages is stilsgnt and
not always negligible.

3.2 — AC/DC Converter Connected to the Grid

The following section analyses the way in which #ectrical parameters of the battery charger's BXC/
converter are subjected to modifications when anilgbower flow takes place (the DC/DC converteodh is

not considered at the moment). Two different cagtdbe studied: the AC/DC converter connectedh® grid is
fed by an ideal DC source and by a pre-chargedcitapaThe aim of the following test is to checkwhpower

flow impacts especially on the capacitor, in orteinfer how the control system should be projected

3.2.2 — IDEAL DC SOURCE

An ideal DC voltage source, which always maintairesssame voltage independently from the curreiupn it,

is used as the feeder for the H bridge convertke AC side is connected to the grid, which is miedeas a
voltage source in series with an RL load, as casdem in fig. 3.4. The grid parameters are fixed the source
is assumed to be ideal and the peak amplitude i® s& = 230, according to the Italian standard for LV single
phase domestic plants.
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Figure 3.4: scheme of the AC/DC converter interfacetthe grid
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The followings are the results depicting the acpeaver flow that can be found changing the phasgeanf the

sine wave produced by the AC/DC converter with eespo the grid sine wave. As can be seen fronStig.and

fig. 3.6, after some ripples due to transient stéte power delivered or absorbed by the grid (asda
consequence absorbed or delivered by the DC soueeghes a constant value. The active power and the
reactive power are calculated by the software leyube of the block “Active and Reactive Power”, ebhuses
(Eq.3.17 and Eq. 3.18).

p= %* L V(wt) * I(wt)dt (317)

Q=2x[" Viwt)+1(wt —2)adt (3.18)

P and Q are calculated by the software averagiag/thproduct over one cycle of the fundamental dierry.
The real physical case is not perfectly copiedjbsit approximated, because total harmonic distorigonot nil
and the presence of harmonics that bring reactiweep are not considered in the calculation althotingly are
present. The difference between these resultstengdroper calculation considering all the harmoisanyway
negligible.
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Figure 3.5: Active power from AC/DC converter to gnith phase angle equal to -10° (grid absorption)
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Figure 3.6: Active power from the grid to AC/DC contee with phase angle equal to +5° (grid delivery)
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Figures 3.5 and 3.6 show a positive or negativeveagtower which flows from grid to the AC/DC conter,
according to the convention used, active poweoisitlered positive if it flows from the DC sourcette grid.

Another aspect of the simulation needs to be aedlyand it deals with the transient state whicheserated
during the first instants, when the grid synchratian is completed and the converter is conneatdbe grid. If
the amplitude of the fundamental produced by théDXCconverter is equal to the amplitude of the amental
of the sine wave of the grid, the transient staggarding the active power is limited: fluctuaticarel overshoot
are not present and the system reaches easilyethedysstate as in the figures. If the matchingoisverified, the
system reaches instead the steady state afteregdigible and unwanted transient states and ovetshdhe
voltage level needed in correspondence of the AG¢B@erter in such a way to avoid active powerttlatons
during the transient state can be easily calculatédthe converter is working inside the lineargien
(modulation index less or equal to unit), the peaiplitude of the fundamental sine wave produced lv&im
times V.. The following equation will be then solved

mx* Vg, =2 %230 (4.3)

to calculate the appropriate valuerofto apply (it can’t be lower than a fixed term)fimction of the voltage
Ve As an alternativan can be considered as a fixed value apdc®n be modified by the control scheme of the
system, since it is the voltage that can be foinolugh the capacitor.

The reactive power flow according to the applicatd an ideal DC source can be also studied. B@. i3.
applied and fig. 3.7 and 3.8 depict transient daddy states of this parameter according to diffevalues of
the phase angle. After some fluctuations due tdarthesient state, when the steady state is reackedstant
reactive power exchanged value is achieved.

Q[Var] -] An

1 i | i i |
mﬂ 02 04 i1 08 1 1.2

t[s]

Figure 3.7 — Reactive power exchanged with phaske angal to -10°

These two examples represent the profiles of thetinee powers exchanged as a consequence of the
modification of the phase angle of the sine wawpced by the AC/DC converter with respect to the srave
of the grid. Since the reactive power profile i$ affected in a relevant way by this parameter vidmgation that
will take place won't be so deep, but at the same hon negligible. The method which can be used fo
modifying the reactive power profile without affangj the active power flow will be that of varyiniget voltage
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in correspondence of the DC source. If this isallowed, any control on the reactive power exchdrge't be
implemented and this parameter won't be controlled.

400 =

Q[Var]

t[s]

Figure 3.8 — Reactive power exchanged with phaske aggal to +5°

3.2.2 - NON IDEAL DC SOURCE: PRE-CHARGED CAPACITOR

The modification of these power profiles accordiaghe application of a non-ideal DC source toAl@&DC
converter is now analysed. The source is not abkeép the voltage constant independently fronttheent
absorbed or delivered: this means that power fltfluénces the voltage through it. This analysisoisducted
because the battery charger is not equipped wittlesd source at its DC side, but with a capacitbich is
storing a certain amount of energy. If the capacitd deliver part of its stored energy or absarbertain
guantity of energy, a consequent variation of thitkage through it will take place, and the variataf this
amplitude will affect the amplitude of the sine wgwoduced by the AC/DC converter. As a consequdruth
the active and the reactive power exchanged (E®, Eq. 3.14) will be modified, although the vabfe is
fixed. The variation of reactive power will certbifbe deeper than the variation of active powese Tdgllowing
fig. 3.9 and fig. 3.10 show the evolution of twotbé three most important parameters, which aratkiee
power delivered by the AC/DC converter and theagdtthrough the capacitor at DC side.

The active power flow (Fig. 3.9), after the achiment of a temporary steady state, is subjected linear
decrement, and the relation between voltage ancep@ilinear too. The voltage through the capadgarqual
to 650.5 [V] at t=0, feeding the converter is sacklvay that initially the two waveforms have botle ttame
amplitude; but its voltage decreases during theaulsition due to the fact that a costant energy fiswaking
place.

The speed of the voltage variation deals with tatameters. The first one is the active power flthe: most it
is consistent, the most the variation will be fd$te second one is the capacity of the device:ideriag a fixed
active power flow and a fixed voltage throughfithie capacity is high more energy is stored ihi ¢apacitor;
the voltage through it will change in a slower widnan considering a lower capacity capacitor. Hére t
simulation is run for V2G, but the profiles of ttveo parameters considered are basically the sanmeerfeversed
active power flow (G2V): in this case, the analysiB find an active power flow which progressivahcreases,
and the voltage through the capacitor will increts® because it will store energy coming from ¢jniel. For
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this reason, this situation can be dangerous, afetysdevices controlling the voltage through # applied to
the real circuitry.

g

P[W]

50 i i i i i
0 02 04 08 (k] 1 12

t[s]

Figure 3.9 — Active power delivered by the AC/DC cener to the grid
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Figure 3.10 — Voltage through the capacitor whdtve power is delivered

How deep the variation of reactive power exchanggdhe two systems is, considering this situatidmie
following fig. 3.11 shows the profile of the reastipower exchanged, and it is easy to see thatahation of
the voltage of the capacitor, which seems to besnotelevant (decrement of less than 7 [V] from ithigal
value of 650.5 [V] during the time window considd@)einfluences in a strong way this parameter.hia first
simulation the reactive power exchanged by the sy&tems with an ideal DC source was around 620][Var
(negative value) (fig.3.7). With the usage of ameal DC source, the variation of the voltagehat DC side
brings the reactive power exchange to be subjeotath increment of around 15% in less than 1.5rsdsovith
respect to the previous simulation.
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In addition to this, if the active power flow isversed, so from the grid to the DC source (chargiogle), it can
be demonstrated that the capacitor is subjectad focrement of the voltage through it (instead ofecrement),
and the reactive power depicted in the graph etianges its sign, becoming positive.

Q[Var]
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] 02 04 06 [it:] 1 1.2

t(s]

Figure 3.11 — Reactive power exchanged between @B@& converter and the grid

The variation of active and reactive power from thtd values, as a consequence of the applicafiannon
ideal DC source, can be now compared. The variaifotihe active power from its rated value can bentb
quantifying the difference at t=1.2 seconds betwtberfirst simulation (Fig. 3.5), with ideal DC soa, and the
second simulation (Fig. 3.9), in which the capacdi$oused: the variation is of about 70 [W] ovef@7W], so
the variation is of about 2.6%. If the same proéesepeated for reactive power, the differencevben the two
results calculated at the same instant t=1.2 secindf about 134 [Var]. Since the steady statetiea power
value calculated in the first simulation was 62@i) the variation of reactive power is of 21.61%n times
more than the increment of active power. Thankbése results, the importance of the DC/DC convesa be
better understood: the decoupling between the yadied the AC side can preserve the capacitor froltage
fluctuations, which are able to move the systermftbe required working point.

If a steady state characterized by a capacitoagelivalue different from the rated one is achieebdrging and
discharging modes, which deal with active powewflmay not be subjected to such strong variationsdake
the system not compatible with the charging ordiseharging of the battery. As a consequence, {htem is
able to work in conditions which are more or lelsse to the rated ones.

A stable active power flow doesn’t avoid strongiations of the reactive power exchanged; this tiaracan be
an undesired situation for both the grid and thetamer, so a way to control the voltage of the capaneeds
to be implemented. A control block which is ablek&ep fixed the voltage of the capacitor for theieeement
of the steady state needs to be implemented. Theepo of the control will be that one of matchingetly

input power and output power (power of the battarg power at the DC side of the AC/DC converter)ksuch
a way that the capacitor will be neutral in termigaower exchanged at steady state, and the vottagegh it

remains constant.
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4 — Control Scheme

This chapter deals with the design of a proper robrgtrategy which can pilot the AC/DC and the DC/D
converter, in a way to achieve a steady state whéireed amount of active power flows through thetmarging

or discharging the battery of the electrical vehidefore designing the control scheme of the systhere is
the necessity to fix the input data which deterntine battery charger's working conditions. Amongthe
others, three main inputs are fundamental. The dine deals with thactive power flow. once this amount is
defined, the value of the phase aryjis calculated and applied to the AC/DC convemtdrich is then piloted in
such a way that the active power flow required éhieved. The second input deals with thattery’s
parameters in function of the SOC and the temperature, figtdance, the control strategy of the battery chrarge
has to be able to modify its working point, in arde avoid damages or dangerous situations. Thd thput is
not an internal input, because it comes from th@roanication between the EV and the grid manageis Th
input is able to modify the active power flow, irder tosupport the grid whenever this help is needed and the
vehicle is in the right conditions to do it.

The control strategy here introduced will focustba first and the third input, so the way in whitle active
power flow can be handled for V2G and G2V modes.tRe achievement of a proper control scheme, itk f
thing to be done is the analysis of the whole sysie such a way to understand how it behaves amwhich
way the controller has to pilot the switching dedn order to reach the desired steady staterd-gyi shows
the global topology of the battery charger, beftre application of the control strategy. Voltagel anurrent
measurements will be necessary as inputs for theeadsystem, applied as feedbacks. The appropciatérol
system will be studied first for charging and tHen discharging only, because the two configuragioim the
two different cases are physically different. Staytfrom a simple and ideal theory, step by stép, issues
which affect the battery charger according to @a-ideal working situation will be faced.

The last step will be the one of creating a simgletrol which is able to pilot the battery charfmrany working
situation.
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Figure 4.1 — Whole topology of the battery charger
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4.1 -Charging Mode (G2V): control strategy

This mode is the one in which the battery absoctis@apower from the grid. During charging modes #nergy
is stored inside the battery and its SOC growsilufpG0%. This normally happens when the owner \wahe
vehicle to be recharged after the vehicle is drivaurt can also happen when the grid produces amnmatnad
active power which is higher than the active povezuired by all the loads connected to the samd ¢ne
difference between production and absorption castbeed inside the vehicle, so the ancillary sergalled
G2V takes placeTwo hypothesesare made before running this group of simulatidine:first is that the voltage
of the battery increases in a negligible way and loa always considered to be constant, the seotidhi the
two converters (AC/DC and DC/DC) don’t have anyskss

Charging mode means that the AC/DC converter waska rectifier. Its four IGBTs will be fired in dua way
to build a sinusoidal waveform which lags the wavef of the voltage of the grid. At the same tintes DC/DC
converter’s fired IGBT will be the one in seriestwthe inductor (IGBT2), whilst the other one wéllvays be
open. The active power flow is now assumed to lerdéned only by thé angle, assuming that both the
voltage produced by the AC/DC converter,@nd the voltage at the grid side)(¥lave constant amplitudes.
The total amount of power flow will be determineglthe relation between the voltages and the phagle éEq.
4.1)

P = KG;—V’- * sin(@) = KD;—VL * 0 4.1

The active power flow is a parameter which can dteirs function of many parameters and it can beeiased
until the intrinsic limit for a domestic plant isached. The choice of the proper active power fidhvdetermine

the value of the angle pha8evhich will then be applied to the AC/DC converthr.other words, a controller
will calculate the value of to be applied starting from the active power reegli implementing (Eqg. 4.1), and
the IGBTSs of the rectifier will be fired according the value of thé angle already calculated. This is the reason
why the angle phase value is not exactly a realtiop the system. In any case, the assumptionbesilthat the
angle phasé is treated as an input for the control of the exystsince its correct value is not important for
control purposes: what is really important is thaywn which different values o¥ influence currents and
powers.

Now that a fixed active power is absorbed, thamkshe proper control of the AC/DC converter, thatcol
scheme of the system has to be able to fire cdyralso the IGBT of the DC/DC converter, in functiof the
amount of active power flow, because the power diesbby the battery charger at the AC side hastedual
to the power absorbed by the same battery (the pewulibrium has to be verified). The followingtise way
in which it is piloted (Fig. 4.2).

A high frequency triangular signal carrier, whosapéitude is between 0 and 1, can be built thanksh®
comparison between a proper pulse generator (wtriehtes a square wave) and a constant signal, mnd a
integrator block. The triangular signal obtainethisn compared with another signal, which is regme=d in the
figure only with an arrow and the “D” letter, artds characterised by fixed or variable amplitudbpse nature
will be explained in the following paragraph. Thamparison between these two signals will produpesitive
value whether D is greater than the triangular i@we, a negative value in the opposite case. THeviong
comparator block compares to zero this differemedculated instant by instant, giving in output tredue 1
when the input is greater than 0 and 0 when ibvegel; the result will be that of a profile similar a square
wave, but with different extensions of 0 and 1 oz&ch period, depending on the D signal’s valués Tguare
wave” signal is now assumed to Hee signal which pilots the IGBT. A high value of D determines an
extension of 1 greater than the extension of 0,thadduty cycle (ratio between the amplitude ofighal and
triangular carrier signal) of the switch will beghi and close to unit (or 100%), with the meaninat ttihe
switching device state will be more closed thanrope that switching period. The control system utes
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simple technique for achieving the control of th€/DC converter. Now two opposite operations can be
considered for a better awareness of what happgersiqally inside the battery charger’s DC/DC conteer

IGBT2

g

3

Pulse
Generator

Constant

Compare
to zero

Figure 4.2 — Control scheme for the firing of the DC/converter’s IGBTs

If the duty cycle is equal to 100%, the switchirgyige is always short circuited and the currentiognfrom the
rectifier is free to feed the inductor and the &gtiwithout any limitations from the DC/DC convetteo “power
filters” are applied between battery and grid. Bpposite situation is that of duty cycle equal %.rhis is the
case in which nil current flows through the induciod the battery. All the intermediate valueshef tluty cycle
deal with intermediate values of currents from féetifier to the battery: it is easy to infer thmbre average
current inside the battery is equal to more povesoebed and more energy stored inside it.

The following scheme is the control scheme of fymem, which uses the principle already explairedsétting
to the right value the power absorbed by the battghich is coming from the grid (Fig. 4.3): thimportant step
will face the way in which thduty cycle D is calculated

IGET 2

9 | mp

Pulse
Generator

Eattery Current Measurement

Constant
Add Compare
To Zero

> D
Controller Power Measurement Battery Voltage Measurement

Add

A4

Figure 4.3 — Control strategy for the DC/DC converter

The concept of active and reactive power at thesiié doesn't exist: the power is one and it is @diive: the
current can always be seen as “phased” or “notauliasith respect to the voltage (so the power capdsitive
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or negative, but always active). This means thatgbwer which is involved in the charging of thetdgy
consists only on the active power absorbed by thk ghilst the reactive power doesn't affect th€ Bide of

the AC/DC converter. The active power can be diyesteasured in correspondence to the AC side of the
rectifier, so between the AC/DC converter and thd,gand it is labelled in fig. 4.3 as “Power Mee=ument”
(active power measured and active power requirgd tabe the same, so the power measurement isaleme
for safety reasons: in this way the control systermsure that the power introduced inside the sysseatways
correct and constant). Since this active powerchiis absorbed by the battery charger, has to desgime
absorbed by the battery at steady state, alsodit@ge of the same battery has to be measuredsifipge (Eq.
4.2)

P=V=xI (4.2)

presents only one unknown term to calculate, widcthe value of the proper current which has tal fdee
battery verifying the equilibrium between powerfeTcontrol system implements exactly this equaitiothe
block scheme, calculating the ratio between thequanweasured at the AC side and the voltage of dtery.
The value found in output is the current referevedee, and the idea is that the controller hasheinge the duty
cycle of the DC/DC converter in such a way to pa®the real current flowing inside the battery édaahe
reference value calculated. For the achievemettiisfaim, the measurement of the real current é&led. The
difference between these two currents (referenak raml) will give in output an error, whose signdan
magnitude will be the input of the controller.

Before discussing about how the controller is bitilis supposed that the same controller will ghgean output
a value which is function of the input. If the maxim output value is limited to 1 and the minimunDtahe
same output can be used as the constant signahibhvs compared to the triangular carrier sigigtoduced
in fig. 4.2. A positive error (input) means thaetteference current is higher than the real curemthe duty
cycle D (output) has to be increased; a negativer dinput) means that the real current is highemt the
reference and it has to be decreased, so the gloky D (output) produced by the controller will dease. All
these modifications will take place until the steathte, in which the error becomes closer to hasnieached.
The strategy of the control scheme already donéeeet the equilibrium and forces the system to hahe
steady state, and the total amount of energy cornorg the grid is exactly the one absorbed by thtey
(considering an ideal case of negligible leakages).

The DC/DC converter needs more time than the ACdofverter to reach the steady state condition wiith
initial conditions, because of the presence of treaccomponents as the inductor and the capachera
consequence, during the first instants the actoxegp absorbed from the grid will have already reakits rated
value, but the current flowing inside the batteril e still lower than its reference value, becaod a slower
grow up speed. The battery charger will absorb reoergy than the energy absorbed by the battes/ptiwer
(energy) difference will be stored in the capagitord the voltage through it will increase. In amge, steady
state is reached in a fast way and the amounboédtenergy won't be relevant.

The small difference between the new voltage thinailng capacitor and the original rated value vefdgom
the active power absorbed point of view, doesrndidpice any relevant variation (the magnitude ofvdeation
is of some volts, as will be shown in the followicbapters), but the reactive power exchanged cbald
subjected to deeper fluctuations. The necessitynonitoring the voltage for the achievement of amaat
constant voltage through the capacitor, which s @ be close to the rated value, leads to tiplicgtion of a
capacitor control arm, which will be coupled wittetoriginal control scheme of fig. 4.3.

One of the two assumptions can be now removedngetie battery charger model closer to the redabsbn.

In fact, the losses of the two converters can sarasd now not to be negligible. In this case, tioelehalready
used has to be supported through the modificati@owtrol schemes.

40



Let's assume to be at steady state: the contradrsehalready built is based on the fact that therpower
equilibrium between input (grid) and output (batjeiThe presence of losses will impact in a bad,viegause
whether the same amount of power in input and dugpachieved, but the active power which flowsthgh the
system is reduced by losses, the same losses aisdonted be furnished by the same capacitor,thisdfact
will produce the progressive decrement of its \g#tar his is not a stable situation because, as demated, this
will impact both on active and on reactive poward ¢ghe required steady state will not be kept menereached.
The solution will be found out by compensating &ssshrough the incoming active power. The unwaibetd
inevitable consequence is the fact that the povimorbed by the battery will decrease, but in thisyw
equilibrium can be reached. This equilibrium wik@be reliable because even if variable lossestakie place
(for example as consequence of aging of the capacit other devices) it will be always reached and
maintained. The modified scheme that has to be ifiskd assumption of negligible losses is remoigeshown
in fig. 4.5, whilst fig. 4.4 shows the sectionswhich the measures needed for the applicationettmntrol will
be taken.

In the scheme of fig. 4.4 the power measuremenigivis the measure of the active power flowing tiylo the

battery charger, is not performed at the AC sidéhefrectifier (interface between battery charget grid), but
at its DC side; in this way the measurement witihfsh a lower power value, dealing with the fadttthe

AC/DC converter’s losses will produce the decrenwdrthe active power flow. In this way, the contssheme
will now deal only with the losses produced by I&/DC converter. The current absorbed by the baiter
measured in correspondence of the same batteristwhirent measurements regarding the capacitopiaked

in two sections: before the capacitor, so betwéamd the rectifier, and after it, so between it sime DC/DC

converter. If the capacitor is not absorbing oivaéging power, it means that the average curremuidh it has
to be nil. These two measures are useful for chgctiis situation, because once it is verified thatdifference
between the two is nil, the capacitor is not cdmiing anymore on power flow, and its voltage viak

maintained constant.
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Figure 4.4 — Sections where electrical measurenaettaken

Let's now focus on the arm related to the new adrdtrategy (Fig. 4.5): the two current measurememe
compared and the error is integrated; the outpuotukiplied by a constant and then this value tsoiduced to
the sum with reference current and real currerthdferror is positive it means that average ctiigenot nil and
energy is flowing out of the capacitor, which mealischarging. To avoid the discharge, this positveor
introduced in the sum, combined with the referequogent, reduces the request of real current flgvtimough

41



the battery, decreasing the duty cycle of the DCHo6verter’'s IGBT. In this way, less current wi# Bbsorbed
by the system composed by the DC/DC converter hadattery, so the energy delivered by the capawiild
be reduced till nil value. The use of the integrafor this scheme is fundamental, and this sentdace
demonstrated in the following way.

The assumption for a while is that now the systemvorking without the integrator block on the cafmac
control arm. Initially, the scenario can be thaadfifference between the two capacitor currentssme=d which
is equal to zero (so the capacitor is not deligonabsorbing energy). In this theoretical casemor from the
capacitor control block would push the current absd by the battery closer and closer to the cumefiarence
value; again, losses of the bidirectional boostvedter will produce a power flow on the capacitod dhe error
that was nil before now changes and the capaditmstto be active. This means that a real steaate &t
equilibrium condition without the integrator blotk never verified, and at steady state a non piltirsignal
coming from the capacitor control arm has to beagvpresent. Thanks to the use of the integratbenvthe
input (difference between currents of the capaci®nil, the output is a fixed value which is ctarg but not
nil.
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Figure 4.5 — New control scheme with not negligitbaverters’ losses

Some issues regarding the measurements of the mmdgsiwhich will be used as inputs for the consciieme

are now considered. The active power which can basured at the AC side of the rectifier is reldyivasy to
measure, because voltages and currents are sinbaoid free of ripples; the situation is differéort the power
measured at the DC side. In this case the voltageegponds to the voltage through the capacitoiciwis
almost constant. The current instead is continuenbt constant. This means that its mean valy®sitive or
negative, but the instantaneous value changesmasguwlifferent values instant by instant. Since poaver is V
times | and it is constant only when considering tean value of the current, the signal “power neasent”
depicted in fig. 4.5 is find out considering theanevalue of the instantaneous current.

Something can be also said about the measuremeitector checking the power absorbed or delivengdhie
capacitor. There are two equivalent possibilitide: first is to measure the current flowing frore thC side of

the AC/DC converter to the capacitor and the curfleving from the capacitor to the DC/DC convertand
then compare them as what has been done beforaltdmative which seems to be cheaper is the one of
measuring directly the current through the capacitealing with the control strategy, the situatisrexactly the
same, but in the first option two current transdscre needed, whilst in the second only one islegeThe
second option as a consequence seems to be lhetter,deeper analysis of the system shows thapdiaer
measurement is done at the same point (between @@@nhverter and capacitor), and voltage and current
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flowing through that section are needed. This me#ias one of the two current measurements is aread
accessible for the control scheme. As a consequeateeloping the control through the calculationtiod
difference between the two signals (the secondsthacer is put between the DC/DC converter and the
capacitor) or analysing just the current through tlapacitor (transducer put in series with the ciama is
theoretically the same regarding the number ofaes/needed for the achievement of this objectiyethB way,

if the instruments used for measurements are rehhat ideal, it is possible to demonstrate thatdtiference
between two signals that can be quite similar gaveslative error which is very high, so the bedtson is the
one of handling the current through the same ctgradinother reason in advantage to this choitbagsact that
the “subtract block” is not used. Summarizing tl@ceept, in the ideal Simulink domain the two sano$ are
exactly the same and the results are coincidehbth cases, but for the developing of the real robsicheme
the second option will be the best. The followirgufes (Fig 4.6 and 4.7) will show the topologytioé control
scheme with the improvements brought by this choice
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Figure 4.6 — Improved control scheme with non rggigle converters’ losses
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4.2 — System Stability: Verification for Charging Mode

Section 4.1 has explained the way in which the rodlet has to work for piloting the two convertes§ the
battery charger in order to reach the requireddstesiate, analysing all the control issues that a&ffect the
system. The next section has the aim to chooséabkucontroller which can lead the system toablst steady
state. This analysis needs the use of the blocknsehalready built, working on its frequency resgonsing
Laplace transformation. It is important to declénat the certainty to dispose of the transformafwith the
entire hypothesis that belongs to it) is not presey the way, the assumption is that there ispbssibility to
work in this domain.

The first step will be that one of modelling the entire systermtigh the Laplace transformation, element by
element. The measure instruments are supposed timdaze: this means that if the magnitude subjedted
measurement varies making a step, the signal wdocresponds to the obtained measure reaches thector
value after somea, wheret is the time constant of the instrument. In thisyveacurrent transducer can be
described in Laplace domain, which connects inpdt @utput through a transfer function, typing tbéafwing
law

Imeasured — _Ki (4.3)
1 1+s‘ri

Considering this transfer function, there is thesgloility to distinguish betweenk; which is the static gain
andﬁ, which is the dynamic gain. The same represematém be applied to the duty cycle of the IGBT of

the DC/lDC converter. If the constant signal D idtroed at the beginning of the chapter, which is paned
instant by instant to the triangular carrier signadries, the effective variation of the duty cyaé the
correspondent IGBT is not immediate, because tlera delay which deals to the fact that the previou
switching period needs to finish before the vamiatiakes place. The equation is exactly the santeeasne
written before, except for the fact that here iheetconstant is the reverse of the working frequency, which is
assumed to be 10 kHz: this means that the blockhwhynthesizes the behaviour of the duty cycleatiar
synthesizes, in time domain, a block which respands fast way to input variations. The followingid. 4.8)
shows the control scheme where Laplace transfoomagi applied to block measurements, which connibets
real physical system to the control scheme.
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Figure 4.8 — Control scheme according to Laplaggsfoamation
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The power value is depicted through the applicatbr{Eq. 4.1), but in the real situation this valigealso
measured, and the block scheme dealing with thessore is exactly the same as the other measurdioaht
schemes. The two values have to coincide (AC/DGdghave to be considered, so efficienaf the AC/DC
converter has to be applied to the equation ofotbek of fig. 4.8 for a perfect match between the power
values).

The second stefs more complicated: the aim is to build a modethe block called “SYSTEM” in fig. 4.8, in
order to get a model of the physic of the battdrgrger. The input of this block is the duty cycpled to the
DC/DC converter, whilst the outputs are the paranseineasured. If the system is correctly modekedugh

block schemes, it can be studied in terms of stalaihd the proper controller needed can be found o

It is now considered one switching period in whilth IGBT of the DC/DC converter commutes.

Referring to fig. 4.1, the focus stands on the atioh of the system when IGBT2 is closed. In thstipn of the

switching period the mesh is made by the serieth@fbattery, the inductor and the capacitor, andamsbe
easily seen, the equation which describes the isahk following (Eq. 4.4)

di
L = Veapacitor — Vbattery = 4V (4.4)

i=ig+ [T dt (4.5)

Now, if AV is supposed to be constant, the solution of (#4), will lead to (Eq. 4.5), where the current
increases linearly with time. Whether the realaitin is considered, so the proper control is @&gplihe current
will raise but it will stop increasing after a cart time. In particular, the profile of the curremil depends not
only on the control strategy but also on the offemameters of the system, like the time constantL/R. The
evolution of the circuit with realistic values AV, R and L in case of the application of a unitydeycle can be
transferred in Laplace domain, and the equatiorthvgbverns this more realistic model is

LS +Ri= 4V (4.6)

It is easy to see that the maximum current thatbeatheoretically reached with unit duty cycle éstainly too

much high to be tolerated, in fact at steady dta¢einductor will be a short circuit and the remsiste is not as
high to limit the current produced by the differerfeetween the voltage through the capacitor araligir the

battery. However this is not a problem, since tteenh rate of the current, even during the firstemts, is not
too much high and it can be easily monitored anttileall by the control system using a correct colar@nd

appropriate parameters of the devices (for insthigie switching frequency of the IGBT). Another tiacwhich

brakes the excessive growth of the current is #wt that the inductor used is relatively big, se turrent
doesn’t vary in a too much fast way: the incremienslow and the regulation of the entire systemabite to

control its profile instant by instant, so everaifiuty cycle equal to 1 is applied, the currenttstep grow up
linearly but with a slope which can be tolerated.

The dynamic of the system during the remaining p&ithe switching period, so that one in which IGBIBE
open, will be studied. It is easy to see that noetu flows from the DC side of the AC/DC converteut this
does not mean that nil current is flowing inside trattery: fig. 4.1 shows that the equation whiokiegn the
mesh is

ai
Vbattery =L o, (4.7)

and this time the voltage of the battery inducds@ement in the current which flows through thetem.
Even in this case the presence of resistors iscansidered in the equation, but they are presedthave
influence on the dynamic of the system.
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Now that the two possible working conditions haee studied, it is easy to understand how theeendel
works. The system can be classified as a systemhich an input (duty cycle), which is applied stagtfrom nil
initial conditions, pilots the IGBT in such a wadyat the output (current) grows up with a certaiofipg and
reaches a certain steady state value, functioneo§ame input. In this case the output is evengutiomal to the
input; nil duty cycle means nil current flowing,tglicycle close to 100% means current closer tonggimum,
but reached with a certain delay. As a consequeaheesystem could be described with a first ordangfer
function, and what can be done is the applicatiba onodel which is described with the followingniséer
function

K
Isystem = Fssf;:“::; *Uduty cycle (4.8)
Where Lysemis the real current through the DC side of theédpgtcharger and Wy ¢y iS the input applied. This
model is quite similar to the real working conditjon which according to the application of a daygle not nil,
the current increases almost linearly in the fintments and then after a determined period of timeaches
steady state if no more modifications of the systeercome. The static gain gives the proportionvbeh the
duty cycle in input and the real value assumedhieycurrent at steady state in output, whilgenis the time
constant of the physic system and it is expectdgbtquite high with respect to the other time canistelated to
control scheme. The situation is that of a firgtasrsystem with a relatively high time constant.

Some peculiar characteristicsof this block scheme already made have to be @oiout. Three feedbacks
(Fig.4.8) are present. One deals with the realettirflowing through the circuit, one with the vgeaof the
battery which is used for calculating the referenaerent, and one with the current which flows thgb the
capacitor. The step already concluded has pointedhe dynamic of the first feedback, the one whietals
with the real current flowing through the systemt there are still two others feedbacks to analgad,the next
step is their modelling. The second one deals thithvoltage through the battery. Since the batsbigws an
internal resistance, this value changes in functibthe current flowing through it; but the low ual of this
resistance and the fact that the voltage variatgarsed by the charging mode needs long time tonbedafluent
make the relation between the first and the sedeadback negligible, so these two arms can be dereil as
decoupled. The third feedback, instead, deals withcurrent flowing through the capacitor. The duling
equation shows the dynamic of the situation, wH&kg..ior depicts the power absorbed or delivered by the
capacitor, VapacioraNd Lapaciorare voltage and current through i, iB the power coming from the DC side of the
AC/DC converter. The subscripts “battery” insteddampacitor” means the power, the current andvbiéage
through the battery.

Pcapacitor = Vcapacitor * Icapacitor (4.9
Pcapacitor =Pin— Pbattery (4.10)
Pcapacitor =Pip— Vbattery * Ibattery (411)

Since the current which flows through the battavincides with the measured current, so exactly'thesured
of the block scheme of fig. 4.8, it is easy to wrihe equation which connects it to the currenbuph the
capacitor.

P I] casured
~ Vbattery * (4.12)

I . =
capaator 174 capacitor

capacitor

Thanks to this development, it is possible to reditze block scheme that was introduced with theipres
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(Fig. 4.8), substituting it with the new block sale shown in fig. 4.9. This will give the possibilito
understand the way in which all the blocks will aod combine together. For an easy handling ofsyssem,
which is complete but not so comfortable, some mpsions can be made in order to get a simplifidaeate.

Pin
WV capaciter

CONTROLLER ¥ suty | Fomen | loafev [ Veatey &
| I 1+ $Tgypy | T+ 5Tomem | | W eapacitor

l

- --

Y
o/

W battery measured ¥ meansremant
1% STmgasuramant

| measured ¥ messurement
1+ STmeasurement

¥ | capacitor measured ¥ maasaremunt

- 1+ FTngasurement

measun [ Fresmrement |
P easured l'{H ((((((((( ot
1+ ST asurement

Figure 4.9 — Block scheme of the whole system

The system built in this way reproduces the behavad the G2V mode of the battery charger, bothmfrihe

physical point of view and from the control schepaént of view. Since three feedbacks are presetitosne of
them (Matery €ven influences one othercfhacior cureds OF it iS better to say that they influence eattter, a way
to improve the scheme for a better comprehensioit lofs to be done. The behaviour of the voltag¢hef
battery is now studied: this value surely changasabse of the increment of the SOC. In any case;hrging
process is quite long and takes hours (this ic#s® of a domestic charging, not a fast chargifigls means
that the growth rate of the voltage is very lowd aan be considered to be negligible if compareithéophysic
of the system. Indeed, it can be demonstratedthigasame system is not influenced by these conimlitile

increments of the voltage through the battery. Tiésins that this magnitude can be treated as sgaconslue
in the following consideration, and as a conseqeehe feedbacks from three they become two, sigiptifthe

system.

The dynamic which deals with the capacitor contreds now to be analysed. During the first momevign
the circuit is energized and steady state is nbtgached, an unbalanceness regarding powers &ysipresent.
The transient state that regards AC/DC convertés equickly, and the active power pumped into thetesy
reaches in few moments the rated value. Longer ismeeded for the DC/DC converter to reach itachtestate:
this means that during the first instants the Ipatdsorbs less power than the power incoming,damihg these
moments the difference between the two power flowtored inside the capacitor. The issue lies Bxhere:
whether the gain of the capacitor arm’s integré@et to high values, the error will be amplifesal a relatively
high signal coming from the capacitor control arnfl tve introduced: this will contribute to the infpsignal
(error) of the controller from the very first monmgnwith the consequence of interfere with thet fitep of the
dynamic, in which the real current gets close te teference value (this first step will be callgatifhary
control”). There is the possibility to read the sasituation in a different and simpler way: the tcohscheme
feels that the capacitor is charging, so it reamteeasing the reference current in such a waytti@tiuty cycle
will grow more, and the current absorbed by thddpatincreases in a fast way. This capacitor armirob
feedback, although it is necessary for achievirgaquilibrium of the system, is not positive durthgse very
first moments, in which the battery charger isl $4it from its steady state, even if this interfeze produces
good effects. The influence of the capacitor cdrdran on the primary control, whose aim is to méhe real
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current close to the reference current, is negatie does not allow to reach properly and in alstalay the
steady state condition.

The control strategy should be divided into twgstahe primary and the secondary control. Sincéhtese two
controls (the primary control which deals with fherement of the current from nil value to a vatlese to the
reference one, the secondary control which deals thie variation of the current from the referenatue to a
value which is the one that guarantees powersibguih) is better to work in a separate way, theugaf the
integrator gain will be set in such a way that $ignal coming from the capacitor control arm wtkrs to be
influent only when the primary control will be réssd and the current will be close to its refereralee.

These considerations are able to impact on thektldobeme, which can be now represented in fig.,4vb@re
only one out of the original three feedbacks isspréed. It is important to remember that the otiner
feedbacks are still present, but their charactesiston’t produce relevant modifications in theteyss dynamic
during the first instants.

It can be demonstrated that if the primary regafats well achieved, the other two feedbacks canmaite the
system unstable anymore. Even the blocks regartfiagmeasures can be neglected, since their belaviou
doesn'’t influence the whole system’s behaviourclvlian be now studied in the following way.

(Vo Vil X

I reference

LS
A 4

Pew—— ¥ ¥
CONTROLLER duty system

\,,/ 1 1+ STty 1+ STostem

W battery

| battery

Figure 4.10 — Block scheme studied for the contralksign for the primary control

Since the inputf) and the voltage through the battery are consthst,same reference current,dilencd iS
constant. Thehird step is the analysis of the transfer function of theeropoop without the controller. As a
simplification, the two static gains present in bleck scheme (gain of the system and of the dytjeccontrol)
are incorporated to the static gain that will beigised to the controller. This fact leads to théimg of the
following open loop transfer function without thertroller

1

HR(s) = (4.13)

(1+srsystem) (1+5Tduty)

The Bode diagrams will show how the system behaS8ese the frequency of the triangular signal foe t
control of the DC/DC converter’s IGBT is equal 1 [kHz], this means thatduty = 1/frequency. The plot
of fig. 4.11 describes the magnitude and the plofighe dynamic model frequency response which leesnb
already built. The transfer functiolip(s) is analysed without the presence of the controiMtich will be
introduced later.
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Figure 4.11 — Magnitude and phase of the openti@ysfer function without the controller

The two key parameters which are involved in the system response are poimted out, dealing with its
stability: they are theross frequency(ocos9 and thephase margin(m,). First of all, let's consider the cross
frequency: this value corresponds to the frequdircyad/sec) in which the magnitude of the trandéerction
plotted is nil, considering logarithmic scale. Tgtease corresponding to this pulse is defined aplthge margin
of the system. For having a stable system, whichreach a steady state and can be controlled allue vf the
phase margin needs to be higher than the fixecevatu In the real case, a phase margin value whiclgisen

than-m by some degrees (so not so much higher) depistsitde but dangerous system (even if the phase
margin is verified), because a little physical aéidn of some parameters of the circuit can mottié/frequency
response and make the system unstable. As a camaguhe system will be considered stable if thasp
margin is higher thar-37/4. The cross frequency determines the bandwidth, wisithe highest frequency of

a reference signal that the system can follow kegpmited its error under a fixed value. The imoent of the
bandwidth makes the system to become fasterheesteady state can be reached in less time, &ndath be an
important advantage; on the other hand, the pdisgibd produce overshoot while reaching steadyestaill
increase too. Analysing the figure, it is easy twlerstand that the maximum bandwidth is limited thg
switching frequency of the DC/DC converter’'s IGBT.

Now that these two parameters are introduced, ¢segd of the controller can be faced: the aim of bock is
to modify Bode diagrams (Fig. 4.11) in a way tha# bpen loop frequency response can be improved. Tw
different solutions can be tested; the first opi®to implement a P (proportional) controller.

P CONTROLLER

The P controller is just a proportional block whiohultiplies the input error, and its effect on thansfer
function are described by the increase or decrefifee magnitude of the frequency response, witilstphase
diagram won't be modified. This means that thedfelhg equation of the open loop transfer functiam de
written (the subscript “R” is not present becaumedontroller is applied)

1
*
(1+Srsystem) (1+srduty)

H(s) = Kp (4.14)
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It is important to remember thﬁ‘tp incorporates all the static gains, the ones ofsigtem and the one of the
same controller. This means that this term is mat#y the one which has to be set for the corgrplivhich is
defined as Knworer This parameter can be set in such a way thabanewidth will get close to the switching
frequency of the IGBT, but this frequency can’'tdéa&eeded. The most important disadvantage whickesom
from the usage of a P controller is that the stestdie error will not be nil. In fact, going backdiaand looking

at the block scheme of fig. 4.10, an easy consiidergan be made. Since the hypothesis is thatgtsiate is
reached, the output is.kery Which is constant, and the variable “s” of Laglaansformation is equal to zero.
As a consequence, the input of the system will,pgJKsysem FOr the same reason, the input of the duty cycle
block will be batery (KsystemK auty). Finally, the input of the proportional contrallevhich will be also the error
between the reference current and the current figwihrough the battery, will be equal t@auly
(KsystemK quty*K controtied- If @ fast response is required, and the bandwigeds to be consequently increased, the
increment of Kqnioner fOr the achievement of the objective increases #ile steady state error, which will be, in
any case, not nil for any choices of.koiervValues. The application of a PI controller will &lehis error.

PlI CONTROLLER

The PI controller is composed by a block which iplitis the error and a block which integratesnittérms of
Laplace transformation, the block’s equation camvliten as

R(s) = (Kp + 5;) (4.15)
R(s) = Kzt (4.16)
R(s) = K; *“_S“R (4.17)

with 7p = %ﬂ Even in this case the value of the paramEtemcorporates all the static gains present in {heno

loop block écheme, whilst &.woeriS the proportional gain of the only Pl controll@he correct choice on the
values of the two parameters can produce an impmeme on Bode diagrams. This kind of controller pras
for high frequency values (highvalues) the same behaviour as the proportiondtaiter, because the phase is
not modified and the magnitude is multiplied Ky. For low frequency valuess lose to nil), instead, the
situation changes and the controller starts taérfte the frequency response of the system. Ictmgroller is
applied to the system, the correct values of tteegarameters have to be calculated.

The first step for this calculation is the settofgo..ssand phase margin, but independently from the exalce

picked up for both, it has to be verified that fitfease margin is greater thé:n in correspondence of a cross
frequency lower tham/fduty. The full transfer function (with PI controller) tfe open loop is the following

H(s) = R(s) * !

(4.18)

(1+Srsystem) (1+5Tduty)

1+stp 1
(1+STsystem) (1+srduty)

H(s) = K; *

(4.19)

Now the phase margin will be imposed and the plésiee transfer function H(s) will be put equalthis fixed
value. Since there is only one unknown term, wicty, this value will be calculated. The second stepases
that in correspondence 6f,ssthe magnitude of the transfer function has to heaktp 1 (in terms of logarithm).
This means that the ternjf tu¢ose Substitutes the terms™ and the following equation is solved
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H(jwerpss) = 1 (4.20)

Since the solution of the second step will giveagsult the value af;, theproblem is solved, because with the
two resultsKp can be calculated and the design of the contr@lelone. Since the aim is to produce a steady
state with no permanent error (because the rateértwalue absorbed by the battery has to be eethe the
choice of using a PI controller is the best becauskis way a nil steady state error is guarant@ée following

fig. 4.12 depicts the frequency response of théegysvith the application of the PI controller.
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Figure 4.12 — Frequency response of the systemthéttapplication of the Pl controller

With this tool it is possible to infer whether thgstem is stable and whether and how much the Rtater
proposed can improve stability on the control solefrhe case already applied shows a stable systdmaw
phase margin of +95° and a cross frequangysof 10°rad/sec. Since the maximum bandwidth still deat wi
the switching frequency of the duty cycle of DC/B@nverter's IGBT, even according to the applicatida Pl
controller there is the same maximum value of tedwidth that can’t be exceeded. The only way tbeyond
this limit is the use of a PID controller, but thgstem analysed shows that this is not necessatfyissoption
won't be considered.

Considering the PI controller, the maximum speegllean be achieved increasing the proportionat géithe
controller, in such a way to increase the crosgueacy keeping stable the system (because thdiitjtahase
margin is still verified). In any case, if this heenent is applied, it is important to remember thatn the gain of
the controller’s integrator has to be increasedabse the ratiop = Kp/Ki has to be kept constant.

The model studied has led to the design of a Piralier which should be able to control the ensigstem in a
proper and stable way under all the introduced Kfizgtions. The assumption made regarding the fhat the

voltage of the battery is considered constant, ezaf the very slow dynamic of the energy stordepce if

compared to the system, can be easily confirmebdrreal case. Instead, with regards to the capamiintrol,

the static gain of the integrator block of the ajma control has to be set to the proper valuesuich a way that
the effect of this feedback takes place after ttmary control is almost complete. Paying attentiorihis last
point, the same primary control’'s stability is mofluenced, and the model analysed in this chafatestability

purposes will effectively follow the real systemndynical behaviour.
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4.3 Discharging Mode (V2G)

This is the case of the reversed active power flohich goes from the vehicle to the grid. The pbysi this
configuration is different from the analysis made ¢harging mode, and this is mostly due to thegmee of the
inductor. Although this difference is present, tinequency response of the new discharging modesisyst
without the controller is close to the one studiedcharging mode: this means that the same arsafgsi be
made and a new PI controller can be used. Theligtabi the system is guaranteed even for this cése
analysis won't be repeated.

The achievement of a proper control system for bla¢htwo modes allows the run of two different siations,
respectively for charging (G2V) and discharging GJ2mode, with the aim of analysing the dynamicghef
electrical parameters which take place during teamsstates: in fact the system, which is now destrated to
be stable, will present particular dynamics of @gctrical parameters, which have to be suitableit®
application in the real world; the achievementhef steady state is not sufficient.
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5 — G2V (Grid-to-Venhicle) Mode: Simulation

Since in chapter 4 the stability of the system lbesn verified and the system is demonstrated tstdige, the
next step will be that of the running of a simwatin which the charging of the battery of an EVgged to the
grid is considered. All the electrical parametewsirty both transient state and steady state wilabalysed,
because the profile of the power flow and the etmtuof currents and voltages inside the systenehavbe
considered suitable for the actual realizatiorhefdevice.

The grid is modelled as an ideal sinusoidal voltagerce (RMS equal to 230 [V]) connected in sevigh
impedance. The capacitor’s initial voltage is £8650 [V] in such a way that the sine wave produicgdhe
rectifier will have almost the same amplitude of #ine wave of the grid (acting also on the modéutaindex).
The angle phase is set to be equal to 13°. The power introducetth wiis value is high and close to the limit
allowed for a domestic plant. The voltage througg battery is equal to 100 [V], but this value t&nfar from
reality, considering the current status of the tedhgy. By the way, the value assumed by this patandoesn’t
influence the dynamic of the system, since it witlly influence the final amplitude achieved by therent
absorbed by the battery. (The choice of a lowetage through the battery with respect to the statide art
corresponds to an highlighted current profile). Therent is expected to start from nil value andwgup till
steady state value. Finally, the simulation timedsto 1.5 [s]. Now that all the initial condit®are described,
the simulation can be run and the results can bekeid.

The active power flow at the AC side of the AC/DC converter of thattery charger has to be considered as
first: the measures are taken in correspondentieeagection where the device is plugged to the gffiet active
power flowing, after a short transitory of abou®®[s], will settle to a fixed value of 3300 [W]igare 5.1
shows this evolution (negative value means thaa @®nvention the power is flowing from the grid the
battery).

—— Active power delivered by the grid (steady state): -3300 [W]
0
T

P[W] 1 / |

3000 |~ S : -
NN /
| |

e 05 1 15

t[s]
Transient state

Figure 5.1 — Active power delivered by the grictt@mrge the battery
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In correspondence of the same section, even theureaf thereactive power exchange can be achieved. In
this case the steady state will be reached in lotigee, and the transient state will be consisteng to the
variation of the voltage through the capacitor.ur@5.2 depicts the evolution of this parameter.

Reactive power exchanged with the grid (steady state): 1200 [Var] +————

1 \\\""».
1500 T T

Q [Var]
0

200 | 1
0 0125 [ 1 15

t[s]

|—u First transient state |—v Second transient state

Figure 5.2 — Reactive power flow from the grid te trattery charger

As can be seen, the transient state of reactiveep@amore prominent, and it is composed by twadogkst the
first one ends after 0.125 [s] and it is charastatiby the achievement of a high peak followed lsu@den
decrement of the reactive power exchanged valudstwhe second one is characterised by a smoathdr
milder profile than the previous, and leads todffective steady state after few seconds. Thisediason will

not focus on the reactive power control, but thesjality to improve the control scheme of the bgttcharger
introducing an arm which can deal with the modolatdf the exchange of reactive power is availabhe the
theory already introduced can demonstrate that different controls for active and reactive powen dze

conducted independently.

Since the implemented control scheme doesn’t ugeeagower data from the AC side, but from the D@es
fig. 5.3 will show theactive power flow measured at the DC sidewhich is used as a reference for the control.
It has to be pointed out that the two powers wiiakie been considered till now are not describatiénsame
way. In fact, whilst the active power flow at th€Aide is effectively constant, the DC side preséasically a
fluctuating value: this happens because the congtdtage value through the capacitor is multiplmda direct
(but not constant) current value. This means thatanly multiplying operation is not enough for &sfing a
proper (constant) control signal: its mean valug thabe calculated. In fact, if the instantaneaaisiev is applied
to the control scheme, the reference current wilsbbjected to fluctuations. For this reason fi§. hows the
mean value of the power flow instead of the ingtaabus one, which wouldn’t be useful. The periodiroé
needed for the achievement of values of the referenrrent which can be suitable for the contraifi§.25 [s].
Thanks to the control scheme the reference cuardtconsequently the real current which feeds #teeity
starts to increase in few instants after the stgnif the simulation.

Figure 5.4 depicts the profile of the controlledreut, according to the convention that negativeesut means
current absorbed (and energy stored) by the batfesycan be seen, the profile of this electricalapzeter,
which is very important, is free from over shoatsl @ reaches its rated value after an acceptahhsient state,
which is 0.20-0.25 [s] long, and is characterisgabinear growth of the current. This profile igtable for the
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charging of the battery, since nor during transitate neither during steady state electrical steare present
in it.

P[W]

0 05 0s 1 15

t[s]

“———— The achievement of a steady state value makes this parameter useful for control purposes after 0.25 seconds

Figure 5.3 — Power absorbed by the DC/DC conversgdas the input for the calculation of the refeeecurrent)

Steady state value: 23.7 [A]

I[A] -

N

t[s]

Figure 5.4 — Current absorbed by the battery

The initial current profile growth is almost lineand fast, because the difference between theerefercurrent
and the real current flowing, which generates thergis relevant. As a consequence, the P| cdetrolakes the
IGBT of DC/DC converter to work with high values thfe duty cycle, which are close to unit. After @ 2]
from the starting of the system, the primary cans@lready ended and the current has almost esghith rated
value, really close to the reference value of theent. This is the moment in which the capacitontmol arm
starts to be influent, and the following time pédriarings the system to its steady state conditidmere a current
of 23.7 [A] is absorbed by the battery.

The transient states of the inductor and the cépaneeds now to be analysed. The first device withtbe
considered is thmductor. The analysis of the circuitry of the battery dershows that the current absorbed by
the battery is the same which passes through the saductor. This current, already studied (Fig)5depicts
that once reached its constant value’s steady, sketevoltage through the inductor will be nil amal net power
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will be stored or delivered by this device. Howewubis does not mean that the inductor won't exgeapower
at all, because the current through it is not yeadimpletely smooth and constant: little variatiofishe current,
which can be easily noticed on its profile (ripplesxduce a not nil voltage through the inductos; &
consequence, this element can't be consideredea aon active element during steady state. Ifj falcen the
current increases during a ripple there will beitttiction of a positive voltage through the indugcthis means
that in that period the inductor is storing ener@yn the other hand, the following decrement of ¢herent
produces a voltage with opposite sign through tidei¢tor, and the energy which was stored before wibvibe
delivered. Considering the mean value of the pdieer, this value at steady state is nil.

If the focus is put on its transient state, alwkgsping as a reference the current profile alrea@ymined (Fig.
5.4), it can be seen that during these first irtstémere is an initial amount of energy which is@ed by the
inductor, since the current is quickly increasif@gure 5.5 provides the mean power value whichrésts the
inductor, and the integral of the curve is the gpestored in the device. Another thing to noticehiat the
maximum power peak absorbed by the inductor, wtdikks place in the middle of the transient stategual to
1300 [W].

+ Power absorbed by the inductor

P[W]

t[s]

L+ The integral of the profile is the energy stored by the inductor

Figure 5.5 — Power exchanged by the inductor

Since the transient state ends in 0.3 [s] and thveep peak is not that high, the energy stored byiriductor is
not so relevant and it doesn’t influence so muehdinamic of the system. It can be demonstratetdatiarger
inductance is able to furnish a better reductionwfent ripples, but at the same time it will irdhce in a more
heavily way the transient state of the system:i#sge will be analysed in chapter 7. The fact thilanet power
at steady state means that a stable steady stdtedtively reached at the battery side.

From thecapacitor point of view two parameters are controlled. Tloatool system monitors the capacitor
current flowing, for the control of its power flowith the final aim to preserve the voltage throutghclamps.
Since the current flowing through the capacitoruged just for control purposes, its profile will tnibe
introduced. By the way, the evidence that the adrsctheme for the capacitor works in the proper eames
from the fact that no energy will be absorbed divdesd by the capacitor at steady state, and @naequence
its voltage will remain constant, and these arelieparameters analysed.

Figure 5.6 shows the profile of the capacitor \gdtdinstantaneous value) and the simulation staitts the
initial voltage through it which is equal to 650][MDuring the first moments the voltage is subjdcte an
increment, and this is due to the fact that thasient state which interests the AC/DC convertatsein less
time than the transient state of the DC/DC conveAs a consequence, the amount of power absoripebeb
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battery charger in that period of time is biggerttthe power absorbed by the only battery: thisewprilibrated
situation produces the absorption of the differdmesveen the two powers by the capacitor.

—+ Initial voltage value: 650 [V] — Steady state voltage value: 638 [V]

645 — -
[v] \
640 — —

[t]

Figure 5.6 — Voltage through the capacitor

During the following instants the current absorlbydhe battery increases and its value starts todse to the
reference value, thanks to the action of the mairtrol of the system: the power absorbed by theci#mr will
now decrease, and the voltage through it will deseetoo. However, since losses in correspondendbeof
DC/DC converter are not nil and the capacitor aomtiol is not already active, the same losses @ppl®d by
the energy of the capacitor, whose voltage startietrease (because it is delivering energy).

This decrement takes place until the capacitorrobstystem starts to be influent; the consequemndethe
control can be noticed on the fact that the volthgeugh the capacitor will stop decreasing anddtestate with
a constant voltage value is reached after 1.5Tfg. steady state value of the voltage through dpadcitor does
not coincide with the initial value of 650 [V] (tHmal value is 638 [V]) means that the transigate induces a
non negligible absorption of power (energy) frore tapacitor, which is not balanced by the contystem.
This does not represent a problem since this veltagiation doesn't affect the active power flowt bnly the
reactive power flow. As a consequence, if reacpiesver control is implemented, the voltage throubh t
capacitor will be subjected to additional variaton

Figure 5.7 describes the same capacitor situati@mady explained in terms of power instead of imig of
voltage. The variation of the power, stored indide capacitor during time, is analysed consideiriagnean
value. The way in which the measurement devicespjdied brings to the situation in which positivewer
means delivered power, negative power means alis@dnger. The connection between voltage and poaer ¢
be here appreciated: the voltage increment fromirtitial value can be noticed on the first negatiraiation
from nil power; the decrement of voltage deals vgttsitive power (from absorption of energy to itdivery),
whilst at steady state no net power flow is invdlvand this can be read as the confirm that theagelthrough
the capacitor reaches constant value. If the fagymit on the energy flow, it is easy to noticet ttie energy
delivered by the capacitor is higher than the enatisorbed by it: this matches with the previoussateration
about the voltage, because if the energy delivesddgher than the energy absorbed, the voltagautfir the
capacitor at steady state has to be lower thamitied value, and this is exactly the case.

The final consideration dealing with the capacitothe same which was made for the inductor: relesi&es of
the capacitor means that the variation of the geltfiom its initial value and the voltage rippledl we reduced.
At the same time, costs and weight of the systelhbeiincreased. When the design of an EV is m#uese
parameters have to be studied together and themalpsolution has to be found in function of theny.tBe way,
the capacitor size will have also impact on theac#pr arm control; this is why the idea is to wakthe
modification of the inductor size in order to getighter transient state without the necessity todify the
control parameters.
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Energy delivered by the capacitor
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Figure 5.7 — Power exchanged by the capacitor

The last step is to analyse thewer at the battery side Looking at the active power absorbed from thel,gri
which is constant, it is expected to find a corstatue even at this side, which can be read amstant amount
of energy stored during time by the device. Thdilerof the power absorbed by the battery is shawfig. 5.8.

Steady state value: 2450 [W]

P[W]

] a5 1 15

t[s]
Figure 5.8 — Power absorbed by the battery

The power which deals with the battery at steadtess expected to be lower than the power intredwat the
AC side because there will be system losses, wtachbe quantified. With all the parameters’ prafismalysed
in this chapter, it is possible to calculate thea power lost during the AC/DC transformation isugtified as
equal to 650 [W], with an efficiency of the reatifiof 80.3% (this low efficiency derives from a higwitching

frequency of the switching devices). On the otheendy DC/DC converter’s losses are calculated thamkbke

comparison with fig. 5.3, and at steady state liganductor and the capacitor are not influent)giediles of the
power respectively at the DC side of the AC/DC emmr and in correspondence of the battery are acadp
The difference between these two values can betifjednin 200 [W], which means that the efficienoy the

bidirectional boost converter is 92%. The totaliogdhcy of the system is calculated and it corresisoto

73.88%, but almost the 80% of the total losses sofmmm the transformation of the power from AC sidddC

side.

The final picture (Fig. 5.9) represents the profifehe battery, inductor and capacitor power fldwe capacitor

and inductor power profiles reach nil value at dyestate, but the integral of the profiles, whishthe energy
flow, shows that there is a net flow of energy ofithe capacitor (whose voltage decreases) and #iome of
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energy which is stored by the inductor (that meidwag the inductor stores energy and is chargedis THEist
simulation ends in 2,5 seconds to demonstrate lifaotevely the two active devices don't affect thteady state
of the system once it is reached.

.'“’”y Energy absorbed by the inductor

Energy delivered by the capacitor

P[W]

Power absorbed by the battery

t[s]

Figure 5.9 — Power flow profiles of battery (bluedpacitor (black), and inductor (red)
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6 — V2G (Vehicle-to-Grid) Mode: Simulation

V2G (Vehicle-to-Grid) mode deals with the dischaodehe battery, and this delivered energy is thbsorbed
by the grid. This mode doesn't induce benefitshio hattery or, in general, to the vehicle, bus itather useful
for the grid since, according to this, principleciélary services can take place. If the vehiclglisgged to the
domestic electric plant and the grid needs poweafty reason (most of the times the need to fae&gef the
daily load profile), the same grid is allowed, upitihis configuration, to absorb a defined amountwoérgy
stored in the battery and use it for these purpddefore running the simulation, some clarificaidrave to be
made regarding the system, which is now differdra:whole topology is still the same, but the wawvhich it

works is different.

The AC/DC converter is still working in the same way. A sine wave legdthe grid sine wave instead of
lagging it will be produced; as a consequenceyarsed active power flow will take place, now fréme battery
to the grid.

The DC/DC converter will run in a different way in this new simulationstead. Figure 2.7 is recalled. During
V2G mode the commuting IGBT is IGBT1, whilst IGBTR always open. In this way, according to the duty
cycle, the power flow will be modulated with propgsmmutations of the switching device. When IGB$1 i
closed, the mesh will include only the battery #melinductor. The current flow charges the indyctdgrich will
store energy. When the same IGBT1 gets open, Disesverse biased and the new mesh involves titerpa
the inductor and the capacitor. The voltage thratghcapacitor is normally higher than the voltdgeugh the
battery, but the voltage through the battery aral ittductor becomes higher than the voltage throtingh
capacitor and the current flows through Diode2 gimay the capacitor.

Diode 2
T e
L
—m
{olaref
IGET 2
S =
vl @ Diode 1 1
@ : ¢
- — -E w
Ealtery IGET 1 —t‘:ﬂ
o b
n —
Fulse generator 1 Pulse generator 2

Figure 2.7 — DC/DC bidirectional boost converter

If high values of duty cycle are applied, this me#rat for the most part of the switching periodTQ is closed
and energy is stored by the inductor. This enehgy twill be quickly transferred when the switchidgvice
opens. On the other hand, low values of duty cyméan that just a small fraction of the switchingiqe will
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deal with the charging of the inductor, and as rasequence during the complementary fraction theepdhaw

won't be so high: after this transfer is realisBibde?2 is reversed biased and there will be ismhabetween
inductor and battery at one side, and the capaoitothe other side. As what was introduced for Gadde,
even according to this configuration the idea af/iray the duty cycle for getting more or less powansfer can
be applied, and this means that the control schesed before is still valid. Some modifications wike place
on the setting of the control scheme parametersesthe physic of the system is different, even liteek

scheme dealing with its description present sorfferdnces from the model proposed for charging mode

The last thing to consider is that from the resoftthe simulation which will be analysed latertlis chapter, it
will be noticed that heréigher peaks of power absorptionare involved with the inductor and the capacitor
during the first instants; this means that thesdcds will influence the transient state in a mozkevant way
than what happened for G2V mode. For this reag@nsimulation needs more time for the achieveméttieo
steady state: simulation time is set to 2.5 [sldad of 1.5 [s]. As a consequence of a longer ieahstate, the
modification introduced in the capacitor contraiawill be the setting of the gain of the integrabdock to a
lower value, because as demonstrated before thedgation systems (current from nil value to refee
value and from reference value to the value whighrgntee power equilibrium) don’t have to influers@eh
other.

The only external input parameter which is différsom the previous simulation is the phase afiglhich is

now set to be equal to -10°. Since the physic efsystem is not changed, all the other physicarpaters, like
the switching frequency and the size of the induatal the capacitor, are fixed and they are theesasrchapter
5. Now that all the differences from G2V simulatioave been faced, the simulation is ready to be run

The first parameter to evaluate is the tatetive power flow at the AC side of the AC/DC converter, which is
absorbed by the grid. Figure 6.1 shows the prafilthis parameter. As can be seen, this profilecispletely
different from the active power delivered by thédgior V2G mode from the profile point of view. Hethe
period of time needed for the achievement of teady state is over 2 [s], where the amount of agbewer
reaches at steady state 2450 [W]. Everrélaetive powerexchanged profile is different, and it is showrfign
6.2.

- Active power absorbed by the grid (steady state): 2450 [W]

- e\

P[W]

0 os 1 15 2 25

t[s]

Figure 6.1 — Active power absorbed by the grid

These strong fluctuations of active and reactivevgye during transient state deal with the variatidrthe
voltage through the capacitor, which induces aat@m on the amplitude of the sine wave producedhay
AC/DC converter. Since this variation is quite imjant, the first instants will be characterized tgep
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fluctuations of active power too, although the ssanBive power is expected to be mostly determingdhle
phase angle.

The strong variation of the voltage through theacétpr takes place because there is no equilibiatween the
two sides, the battery and grid. Since the AC/D@vester usually needs just few instants [ms] tccheds
active power rated value (it is possible to sed¢ tha active power reaches quickly the proper stesdte,
increasing in a linear way from the very first ansfs), the problem deals with the DC/DC convelttateed the
bidirectional boost converter’s steady state isreathed as fast as the AC/DC converter’s steadg because
of the inductor, as it will be shown later, andsthiill influence the battery charger’s work. Thenslation will
be entirely analysed, the transient state is rekeaad it produces deep fluctuations on the eleaitparameters
before steady state is reached. Chapter 7 disctissgmssibility to modify some parameters of tiistam in
order to reduce the impact of the transient stat¢éaG mode, but at the same time the transien¢ sthG2V
mode, which is suitable for the connection to ttid,das not to get worse.

Steady state reactive power exchanged: -1100 [Var
< dy p 2 [ 1

N I T

Q[Var] .

0 os 1 15 2 25

t[s]

Figure 6.2 — Reactive power absorbed by the grid

The following step will consist on the analysistbé voltage through the capacitor Considering the power
flows already studied, an important variation &f jitrofile is expected. In fact, fig. 6.3 shows tha initial
voltage value through it is of about 650 [V], artddecreases almost linearly to 507 [V] in 0.4 [de
comparison with fig. 6.1 and fig. 6.2 shows thas tthecrement effectively deals with the fluctuatiaf active
and reactive powers. During the following instathis capacitor control arm starts to be influent thelvoltage
through the capacitor is pushed to higher and raoitable values: as a consequence of this kinauofral, at
the end of the transient state the voltage thrathghcapacitor will be constant and no more powdr bba
delivered by the capacitor. This situation makesghme system suitable for the connection to titg lpecause
although the transient state produces very dedptiars on active and reactive powers, when thestemt state
comes to an end, the required electrical valuesreaehed. This happens in spite of a heavy transieane,
because the voltage through the capacitor, aftedaiv peak is passed, reaches the value of 625aM], the
difference from the initial value of 650 [V] is neb relevant to modify active and reactive poweosnf the
original expected values.

The profile depicted in fig. 6.4 shows the amouhpower absorbed or delivered by the capacitor.imguthe
transient state’s first moments a 3000 [@déwer peak delivered by the capacitoiis reached, and the integral
of this profile is the amount of energy furnishedthie grid, since the rated amount of energy wiivbuld be
delivered by the battery system is not yet achie@th a high power involved makes the capacitttage to
decrease in a deep way and this will generate evant reaction on the capacitor control feedbaok, the
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capacitor control arm will heavily influence thepirt of the Pl controller producing an incrementttod duty
cycle applied to the DC/DC converter's IGBT.

~————+ Initial voltage value: 650 [V] — Steady state voltage value: 625 [V]

T : T 7 T

[v] s

40—

20—

\\ t[s]
“—— Low peak voltage value: 505 [V]

Figure 6.3 — Voltage through the capacitor
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Figure 6.4 — Power exchanged by the capacitor

As a consequence of the capacitor control armmgctiee capacitor’s power flow is reversed: the devs forced
to absorb a fraction of the energy which was dedigeduring the first transient state, in such a veincrease
the voltage through it.
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This fact is relevant and fundamental for the agreent, once reached the steady state, of actveeattive
power values which are close to their rated va(thes truth is that only active power, whose dependeon the
voltage of the capacitor is not so strict, reacilesost its rated value after the transient state fhct that the
voltage variation, once reached the steady stateot negligible (25 [V]), means that the ratedctiva power
value is not reached. The transient state, as easeen, doesn’t end quickly, but after 0.5 [s] frtim

simulation’s start all the parameters have alrgaalised their deep variation phase and they onlyixeaa mild

way, reaching with an almost exponential profileitisteady state values.

The issue dealing with this mode is simply the fhett the DC side of the battery charger is notsptajly able
to deliver the power asked by the grid in the firgtants. The reason of this deals with the preseri the
inductor, which needs to be charged. During these firgainis, instead of releasing power to the AC side, t
inductor stores energy. The evidence of this candieed from fig. 6.5, in which, as can be seesjrng the
mean value to draw the profile) energy starts testioeed in the inductor unless a power peak of Z80Dis
reached; a comparison of this profile with the peodf fig. 6.4 shows how, since this energy isretband not
delivered, the capacitor has to compensate andedeatnergy by itself, with the consequent reductibrihe
voltage through its clamps. By the way, when steside is reached, the inductor doesn't store anyem
energy, and powers delivered by the battery andrbbd by the grid assume the same value (lossesthawe
considered for the balance). The profile of the @oand the current delivered by the battery arevehio fig.
6.6 and fig. 6.7; since the voltage through thedmatcan be assumed to be constant, the two psadile very
similar.

— Energy delivered by the inductor

/

7 | T

P[W] ol

£—— Energy absorbed by the inductor

Figure 6.5 — Power exchanged by the inductor

Figure 6.6 shows the profile of the power delivebgdthe battery; the comparison with fig. 6.5 hights the
fact that from O seconds to 0.35 seconds, almadshal amount of the power delivered is absorbedhay
inductor. Also fig. 6.7, which describes the cutrtmough the battery, helps to understand this fac

The first instants of the simulation are charasttiby a high error between real current and neéereurrent.
As a consequence, the current delivered by theryatt increased, and this corresponds to the imen¢ of the
power delivered by the DC side. By the way, therentr through the battery is also the current thhotlge
inductor, and its linear increment induces voltdgeugh it: this is the reason why all the powdivéeed by the
battery reaches the AC side with a certain dellag:ihductor acts as a sort of brake for the povew.fThe
situation described has no alternatives which azniraproving the profile of the analysed parameténe
current has to increase, but the presence of fttheciar impacts on this dynamic, dynamic that wast sm
annoying for G2V mode. In that case indeed thetfaatt the inductor was storing energy was not arflting the
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power absorbed by the battery, and at the sametliempower peaks of capacitor and inductor wereetpwo a
lower impact on the transient state was guaranteed.

Power delivered at steady state: 3400 [W] +

t[s]

Figure 6.6 — Power delivered by the battery

Current delivered at steady state: 34 [A] +—

| L

I[A]

t[s]

Figure 6.7 — Current delivered by the battery

Figure 6.8 shows the profiles of the power flowtts# DC side of the battery charger, so batteryyétat and
capacitor powers’ parameters are considered. Otezalys state is reached, nil net power flow interdhe
inductor and the capacitor, whilst the power detdeby the battery becomes constant. During thnsigat state
the powers which interest respectively the induetiod the capacitor are relevant, and their profppesks are
almost close to the power delivered at steady &tatthe battery. Although the steady state is redakithout
any problem with regards to the profiles of thectleal parameters, both at grid side and at bat&te, some
modification can take place so to improve the phydithe system especially according to V2G moderider
to make the transient state lighter. This will be &im of the next chapter.
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Figure 6.8 — Power flow profiles of battery (bluedpacitor (black), and inductor (red)
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7 — Improving the Systemthe Variation of the
Inductor Size

Two devices composing the battery charger can bdified in order to get an improvement of its dynenthe
inductor and the capacitor. Since the capacitdestecal parameters (voltage and current) are mamd both
considering the control strategy and the achieveémEtihe steady state, it is better not to modifysize, acting
rather on the inductor size, which is instead tlstimfluent device regarding transient states.

The inductor size can influence both transientestatd current ripples (as can be seen by the @sddilready
analysed, current ripples affect only the DC sidm)t the former is the most relevant way in whitle t
modification of the inductor size impacts on thesteyn. Since progressive increments or decrementleof
inductor size won’t produce an improvement of ak telectrical parameters of the transient statdeeper
analysis is required, in order to find the mostafule inductor size for both charging and discheggiurposes
considering each different aspect.

The reduction of the inductor size from the orijinae, used in the previous simulations, leads pmssible
improvement of both current and power transiertegtaofiles. Unfortunately this will impact also time power
quality, because the ripple amplitudes could bgesiied to increments. Besides the analysis of éve tnansient
states, the analysis of the electrical power qualitl be carried on for these current ripples oider to ensure
that the achievement of a lighter transient statenst produce a too much low power quality, whiefil be
able to degrade the battery. An example can beammsiucted running two simulations with a reducetuator
size. How much will be this reduction? The origisae used till now was of 1 [ H ]; the followingrailation
instead will run with 500 [ mH ] and 100[ mH ].

7.1 — First Simulation: G2V Mode

The simulation is now run for G2V mode and the ¢hiddferent DC current profiles which describe targing
of the battery (coming from the three differentuntbr sizes applied to the system), are analysedaf be seen
from fig. 7.1, the current profile already analysedhapter 5 is depicted with the two new profilgsnerated by
the application of the new inductor sizes. Basjcdhese inductor size variations don't influenhe €lectrical
parameters at the AC side, regarding active andtiveapower, when the steady state is reachedarit e
demonstrated also that active and reactive poveashrtheir steady state values through a transiatg which
is comparable to the one already analysed wittothignal size of the inductor (always considering\Gmode,
chapter 5). At the DC side, the electrical paramethich is influenced by this inductor size vamatiis
effectively the DC current which is absorbed by bla¢tery.

Fig. 7.1 is analysed in order to study the pradiféhe current in correspondence of the battery @tmparison
between the three profiles shows that all the thraesient states lead to the same steady statethiis
obvious because the inductor becomes a non-adéwveeat (and its size is no more influent) after tiierent
becomes constant. As can be seen, the first reduofi the size of the inductor brings to the retucof the
transient state’s duration of the system, thanks tpicker variation of the current profile. Theofile dealing
with the second modification, when the size ofitithuctor is fixed to 100 [mH], instead of reducitig duration
of the transient state, produces an overshoot wharkeases it in correspondence of the DC side.
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e+ Current absorbed with first L size reduction (500 [mH])

“——  Current absorbed with second L size reduction (100 [mH])

Figure 7.1 — Comparison between currents absorbéldebyattery with different values of L (1 [H], 8], 0.1 [H])

From the curves’ profiles, it can be concluded thatthree of them are suitable for the batterygdras work
both for AC side and the DC side: this means thsiza reduction can be effectively done. At thilnpsome
other factors can play, for example the cost ofilkdeictor and its weight.

The focus can be now moved to the amplitude oferurripples, which is the second current parameizt
needs to be checked. The impact of the variatidhetize of the inductor can be measured by thkiation of
the amplitude of the current ripple generated; tbgults of the measurement shows a peak-to-peghkerip
amplitude of 0.25 [A] for 500 [mH] and 0.46 [A] f&00 [mH]. These values are effectively highemthiae
current ripple which can be measured applying thgiral size of the inductor, which was equal ta8][A].
However, these increments are still so small thay tcan be considered negligible and still suitdblethe
battery. As a consequence, the reduction of theddizhe inductor can take place, and this improaenhas the
purpose of generating a better response of themsystgarding the DC side transient state, lighteight and
less costs.

Since the size of the inductor is fixed and ithe same for both V2G and G2V mode, a compromiseésled
and the value which will be chosen has to satisfthe best way possible both charging and dischgrgiode.
As a consequence, before taking the choice of giemal inductor size to apply on the battery chargee
analysis regarding V2G mode has to be lead. Fintdey only data to register is that the 500 [ ndpfion is the
most suitable for this configuration.
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7.2 — Second Simulation: V2G Mode

A different situation is faced if the inductor simmodified and V2G mode simulation is run. Instiease the
original size of the inductor is particularly inflnt during the dynamic state of the system; in, fatth regards
to the study of the transient state, in chapteeépdfluctuations of all of the electrical parametaere found,
also regarding the active power absorbed by the giie sensibility that V2G system presents regardhe

variation of the size of the inductor brings mooenplexity to the same battery charger design, wiemd in

V2G mode seems not to be as flexible as the woRaAN mode. This means that the choice of the hestaf

the inductor will be necessary more heavily infloeeh by V2G mode than by G2V mode.

The modification of this parameter produces vasiati of the transient state which are not compartbkhe

ones of G2V mode; they are indeed deeper variatibremulations are run for this mode accordinghwa

reduced size of the inductor, the results accortbnpe hypothesis are described by the followiggres. The
comparison between active and reactive power flofilps achieved with the modification of the indaicsize

or with the original inductor size has to be contdd¢since these are the output which are reqtiredesent the
lighter transient state possible, for a fast stestdte’s achievement.

Thefirst step deals with the analysis of tffiest size reduction, from 1 [H] to 500 [mH].

Figure 7.2 shows the impact of the reduced sizé@inductor on the active power absorbed by tid grhen
the simulation was run with the original size of ihductor there was an active power lower peak3®0 [W],
whilst during the steady state the power absorbasl @f 2500 [W], but now according with a lower stfehe
inductor the power absorbed in correspondenceeofaiver peak is increased to 2400 [W] and the statate
power absorbed doesn’t change, since the steatty sttth present an active power absorption of 2580. In

other words, the lower peak reached during thesteah state passes from 48% to 4% of the steatly atdive
power absorbed value, and this is a very impontaslt from the point of view of the response af gystem.
With regards to the figure, the two profiles idgnthe active power absorbed by the grid with redlsize of
the inductor (black line) and with the originalesiaf the inductor (grey line), which is reportedrfr chapter 6.

—— Active power absorbed by the grid with reduced size of L (= 0.5 [H])
000
T | |

P[W]

N tisl

“——— Active power absorbed by the grid with original size of L (= 1 [H])

Figure 7.2 — Active power absorbed by the grid witiginal (1 [H]) and reduced (0.5 [H]) size of L
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The profile of the reactive power exchanged willdh®o subjected to smaller fluctuations of exchdngactive
power during transient state, as can be seen.if7 fig in this case, with the reduction of the ictdu size to 500
[mH], the lower peak sets to 1320 [Var], whilst #hrevious V2G simulation run in chapter 6, whicldépicted
in grey in the figure, was showing a 3100 [Var] eovpeak.

— Reactive power exchanged with the grid with reduced size of L (= 0.5 [H])

S | 1 |

Q [Var]

A t[s]

M\,
\———+ Reactive power exchanged with the grid with original size of L (= 1 [H])

Figure 7.3 — Reactive power exchanged by the grild @riginal (1 [H]) and reduced (0.5 [H]) size of L

What can be infer by the comparison regarding aciind reactive power exchange is that the influefidae
size of the inductor basically stands on the faat in this way the capacitor is not so much se@ss before: in
fact the reactive power exchanged, which mostlyeddp on the voltage through the capacitor instamdtant,
shows a profile which reaches steady state aftefagively quick transient state. What is expeaigith regards
to the capacitor’'s dynamic is a lower voltage diogcause less power will be delivered, and theeswie which
proves this theory is shown in fig. 7.4. The loweltage peak reached with this configuration is &8 whilst
in the previous case the voltage was decreasingQi [V] (from the initial state in which the cagp#or was
holding a voltage equal to 650 [V]).

Since the two dynamics are different, the total ant@f power released by the capacitor in thesesitumtions
will not be the same, and this will produce adittlifference on the voltages through it. By the walyat can be
infer is that the difference between the two poWlews which interests the capacitor with the twdfatient
configurations is not so deep and can be easilgidered negligible, because the system resporfsstiand
avoids critical variations. Regardless the inductbe highest will be the capacity of the capacitbe lowest
will be its voltage drop. If the control system wadast enough to face the voltage variation imeay small
period of time, one of the solutions possible wolbikie been the one of the use of a capacitor vigheh
capacity.

The second stepfor the achievement of stronger improvements atAR side of the battery charger by the
modification of the size of the inductor can be nmade, working the same V2G simulation with geeond
decrement of the size of the inductqrwhich this time is set to 0.1 [H]. The resultstbis further decrement
will highlight the influence of this device in tlidynamic of the battery charger for V2G.

72



B Low peak voltage value with L = 0.5 [H]: 568 [V]
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Figure 7.4 — Voltage through the capacitor withueatl and rated value of L

The following figures (Fig 7.5 and Fig. 7.6) shdve tactive and reactive power flow.

The active power absorbed by the grid (Fig. 7.5lisost the same as the active power absorbeddicgdo
the first reduction, when the inductor was set 6 [H]. This means that the variations coming froime
modification of the size will be visible at the Agle only having a look to the reactive power exdea, whilst
in correspondence of the DC side modifications lsarseen on the voltage through the capacitor angribfile
of the current delivered by the battery.

Active power absorbed by the grid with L=0.1[H] *

T T T

P[W]

t[s]

Active power absorbed by the grid with original size of L = 1 [H]

* the difference between the two profiles dealing with the active power
absorbed by the grid with reduced sze of L and with the further
decrement of the size is negligible: these two profiles are overlapped

Figure 7.5 — Active power absorbed by the grid witstronger reduction of the size of L
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The reactive power exchanged profile depicted gn 7.6 shows that the size reduction doesn't imftgeso
much the profile of the curve: the variation isddgmoticeable between the reactive power exchaagetying
0.5 [H] or 0.1 [H]. As a consequence, it can betithat additional reduction of the size of theuictdbr will not
bring any more advantages from the AC side trahsigte point of view.

The active and reactive transient states, whickewarticularly deep and difficult to manage befarih their

deep variations of active and reactive power, ia tse can almost be considered negligible: the tieeded
for the achievement of the steady state is reldywaatiuced, profiles are milder and transient &ategher and
lower peaks are almost not present anymore.

Reactive power exchanged with the grid with L = 0.1 [H] (black profile)

S Reactive power exchanged with the grid with L = 0.5 [H] (grey profile)
I 1

Qvar] ol i i

\ t[s]

"+ Reachive power exchanged with the grid with original size of L = 1 [H]

Figure 7.6 — Reactive power exchanged by the grild stronger reduction of L

An important conclusion can be achieved lookindigt 7.7, which shows the voltage through the cé@épac
according to the second reduction compared to theiqus two cases. As can be seen, this seconcéak
reduction is relevant, since the lower value redcise627 [V] instead of 568 [V], but this decremenftthe

fluctuation of the voltage through the capacitoesiut influence too much the transient state ofvacand

reactive power. This situation is peculiar, becahselow peak is strongly reduced by the applicatb 0.1 [H]

size, but almost no impact is visible at the ACGesidl the system.

The last step for being sure that these reductoa$oth well accepted by the entire system ivéhdication of
the electrical parameters in correspondence dbteside.

Figure 7.8 shows the three current profiles whitteriests the battery in correspondence of the ttifésrent
inductor sizes applied. As what was done for G, first step consists in the analysis of the staphese
currents to understand whether they are all s@tahll the three profiles are shown in the sameplyrao it is
easy to notice how fluctuations of the current tigfo the battery during the transient state areaedilby the
reduction of the same inductor size: the threeiplessize are effectively suitable.

The analysis of the profile of the DC current ahe analysis of the transient state of active aadtiee power
leads to the result that the best inductor sizetlige second simulation is 0.1 [H], because at lsidles the
transient state is very light and free from flu¢iol. The last verification which is asked as aftamation of the
size suitability consists on the evaluation of eatrripples.
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——————— Low peak voltage value with L =0.1[H]: 627 [V]

i :
0s
t[s]
Low peak voltage value with original size of L = 1 [H] : 507 [V]

Low peak voltage value with L = 0.5 [H] : 568 [V]

Figure 7.7 — Voltage through the capacitor witlosgrer reduction of L

Current delivered with second L size reduction (100 [mH])

I[A]

1 5 2 25
t[s]

Current delivered with original size of L = 1[H]

Current delivered with first L size recuction (500 [mH])

Figure 7.8 — Comparison between currents deliveyatid battery with different values of L
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Before analysing the dynamic of the battery chaagmording to the best size of the inductor, theupaters
which influence the current ripples have to be fEmirout.

First of all, there is dependence from the switghHiequency of the DC/DC converter, which is 10 gkHsince
this frequency is quite high, the analysis of theent spectrum demonstrates that no 10 [kHz] feegy current
component are present in the current which flowsugh the battery. This happens because although th
switching of the IGBT induces two different voltagalues through the inductor during the switchiegi@d, the
current won't be affected by these quick switcltleanks to the natural action of the inductor.

The amplitude of current ripples depends also ensike of the inductor, and it is demonstrated thatsize
already used is suitable for the achievement afmaath current (peak-to-peak ripple amplitude of80[A],
which doesn’t generate battery’s degradation)s kasy to infer that, from the ripple point of vighve most the
inductor size is big, the most reduced will beripple amplitude.

There is a third parameter which influences the ldaoge of the current ripple, which is related ke tvoltages
applied to the mesh during the switching periode Tinost the voltage difference (difference between
capacitor/battery and inductor voltages) is sntak, most the ripple amplitude will be reduced. Euogiation
which synthesizes all these considerations andritbescthe peak to peak inductor ripple current (htis the
same ripple which affects the battery) is the follyg

a1 =f-h (7.1)

wheref is the switching frequency of the DC/DC convedad V is the voltage variation which is appliedenh
the IGBT switches its state. Working on the par@métmeans working for the reduction of the ripplighout
forcing the voltages and the switching period.

The advantage of working with a current which imast free from ripples brings to the disadvantafge gystem
which needs big inductor sizes, but this can affexth AC and DC transient state: since this taigehore

important, the idea is to privilege it in spitetbé DC quality, even because the battery’s requérdmare not so
strict. Every choice taken regarding the modificatiof the inductor size can be made, being awarthef
consequences that are produced inside the system tfie output active and reactive power, to thedd@ent

ripple and the evolution of the transient statenpaif view. Since the current ripples which aff¢leé three
current profiles of fig. 7.8 are all suitable févetbattery, which can tolerate them without degrgdthe best
solution can be the one of a lighter size of thdugtor which ensures a better transient state,edisas lower

weight, costs and space occupied: this meanstlieainductor size will be fixed t00.1 [H] value for next

chapters.
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8 — Dynamics of the Battery Charger

The two different simulations have been run into separate frameworks, each one with its own conith
the aim of analysing transient states and powaltage and current profiles of each mode. Howeseen if the
physic of the system is the same for both the twades (since the battery charger’s physical parasiere the
same for V2G or G2V modes), the controller paransetee not the same for both the modes, because the
dynamic of the system, considering charging andhdisging mode, is different. As a consequenceptimary
aim of this chapter will be that one of creating agéincontrol scheme, with which it is possible torkthe
battery charger both for charging and for dischagghe battery, and switch from one mode to theroth a
proper way as well. Since during the real workiitgagion of the battery charger there is usuallyaliarnation
of charging, standstill, and discharging modes, ribeessity of testing the evolution of the systeith \wome
input variations (so variation of amplitude andnsigf 6, which means variation of amplitude and directidn
power) has to be considered. This will be facethasecond partof the chapter, in which the quality of the
switch will be analysed and, if necessary, improved

Before creating the control scheme, it can be ésting to analyse also the reasons which can tetitbtneed of
switching the working mode of the device from onedm to the other (or to standstill mode), and ladise
reasons come from the scenario in which the etadtriehicle is considered. The hypothesis, whictrue for

almost all of the vehicles, is that the EV is al&g@jugged to the domestic electrical plant if tkdicle is parked
at home, so this means that the vehicle will bggéd for all night and a portion of the day. Sitits “plugging

time” is greater than the time needed for the dnargf the battery, V2G and G2V modes can bothdy@ied,

so the grid operator has the possibility to appby tsmart charging”: thanks to this, the vehicldl e charged
in the cheapest way possible for both the gridtardEV owner. This means that the battery wonit sfaarging

immediately when the vehicle is plugged, but theilebe the possibility for the grid to defer thaexgy that has
to be transferred to the battery during all thestitime vehicle will stand connected. This situatieals with one
or more switches from standstill mode (the vehislgplugged without exchanging energy with the gtial)
charging mode (G2V).

If an emergency situation instead occurs, or sintpéygrid has to face a peak power required froeldlads,
charging mode (if the battery is being charged$tandstill mode can be quickly replaced by discimargnode
(V2G), where the same battery delivers power todghe, supporting its work. Basically, two boundgriare
defined regarding this working method: first of, ahen a fixed amount of time (for instance all thght) lasts,
the SOC of the battery has to be at 100%, becassmildn’t be forgotten that the primary aim of fflugging
of the vehicle to the electric plant from the védie owner is to charge the battery. On the ottaerdh during all
the period of time in which the vehicle is pluggéite SOC has to be always greater than a fixedsltbtd,
because if the EV’s owner has to disconnect andheseehicle for any reason, there has to be eneughgy
stored in it.

According to this scenario, it is easy to infertthaany possible switching combinations can takelahe
consequences of these requests are that the ed¢giarameters (controlled by the same charge® taevolve
in the fastest and most suitable way possible &@hrdéhe new equilibrium. This is directly connectedthe
second issue that is solved in this chapter: theégdeof the single control scheme for piloting bditle two
modes is not realised only for guarantee the aehiewnt of a global control of the device, but atsodalise fast
and suitable switches between modes.
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8.1 — The Whole Circuit

The first step of the chapter is now faced; the igite design a single controller which is ablgilot the battery
charger and achieve V2G, G2V and standstill mode.

This target is achieved by linking the two differeircuits used for the two different simulatiomsane single
circuit, which can handle the working of the batteharger in both the two modes. From the phygcatht of
view the circuit is always the same; the differenoenes from the fact that now the control schengetbavork
in two different ways in function of the power flowhe modified scheme which allows both V2G and G2V
modes is realised according to (Fig. 8.1). As wilvat assumed in previous chapters, the controller id
controller, composed by a proportional gain andngéegrator. In addition to this, there is an arntta# control
scheme which controls the capacitor and works waithintegrator and a proportional gain. The valuesvo
proportional (static) gains, the one of the PI coligr (P) and the one applied to the capacitartegrator, are
different for the two modes, since the dynamichaf system is different too. As a consequence sf the PI
controller has to be realised as the parallel pf@ortional gain (P), and the series of an intiegrand its
proportional gain (I) in such a way that modificatidealing only with the proportional arm (P) cake place.
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Figure 8.1 — Modified control scheme for both V2@&i&2V mode
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The differences from the block scheme realisedign 4.6 (Chapter 4) have to be pointed out. Figuk is
composed by five different subsystems that havéeaanalysed, each one with its own function. Ohlg t
subsystem called “Triangular Signal Generator Sstiesy” is exactly the one used for the previous rabnt
scheme, but the other four are subjected to meadidins.

The information about the angle phasewhich determines the working mode of the battelgrger, has a
primary importance. This term is used as a variafyeit and the dynamic of the system will be stddiie
function of this real time variable. If the phasegke 0 is greater than zero, this means that the bawéhbe
charged, since the power flows from the grid to shene battery; the opposite situation will takeceldor
negative values of it. The idea is that the blocikesne will be designed in such a way that if thgpouof the
block which compares to zero the tefnis equal to 1 (which means that the sdms positive) the control
scheme parameters will be set to G2V mode, thamkbe static gains applied. If the output will ker@, no
action will be produced by the control strategyaduced, and the control scheme will work with disfault
parameters, which are the ones of V2G mode.

An important clarification is pointed out: a betteorking situation can be reached by modifying the
comparative blocks: the input phase angle can bepaced to a value which is not zero (and this & dhse
shown in fig. 8.1, with angle pha8e= 1°), because this will allow the fixing of a rimmum input threshold for
having the working of a mode, so that of a minimpoaver threshold which will flow through the systefs a
consequence, thanks to this variation, next sinmratwill be run giving in input just the value tife angle
phase, and the control scheme will act in the prog setting automatically the proper parameters.

What can be started now is the study of the fobsgstems used in the control scheme, and themtilgsis of
the dynamic of the circuit with angle phase vaoiasi

8.1.1 - ON/OFF SUBSYSTEM

This subsystem presents in input the phase angle ¥aand in output a signal which is able to openlose
two relays. These relays are installed betweercéipacitor and the AC/DC converter and between tG¢éDE

converter and the grid, and they are used to dpegitcuit when the value of the phase angle issniable for
V2G or G2V mode. This comes because if the samsephagle value becomes too small or too high fds \62
G2V mode as consequence of malfunctions, or sitfdyactive power value exchanged is too much higlhie

battery, the battery charger needs to disconnent fhe grid for saving its devices and the samehaas well,
producing a galvanic isolation. The discriminatwajue used in the simulation is 1° phase angle diftgrent

angles can be set. This configuration is activatelgt with phase angle values which are smaller thanfixed
limit, since greater values are usually blocked/jonesly by other protection systems of the batthgrger or by
the same domestic plant, which won't support higtver flow.

This subsystem cooperates with another subsystem@EBT control subsystem, which opens both the T@B

the DC/DC converter when this situation takes plat®rder to ensure galvanic isolation betweenciheuitry
and the battery.
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Figure 8.2 — Control scheme of the ON/OFF subsystem

8.1.2 - CAPACITOR CONTROL SUBSYSTEM

The subsystem shown in fig. 8.3 works with the meas capacitor current and the signals relatechéo t
comparison betweef and the constants; these are the two inputs, whilsutput there will be the error signal
dealing with the capacitor, which will be used fioe control strategy, because it will be addedhéoreal current
and the rated current (calculated dividing powethgyvoltage of the battery) signals. The additibthese three
addends gives the total error necessary for tteitroller to achieve the control.

If 6 is positive and greater than 1°, this means thatpower will be absorbed from the grid to charge t
battery. As a consequence, the control parametess to be the one &2V mode, and for this reason the static
gain of the integrator of the capacitor control dras to be modified from its initial value, set #62G mode.
The output of the comparative block “ >1 ” is eqt@ll, whilst the output of the other block is s can be
seen in fig. 8.3, the addition (considering alse ¢fain equal to 2) gives as a result the valueHichwis then
multiplied by the initial parameter of the statiaig of the integrator. In this way, the previousgmaeter is
replaced by the new value of the proportional gatmich is exactly the term used for G2V mode.

Now the suitability of the control scheme f62G mode has to be demonstrated. In this case the qhglse
value is negative and, for instance, it can bdmset0°. The outputs of the two comparative bloakes opposite
with respect to the previous case. The output ef‘th 1 ” block is nil, and as a consequence ihilsalso the
addend which will be added to the other arm’s tesnlturn, “ < -1” block will give in output thainit value.
This means that the result of the addition willurét, and since this value is multiplied by thetiadiparameter,
which was the one of V2G mode, it is easy to irfet if this situation takes place, the controlesoke works
properly with the V2G parameters required.
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Figure 8.3 — Control scheme of the capacitor arnsgstbm

8.1.3 - PI CONTROLLER SUBSYSTEM

This subsystem coincides with the model of thedpitioller.

The variation of the parameters (which takes plaben switching from V2G to G2V and vice versa) intds
only the proportional gains of the controller, $® tsame controller has to be represented in itsplzien
topology, made by a parallel of a proportionalngand an integrator (with its own proportional gaifihe
inputs of the subsystem are the total error (preulelition of real current measured in the circuated current
calculated, integral of the current flowing throutjfe capacitor) and also the output of the two canajve
blocks, which are needed for modifying the conpratameters for V2G or G2V mode. The following f&g4
shows the topology of this subsystem.

INPUT

Compare
To be compared with Triangular Carmer Signal To Constant

Compare
Gain To Constant

Figure 8.4 — Control scheme of the Pl controllersysbem
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For a better comprehension of the two working maafethis scheme, let's make now the hypothesis tihet
angle phasé is positive. This means that Pl controller’s pagtemns have to be suitable for G2V mode. Since the
default condition is that both of the arms of tlattoller are set with V2G parameters, the scheasett be able

to vary the gain of the proportional arm of thecBhtroller. From the fact that the angle phaseositive, the
output of one of the two comparative blocks is a#l;a consequence, the output of the other onesitiye and
equal to one. The modification of the hypothesimds to the opposite situation, and in both cakestivo
comparative blocks are able to impact on the Ptrotiar’s features.

Two arms connect the comparative blocks to the dhtroller. The first arm brings a gain which wileb
multiplied by the proportional parameter set onghgportional arm of the PI controller (P). Frone tiypothesis
of G2V mode, the value of the gain which will beltiplied by P is equal to 0.1, but if the hypottesiould
have dealt with negative values ®f{discharging mode), the gain would have been amit it wouldn't have
influenced the default parameter, so to implemeoperly V2G mode.

The second arm influences the sign of the inputrethis comes because reference current and nezhsurrent
can be negative or positive in function of the masteat the same time the error can changes its Sigce this
sign-switch is not good for the control scheme usieel idea is just to multiply it with +1 if thegsi of the error
is correct for the mode, or to change its sign iplying it with -1. The saturation block used aftee sum of the
two PI controller's arms is a block which avoide thutput to overcome the upper limit of unit and tbwer
limit of nil. This is done because the triangularréer signal has unit amplitude, with lower valfezero and
upper value equal to one, so the duty cycle inwlg will always assume a value between 0% and 100%

8.1.4 - IGBT CONTROL SUBSYSTEM

This last subsystem takes as inputs the outputiseofwo comparative blocks and the result of thegarison
between the PI controller subsystem output andotltput of the triangular carrier signal subsystehis(
comparison creates basically the proper duty cteclee applied), for the achievement of the pilotafgone of
the two DC/DC converter’s IGBT.

The aims of the subsystem are to pilot in the proysey the right switching device during V2G or G2Wode
using its output, which is exactly the duty cyckdue to be applied, but also to keep both of thestched off
whether the angle phase is not suitable for orteeofwo working mode, or the grid ask for the bgtsharger to
switch to standstill mode. The following fig. 8.basvs the topology of this subsystem.
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Figure 8.5 — Control scheme of the IGBT control ygbem
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As can be seen, if the phase anglés included between plus one and minus one, Hwhoutputs of the
comparative blocks are nil and no IGBTs are fifEdis means that in this case no power can flowutnothe
DC/DC converter and the current through the batitenil. If a different situation is present ane thhase angle
is positive or negative with a suitable value, shedy of the topology introduced here shows howafrtée two
arms will be multiplied by zero, so the correspoigdiGBT will be kept open, whilst the other one Iviik
properly piloted.

8.2 - From G2V to Standstill or V2G

The first dynamic studied is the one in which tla¢tdry charger is asked to change its state fraangiing mode.
Before checking the profile of powers, currents woltiages it can be useful to study in a more thetavay why
this mode switching is needed.

During charging mode the battery is seen as afieenl the grid’s point of view and active power flsirom the
grid to the battery. While this operation takescplathe request of energy from other loads caneass
according to the daily load profile. If the incremeof the power required is relevant, the grid lastart to
produce active power using its peak power plantéchivare more expensive. As a consequence ofth@s;ost
of electrical energy bought by customers increaaas, at the same time more losses afflict the sgritk

because more power, both active and reactive, neethe transferred. The conclusion is that both ghd

manager and the customers find disadvantages Vieegrid is overloaded. The solution that can bethiced
to relieve these disadvantages is simply to pHetd¢harging mode of the battery. This means thatng peak
hours, the grid will not charge the batteries & EVs unless it is necessary, whilst this will lomel massively
when the daily load profile presents its lower pdakact, when the active power lower peak is pn¢sthe grid
should be forced to switch off some of its basanpé, and this will produce money losses; thishy the grid

uses this energy for charging the batteries.

Other situations which can force this model toapelied (switching from charging mode to standstiéin be,
for instance, the necessity of the EV's owner te tie vehicle although the battery is not fully rgjeal, or some
problems dealing with the grid, which can be fastamce a failure on the transmission network, ersame
battery, like the achievement of a too much highgerature. Another important application can beatban the
support of EVs to renewable energy plants. Foamst, if the energy produced by one of these planatsent a
decrement of the produced power, the charging ef&Ys fleet which supports the same plant can dygpsid.
As a consequence of the realization of all thesmtons, the control scheme can ask the batteaygeh to stop
the charging of the battery or to reverse the pofleav, and the following analysis has the aim tadst the
profiles of the electrical parameters which thisdeswitch is able to generate through a dynamitysisa

The first simulation studied is the one in whichk $lwitch from charging mode to standstill modetakes place.
From the start of the simulation till 1.2 [s] thattery charger works following the usual G2V model ahe
battery starts to be charged. At time 1.2, theebpttharger is forced to stop absorbing energy fiioengrid. As
a consequence of this, the battery charger is disazied from the grid since no more active powsrtbdlow.

The transient state at the AC side of the systehi¢clwbrings to the new steady state, is fast areldlves

without any overshoot, as can be seen analysingatkiee power flow (Fig. 8.2.1) absorbed by thetdrat

charger. The profile shown is effectively suitafde the grid’s point of view, since when the ingsitsent to the
same battery charger to stop absorbing power filwengtid, its acquisition is followed by a quick ast@ble

action. The action takes place in less than 0.p2 [s

From the reactive power exchanged point of viewdieamic is the same: the system’s topology previde
total disconnection between the grid and the ACa@verter. This means that galvanic isolation sdpced

and the following profile is the one which can berid (Fig. 8.2.2).
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Figure 8.2.1 — Active power delivered by the grid
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Figure 8.2.2 — Reactive power exchanged by the grid

The time needed for the achievement of the newtiveapower’s steady state is a little bit longel0@®[s]) and
some ripples are present. This is due to the pceseireactive elements which influence the voltdgeugh the
two clamps of the grid. These fluctuations are $matl, as a consequence, the grid side won’t havilgm
dealing with them. Whether reactive power exchangautrol is introduced, there is the possibilityset the
exchange of reactive power between grid and batthayger (the capacitor of the battery chargerd fixed
value established by the grid, even if the activavgr flow is nil. With the implementation of reaai power
control, the IGBTs of the AC/DC converter will bbla to modulate the required value of reactive poine
function of the voltage through the capacitor, ahid case galvanic isolation cannot be achievedilse
reactive power flow will be exchanged between ti&RC converter and the grid.

At the DC side there will be the decrement of tberent absorbed by the battery until nil valuedaahed. At
the same time, during the first moments, as a cpresece of the variation of this DC current, theuictdr will
turn active, delivering the energy that was abstrded stored during the increment of the currerduph the
battery in the previous moments of the simulation.

The mesh regarding the capacitor and the two diofieke DC/DC converter, considering a system witho
reactive power control, are now analysed. If n@oastare done, the capacitor will maintain its astrarge, and
its discharge will be caused only by the revergeett flowing through the two diodes. If the capachas to be
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discharged for any reason when the standstill nizdequired, there will be the possibility to addeaistor in
parallel to the same capacitor. The control scheifiebe able to connect the resistance to the seapacitor
when the standstill mode will take place. By theywi this resistive arm is not installed, the piefof the
voltage through the capacitor would be the onedegiin fig. 8.2.3.
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Figure 8.2.3 — Voltage through the capacitor

The next step will be the analysis of the powerhexgied by the inductor and the capacitor duringhedl

simulation time, since these two elements are awmayolved when the modification of the steadyestatkes

place. The first one to be analysed will be thaigidr: fig. 8.2.4 shows its power profile. As waxioed before,

the two variations (from initial standstill conditi to G2V and vice versa) have opposite sign bectss first

one deals with energy storage, the second onedslier of energy into the system. It is importamtemember
that these two figures don’t show the instantane@blse of the parameters, but their mean valuezutzed on

an average period of 0.1 [s], in such a way to lidgh the energy flow: the real situation dealshniteeper

peaks. Since the current through the inductor isitoped and checked, the device won't suffer frony a
damage supporting these variations.
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Figure 8.2.4 — Power exchanged by the inductor
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Figure 8.2.5 — Power exchanged by the capacitor

The second figure (Fig. 8.2.5) shows instead thefilprof the mean power flow which characterizeg th
capacitor. As can be seen, the instant in whichetisethe switch from G2V to standstill (t=1,2 seds) some
ripples take place, but this doesn't influence aacimthe voltage through the capacitor. If the isotaof the
capacitor is realised at 1.2 [s], how it is possitd have a variation of its power? The reasondstam the fact
that the connection through the diode is alreadggmt and part of the energy stored in the induzaarflow
through it, but the transient state considereceiy Vight and no relevant variations of the elestriparameters
are found.
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Figure 8.2.6 — Power absorbed by the battery

The profile shown in fig. 8.2.6 is the one of thenmgr absorbed by the battery. Here the modificatibthe
power absorbed takes place in 0.03 [s], and thilgoaf the current through the battery is expedtetbllow the
same profile, so to be free from any overshootwarging in a linear way.
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Figure 8.2.7 — Current absorbed by the battery
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The results achieved are relevant since they demaw@ghat the electrical parameters profiles at dde are
suitable for the grid, but now also the profileslué electrical parameters at the DC side have bkecked and
they can be considered acceptable. The currentghrthe battery is checked through fig. 8.2.7: & lze seen

its evolution is linear and the ripples in thatipdrof time can be considered negligible. Actuatipce reached
the new steady state, no more current flows throtinghbattery, and this means that the system bexzome
standstill, since no power comes inside the system the grid and no power is absorbed by the batte

The second part of the simulation deals with ghitch from G2V mode to V2G mode Before studying this
new dynamic, some differences between this switchimde and the one already completed can be painied
The switching from G2V mode to standstill meand tha battery charger (and the battery) is treated load
which can be turned off in some particular occasidxs a consequence, the battery is always searcasl by

the grid, but its characteristics made it bettantfust a load. The simulation which will be nowdd allows the
switching from the charging mode to the dischargimpde. This means that the battery is not stilhsaes a
“smart load” by the grid, but as a real active st which can contribute to optimize the entirstegmn

absorbing or delivering energy. This is a furthepswith respect to the previous one, which capvaabtly

increase the potentiality of the same grid.

When can this switching state take place? As ferfitst simulation of this chapter, the initialugtion can be
that one of a sudden increase of the slope of &lilg bad profile, which can induce the grid manageswitch
off the charging of EV’s batteries which have restlan adequate SOC. If this variation leads tat s which
generating new energy for the grid (which now hadeed the entire loads except for the disconneEls)
becomes expensive because peak plants have irfguitastart producing energy, it can be cheapetttergrid
to absorb the energy already stored in the bastefiehe EVs which are already charged, in spitprofiucing
energy using these plants. This solution has talman important requirement: only a fixed amounthef total
energy stored can be absorbed, depending on theoEME batteries.

Vehicle’s owner will be refunded for this: thereshi@ be economical convenience for the realizatibG2V
mode from both grid and customers’ side. At the esdgime, the same EV’'s owner has to be availabligbe
aware that this means that the battery can suffem ffurther degradation due to more frequent
charging/discharging cycle. By the way, if all teggoblems are overcome and V2G can be appliedswiteh
from G2V to V2G is required, and the following figis show the results of the simulation.

With regards to the AC side, figure 8.2.8 showspttdile of the active power modification at time Is].
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Figure 8.2.8 — Active power exchanged by the grid
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As can be seen the transition between G2V and \$2%5 ifast as in the previous case, but it can beedohow
in this case two overshoots are present, one didfmning of the transient state and one at itis en

Even if they are present, they can absolutely bsidered as negligible, both with regards to théebaand the
grid. Different is the case of the reactive poweafite, examined through fig. 8.2.9.

Q [Var]
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Figure 8.2.9 — Reactive power exchanged by the grid

The transient state of the reactive power excharigedisrupted and it presents some peaks that are n
negligible for the first 0.5 [s]. When this timepsssed, the profile gets milder and reaches itssteady state
without any other relevant fluctuations. This beébav deals with the fact that the two differentsstg states are
very different from a physical point of view, witespect to the first simulation. In fact, in thase the power
flow was just arrested, but here it is reversed.aAnsequence of a deeper variation of reactiveepahere
will be a deeper variation of the voltage througb tapacitor. Figure 8.2.10 allows the analysithefvoltage
and it is easy to see that whilst in the previdosutation at time 1.2 [s] the voltage was 640 [&hd it was not
going to evolve anymore, in this case the voltagkier decreases of 40 [V], and after that it stemtseasing
with a lower slope till the value of 623 [V]. Thiast and relatively deep transient state influethesdlynamic of
the reactive power profile shown in the figure eksed before.
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Figure 8.2.10 — Voltage through the capacitor
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The variation of another electrical parameter igeeted to be relevant, as a consequence of thisgeoprofile:
this parameter is the power absorbed or deliveyetthd capacitor. As can be seen, what is expestad initial
absorption of power in the starting transient sfateeady investigated during the previous simatad); this is
followed by a slow deliver of power which decreatitshe capacitor is considered no more activarfrnet
power flow. At 1.2 [s], instead, the switching froBR2V to V2G produces a new heavier transfer oftatec
power, because the system at DC side is slowerttieaystem at the AC side. Thanks to the capacitotrol,
this delivery of power is followed by a new abs@ptwhich increases the voltage through the samaaitor
and the new steady state is reached. This exptamatihich is pointed out with reference to the agé profile
depicted in fig. 8.2.10, can be easily confirmedify8.2.11, where the absorption is evaluatedexgative and
the deliver is positive for the convention used.
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Figure 8.2.11 — Power exchanged by the capacitor

At this point some considerations about the inductm be pointed out. The first part of the sinmiolatso the
way in which the inductor is charged, is the sambefore; but when the switch between modes takes pthe
energy stored inside the inductor becomes nil dutiire first instants, but then will start increagagain, since
the new mode will produce a growth of the curreithvan opposite sign and newly the charging ofdbeice.

Figure 8.2.12 shows the profile of the power whittkerests the inductor.
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Figure 8.2.12 — Power exchanged by the inductor

As can be seen, the first moments after 1.2 [s] @@h a relevant amount of energy which is delagiby the
inductor, which discharges completely. In that motide transient is not finished, since the inductarts
storing energy for the second time. The followingtants describe the achievement of the steady, statvhich
the inductor has stored a fixed amount of energyite current flow now is reversed and V2G modapiglied.
A better analysis of the dynamics of the inductom be brought by the study of the current proffléhe system
sampled for all the simulation time, and represgnitefig. 8.2.13. The equation which describes ¥héiage
through the inductor (and its power flow) dependdhe slope of the profile of the current: as aseguence, it
is easy to see that there is a first absorpticgnefgy, due to the fact that the inductor is chmyd@iom standstill,
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which is followed by a small deliver due to thetfdtat the current is characterised by an overshtbien the
current reaches its G2V steady state, no more p@vabsorbed by this device. The switch betweetesta
creates as first a strong decrement of the curramth reaches nil value. After the achievementhif value,
the current will grow up with opposite sign. Froiguire 8.2.12, it is possible to see that this negvément of
current produces a new power absorption.
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Figure 8.2.13 — Current flowing through the battery

Another current profile can be now evaluated. la shvitching case considered, in fact, there isvéméation
from G2V (+13°) to V2G (-10°) and this means thet AC current will be subjected to both an ampktachd a
phase variation. Figure 8.2.14 depicts the vamatihich takes place at 1.2 [s]. From the safetgmipof view
this amplitude variation phenomenon doesn’t prodarogissue to battery charger’s devices or to tiek gut it
can be limited if necessary, for instance to aywitection intervention. Since the distortion emdene period,
which is a short period of time in this case, thétch between modes can take place when the istaotis
current is close to be nil, in such a way to aangt amplitude excesses.
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Figure 8.2.14 — Instantaneous AC current values svitiching mode at 1.2 [s] and 1.205 [s]
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8.3 — From V2G to Standstill or G2V

Here two other simulations are run, and their @noianalyse the profiles of the electrical paransetvhich are
involved when the battery charger needs to switshwiorking mode from V2G, demonstrating that ak th
profiles are suitable for the battery charger. Befanalysing the results of the simulations, tresoas of the
switch from V2G mode have to be exposed. Basicallgre than the analysis of the reasons for thischit
can be interesting to see why the system is working2G mode: this is the mode in which active poflews
from the vehicle to the grid. The basic reasonv@6G working mode application deals with the facitttHor the
grid, buying energy from EV’s owners in some pesiad the day can be cheaper than producing power fis
electrical power plants. Other reasons can bedhan emergency, in which the grid needs, for imstafor
frequency regulation purposes, a fixed amount ti¥@gower to be absorbed, or that of a renewabkrgy
plant support. The simulatioffom V2G mode to standstill modeis needed because sooner or later the
discharge of the battery has to stop, and elettpaeameters have to reach a new steady statesafeaand
reliable way. What can be expected from this ansPy$he scenario expected is similar to the onaddor the
switch from G2V, with some variation due to thefeliént physical characteristics of the circuit lwefand after
the switch.

First of all the most important parameters, sodhes dealing with the active power flow, have tochecked.
Grid’s requirements are always the same: the madtelshas to lead to the new steady state througaresient
state which has to be as fast and light as possibieit doesn’t have to produce relevant fluctusiovith
regards to currents and voltages. In correspondefitee DC side, even the battery requires a tesntsitate
which is free from deep overshoots or fluctuatidnsavoid any degrading phenomena or stressesdiagathe
same battery. Figure 8.3.1 shows the active povedil@at the AC side.

i
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Figure 8.3.1 — Active power absorbed by the grid

As can be noticed, the time needed for reachingmiver flow is exactly the same as was calculatedtie

previous simulation from G2V to standstill anddtthe time for achieving the opening of the switché the

AC/DC converter. From the reactive power exchangmtpof view, in the following figure (Fig. 8.3.Zhe

profile is depicted. Even in this case the comparimade between these results and the G2V-to-sihodes

furnish some similarities: the profile reaches tiagv steady state with some fast fluctuations amadsents an
overshoot (which by the way is not so high) bothhia start and at the end of the transient state.
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Figure 8.3.2 — Reactive power exchanged with thet gri

Since the profile of the reactive power is conngdtethe profile of the voltage through the capagieven its
profile is analysed, and it is checked how its ataoins are effectively suitable for the normal @piexg mode of
the battery charger. Even before the analysiséasy to see that the reactive power exchangedepesblves
without strong variations: the voltage through thpacitor won't suffer from deep fluctuations adlwe
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Figure 8.3.3 — Voltage through the capacitor

A peculiar thing can be noticed: that is the distauity that can be appreciated in correspondeffi¢heoswitch
between modes: there is an increment of 13 [V] tvitékes place in a very short period of time, thetneeded

to bring the reactive power to its nil value. Aftdiat, the profile is no more subjected to ripplescause no
switching devices are commuting. The slow decreméiis voltage comes from the circuit losses, foutsafety
reasons there can be the possibility to dissigeeehergy stored through a resistance. This voktgpewas not
present in the previous case, but all depends erdiffferent dynamic of the system: from G2V to sistiil
(paragraph 8.2), the openings of the switching aeiproduced the isolation of the two systems,esative
power exchange was going to become nil and theageltthrough the capacitor was not affected by any
discontinuity. In this case instead V2G mode israfieg, so the openings of the switching devicasegate nil
reactive power exchange but at the same time thesiB€is not already at its steady state. Thifiésreason
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which produces this small voltage increment. Thstaintaneous power flow which interests the induatat the
capacitor can be analysed thanks to the followiggrés.

P[W] 1wl
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Figure 8.3.4 — Power exchanged by the capacitor

Figure 8.3.4 represents the profile of the powewfldealing with the capacitor. The correspondenitk the
profile of the voltage through the device can bsglgdound, and the sudden increase of the voltadeéch was
pointed out before, can be read as a sudden byiotany increment of the power (and energy) absoribass
capacitor transient state ends very quickly. Theigrarepresented through the figure is the mean pdéoe,
evaluated with an average period of 0.1 [s]. Asrsequence of this choice, the profile loses itmeation with
the real situation when very fast fluctuations tgkace, like in this case; the figure depicts ttet power is
absorbed for 0.1 [s], but the real case is that fafster absorption which ends in some [ms]. A gaint, some
doubts about the fact that a fast power absorm@ondeal with some problems which can afflict theice can
rise: this is not the case, since the voltage tjindhe capacitor is sampled in its instantaneouisev@ig. 8.3.3),
and it shows that the voltage step produced by ghifden absorption of power is not so high and lman
tolerated by the capacitor; at the same time, tlesdotal amount of energy exchanged, which isiritegral of
the power, can be considered a low value (alseuhent through it cannot be too much high).

The other battery charger’'s active device profgas be investigated in order to check whether lgstecal
profiles are suitable for the switch to standskigure 8.3.5 shows the profile of the power excfahby the
inductor.
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Figure 8.3.5 — Power exchanged by the inductor

This profile is evaluated applying the mean valuection too (where the time window is set to O]). [Ehe way
in which the inductor absorbs and delivers enesgyeipicted through the starting transient statetla@dransient
state which deals to the switch into standstiltestdhe difference between these two transieneststiands on
the speed in which the two different steady statesachieved, and this can be easily infer evekirigoat the
profile of the current through the battery. Fig8t8.6 shows how the current increases till almsstated value
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in 0.12 [s], but also how quickly then it turns md value. As a consequence, even the time needed f
discharging the inductor will be less than the timeeded for its charging. Figure 8.3.7 shows thegpo
delivered by the battery (which can be added tgtheer delivered by the same inductor); it candenghat its
profile won't reach the nil value immediately, aasla consequence the capacitor will be subjectttkbteoltage
step already analysed.
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Figure 8.3.6 — Current delivered by the battery
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Figure 8.3.7 — Power delivered by the battery

It can be seen from the figures that ripples amgigible and the same power delivered decreasesl tealue
after a period of time which can be evaluated illiseconds. The system, from this point of viewreslly fast
and the battery is able to stop delivering poweahwio delays. This is a safe situation becausestarégsponse
without overshoot is the best scenario that caproduced, so the first part dealing with the sirtiatafrom
V2G to standstill can be considered suitable ferwlorking of the battery charger in the real world.

The second simulation deals with theitch from V2G mode to G2V mode This switch doesn’t represent a
very common situation, but some examples of whglies place can be briefly pointed out. The fired anost
important one deals with the fact that an emergenicyan important power flow variation (for example
disconnection of heavy load or of an entire gridtipo during peak hours) happens inside the gritk $ame
grid, which was absorbing energy (V2G) from thetdxgt since the power required from the other loads
high, sudden receive the information that the porequired is decreasing. The first step which canléne for
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facing this situation can be the one of switchingtiandstill mode the battery chargers of the Bs,if this is

not sufficient, for instance because a portionh&f same grid is disconnected for an electric fail{and the
loads connected to it can't be feed anymore), tloare be the necessity to store the exceeding aptiveer
produced and not consumed. This can be made tuthmdattery chargers to G2V mode and making the
batteries to store this energy.

The configuration of the system in this situatisrifferent from the switch from (and to) standsfihe reversal
of the power flow produces fluctuations that arerencelevant and which need to be carefully studigue

analysis of this new transient state starts withdtaluation of the active power flow, which hasagls to be as
fast as possible and free from overshoot or fluana both during transient state and during stesidie (Fig.

8.3.8). Together with the evaluation of the actpaver there will be also the evaluation of the tiwacpower

exchanged by the system (Fig. 8.3.9), which is wbadealing with the voltage through the capacifwen this

profile has to be well controlled. The aim of thisalysis, which is lead here, will be that of befnge of the
evolution of a fast and free from deep variaticassient state, which brings the system to a neadst state in
a safe and suitable way.
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Figure 8.3.8 — Active power exchanged with the grid
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Figure 8.3.9 — Reactive power exchanged with the gri

Both the transient states regarding the reactiveepathe one from nil initial state to V2G and thee from V2G
to G2V, can be considered as quite long statesgsamound 1 [s] is the period of time needed fentho be
completed. It can be seen that when the switchdmtwhe modes takes place, at time 1.2 [s], thadbsteady
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state is not completely reached yet, and at theoénide simulation neither the second steady stateached,
although the available period of time for the aghiment of the steady state is respectively of 4} 2fid 0.8 [s].
By the way, it can be seen that although the set@mdient state takes a relatively long time,vhation from

the steady state value can be considered negligitide 8.3.9) since after the first 0.2 [s] theuabf the reactive
power calculated is already close to the steadg staue. From fig. 8.3.10 it can be seen that glenvoltage
through the capacitor shows a profile which doespéich its steady state in the period of time amred, but
whose slope tends to become close to be nil, symphbat steady state is not so far. The first temtsstate
(achievement of V2G) produces a decrement of tHege through the capacitor, since as told befoeeAC

side is faster than the DC side and reaches thaldgbrption of power in less time. This means Huahe energy
stored in the capacitor is delivered to the grid.
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Figure 8.3.10 — Voltage through the capacitor

During both the transient states studied, the degrazontrol limits the total amount of energy thié capacitor
delivers or absorbs, forcing the DC side to abswrideliver more energy, in such a way to preseneepower
equilibrium. As a demonstration that the seconddient state is actually evolving to a steady stdtieh is the
one that can be expected, it will be enough to kvétte profile of the voltage, since it is goingéaluce its slope
until nil slope is reached.

A further demonstration can be sorted out fromptadile of the mean power exchanged by the capaaithich
can be analysed through fig. 8.3.11. The first fbhasipeak which can be noticed in its profile deaith energy
delivery, and corresponds to the decrement of tiage through it. The capacitor control operatigeds to a
following power absorption (depicted as negativefifg) which decreases to nil value in a periodimfe which
goes from 0.1 to 1.2 [s]. This means that the cdégaincreases its voltage in this time window, atnid going to
reach its steady state.

The fact that at 1.2 [s] the net power flow is nit so the voltage through the capacitor has mbtrgached its
rated steady state value, is not a problem, sime¢ransient state can be considered already ctedple
Focusing on the second transient state, it is @asge that almost the same evolution but with spesign is
repeated. In fact, there is at first a negative gropeak which indicates the absorption of energynfithe
capacitor and the increment of its voltage, whiegntbecomes positive thanks to the control action.
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Figure 8.3.11 — Power exchanged by the capacitor

The different parameter set for the static gaithefintegrator, when the switch between modes tpke®, and
the different physical system which is createddpe a reaction which is stronger than the fiestdient state.
This can be seen in a wider area below the powefilgr which means that more energy is involved and
delivered by the capacitor. This avoids the voltegehange too much from its initial value, but fivefile of
figure 8.3.10 demonstrates effectively the reasbwy the profile of the second transient state prissarslope
which is higher than the first. By the way, the gowprofile tends to achieve nil value with expoienmode,
and this confirms that even the voltage profilgaing to reach its steady state voltage with aipsl

The following figure depicts the current profileigF8.3.12).
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Figure 8.3.12 — Current flowing through the battery

From the choice of the 0.1 [H] inductor made inptea 7, little overshoots in both the transientegavhich
lead steady states are present. The amplituddwesé tovershoots are really limited and they dorgtipce any
bad effect on the battery. An important charadierisan be noticed: the transient state regardiegcapacitor
doesn'’t influence at all the current delivered bs@bed by the battery, so the DC side of the syst®oking at
the figure, after 0.4 [s] the current becomes amts{but there are always some current ripples tduthe
DC/DC converter’'s working mode that can be minirdizait not deleted, even if in any case they dorgéate
any degrading or aging issue to the battery). Hoersd transient state is heavier and takes 0f6r{she current
to reach almost its rated constant value. An ingdrthing that can be noticed is that the proffi¢he current
decreases very quickly when the switch betweertviloemodes is implemented, and this has consequentes
the power released by the inductor.
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Figure 8.3.13 — Power exchanged by the inductor

The mean power absorbed or released by the indoatobe evaluated through figure 8.3.13. The fiesisient
state produces the charging of the device and #mioned overshoot determines a little energy sele&ince
the same transient state is function of the cumpeofile, a constant mean value of the current rdatees a nil
mean value of the power exchanged. The secondidrarstate is characterized by a quick dischargihthe
energy stored inside the inductor, and the follgnachievement of a new steady state with a reverse@nt
flow determines a new charging of the inductor, akhstores a new quantity of energy. When the ctirren
reaches its new steady state no more net flow wepand energy takes place.

The last profile which can be checked is the onthefpower flow which interests the battery. Thétcwfrom

V2G to G2V produces a reverse flow of power, whicho more delivered but now absorbed by the battre

profile of the current is the symptom that the dattwill provide both the states without any prabjeand the
confirmation comes from figure 8.3.14.
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Figure 8.3.14 — Power exchanged by the battery

This chapter has demonstrated how all the switchorgbinations possible can be implemented by tbpgsed
scheme, producing a fast and free-from-relevarmtiltions transient state, and how the electrieahmeters
considered are always suitable for the connectibthe system to the grid. At the same time, it bagn
demonstrated that even the battery is always wgrkinconditions that preserve it from any degramator
malfunction. Since the power absorbed from the ghiding G2V mode is about 3300 [W] and the power
absorbed by the grid during V2G mode is about 2B00 the switch between the two modes produces a
variation of 5850 [W] in fraction of seconds. Thigans that the study of the dynamic of the battbayger has
been carried out using the worst condition possithlat stresses in the worst way possible the devid the
entire system. As a consequence, the good resuitglfusing these input data of the angle paseans that
every other variation of the angle, with respeahmlimit of +13° and -10°, can be considered ptaigle.
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9 — EV Charging Infrastructures

The electric propulsion depends on the availabditgn efficient and reliable energy storage systhm battery.
Beside this issue, which can be considered alreabiyd thanks to the growth of this technologys ihecessary
to design a proper battery charger, and this has lbee principal purpose of this work, already acéd.

However, the realization of an adequate device @ideave aside the concept of proper charging stfuatures,
which can guarantee safe connection between thieleednd the grid according to severe standardsth&ke

standards will basically depend on the power flgmhrough the system, but also on others impoafety

factors which deal with the grid.

Focusing on the charging of the battery, two phasesbe distinguished. The main charging phadeci®he in

which the most part of the energy is transferrednfthe grid to the battery, whilst the final chapgiese deals
with actions which are able to give balance andbiliya to the battery. These two different phases be

depicted through fig. 9.1: for the main charge phefile reveals a constant current characteri$tic the final

phase instead constant voltage is applied. It aamldmonstrated that the final phase can be alskeated

without generating any particular disease to thdéeba so the assumption will be that all of theergy

transferred will take place according to the sed fiked amount of current. As can be seen, theep@sorbed
by the battery will increase with the incrementit# voltage through the battery: the infrastruciystem has to
be designed for the maximum peak power applied.

-~V

Figure 9.1 — IV charging characteristic

The charging mode duration depends on the energshwiltows from the grid to the vehicle, so if therent
absorbed by the battery is high, the process akk less time: at the same time, the requiredstrfratures will
be different in function of the power (and the g@y¢rexchanged. It is easy to understand how magtpifs can
influence the design of proper infrastructures limth the safety of the devices and the safety afplee
Assuming that the energy required for the full divag of the battery is of about 10 [kWh], the timeration
needed for the full charge will depend on the powmsilable: with 2 [kW] available 5 hours would beeded,
with 10 [kW] just 1 hour is sufficient. According the power taken from the grid and the associeledging
speed, several power levels defined by appropstatedards can be defined.

The normal charging modeis a mode in which the power level is that onddgity available in residential
installations; the rating of standard power outledsies from country to country. In most of the &Guean
countries the standard outlet is rated 230 [V][AB so a power of about 3.7 [kW] can be deliveradd as the
example above the battery could be charged irtthess3 hours.
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Semi-fast charging modemakes use of power levels exceeding those ofralatd domestic outlet, available in
typical non-residential settings. The three-phasgidution network is used in Europe as a senti-Gsrging
mode. The most common system uses four wires witheae voltage of 230 [V] or a line voltage of 400 In
this case, if the three-phase power system is fmedharging the battery, considerably high powan de
reached even with a low current: with just 16 [&f phase, indeed/3 * 400 * 16 * cos ¢ = 11.1 [kW] which

is the amount of power absorbed by the grid. Alwegssidering the total absorption of 10 [KWh] reedi by
the battery, the vehicle is charged in less thdwodr. The limits on the power flow absorbed by Hadtery
depends, as a consequence, on the power that alibered at the AC side, whilst the DC side, Is® Ibattery,
doesn’t present any obstacle to the absorptiongbiehn power level.

These two charging modes deal with power flows Wwhian be absorbed by the grid by a simple connectio
with the use of the domestic or industrial planhc8 the battery charger is assumed to be on b&2@, and
G2V mode are applied by the connection of the ‘ehic the domestic socket outlet, which has to ques
proper safety features. Particular infrastructuiasfact, have to be considered for this (and h# pther
different) kind of connection: these charging modes standardized by international standard IEC5618
This standard separates into four different modesha possible charging strategy adopted, shovelighe
safety devices that need to be put inside the syste

MODE 1 The mode is referred to the connection of thealehio the grid with the use of standardized socket
outlets, with current up to 16 [A], so it regulatesth normal and semi-fast charging modes alreatigduced.
This mode corresponds to a non-dedicated infrastreicsuch as a domestic socket outlet, that allwsasy
deliver of the power requested by the grid (V2G)bgrthe vehicle (G2V). Although the structure imple,
safety concerns have to be taken into accounth®mstipply side a fuse or a circuit breaker hastpresent to
protect the system from over currents. Also anheemhnection and a residual current device, whigkches off
the supply if a leakage current greater than alfixaue (for example 30 [mA]) is detected, havéeoprovided
by the manufacturer. The earth connection is pa#ity important because any fault inside the viehieould be
dangerous for indirect contact. By the way, theésksere stands on the residual current devicepst gountries
old electric installations are not equipped withtfianks to this assumption, some countries hacilde to left
the responsibility to the users, many others haadeéd not to allow the use of mode 1. In the Hagbkere it is
tolerated, this mode is the most widespread forapei using, thanks to its simplicity and low invaeent cost,
but the problem which deals with the residual autridevice (that may not be present), with the pitdenisks
that have to be faced in this unlucky situatiors heke the manufacturer to try to find valid altgives.

MODE 2 Even this mode uses standardized socket outletsrbadditional protection is provided: between th
vehicle and the plug an in-cable control box withamtrol pilot conductor is installed. This solutibas been
adopted by those countries, like the USA, that hafased mode 1 charging. The main disadvantagaisf
alternative stands on the control box: it proteéhts downstream cable and the vehicle, but not thg itself;
unfortunately, the same plug is one of the mosidi@omponents of the system.

MODE 3 A direct connection of the vehicle to the grichexe applied by the use of dedicated electricaicleh
supply equipment. The IEC standard requires a obptiot protection between the equipment connettethe
supply and the electric vehicle. The control pgodtection is a device which mainly has to verifyany instant
during the connection, that the vehicle is propedynected to the grid, that the protective eaaidactor is
unharmed, whether the system is charging or digatguthe battery. The important advantage comiogfthis
mode stands on the fact that safety is reached et@m the vehicle is not connected: when no vehigle
connected to the socket outlet, the socket is dmadipower is delivered only when the plug is odtyenserted
and the earth circuit is checked. The connecti@tgss checks at first the earth connection andsatle pilot
connection, the disconnection follows the oppositaation, so the earth connection is the lastedtoken.
Besides safety advantage, this sequence ensuteth¢haurrent is interrupted at the contactor aat at the
power electronics contacts, prolonging the lifehaf accessories.

100



MODE 4 This mode is defined as the indirect connectiothefvehicle to the supply network, utilizing arf-of
board battery charger, where the equipment is peentyy kept connected to the AC power supply, drel t
situation deals whit DC charging stations. As tharger is located off-board, a connection is nergs® allow
the charger to be informed about the type and @€ 8f the battery, so it is able to furnish théntigoltage and
current.

Now that the four modes are introduced, the conmectf the cable between the vehicle and the chgrgutlet
can be realized in three different ways, as defimethe same standard IEC 61851-1.

CASE A Cable and plug are permanently connected with/éiécle; this case is generally found only in very
light vehicles (Fig. 9.2)

Socket outlet =
e

B Plug

Flexible cable
e
On-board charger

Traction battery

Plug and scocket outlet
s —

Charging station

\g:%?

Domestic, industrial
dedicated socket outlet

Figure 9.2 - Case A connection [ 6]

CASE B The cable assembly is detachable and connecteldetoethicle with a connector. This is the most
common case for normal and semi-fast charging. @R&j

Socket outlet

Plug and socket outlet
Plug

Flexible cable

On-board charger
Traction battery Electrical vehicle
inlet

Charging station

<— Connector

Earth terminal = <D\F'Ius}
4}[ Domestic, industrial QI'

Electrical vehicle dedicated socket outlet
coupler

Figure 9.3 — Case B connection [ 6 ]

101



CASE C The cable and vehicle connector are permanentlgexdiad to the supply equipment. This arrangement
is typically used for fast charging (Mode 4) sottbavers do not have to carry heavy cables arodlic
charging stations using this case are howevereatitiher risk of copper theft. (Fig. 9.4)

—
E:EI

I

Flexible cable

On-board charger
Tiacton tattery Electrical vehicle
inlet

Charging station

<— Connector

Earth terminal ™

Electrical vehicle
coupler

Figure 9.4 — Case C connection [ 6 ]

For mode 1 and 3 standard plugs and sockets casdzkconsidering only phase, neutral and earthactstin
most of the countries, this will usually be thenstard domestic plugs, typically rated 10-16 [A]. €8k domestic
plugs are not really suitable for the charging distharging mode operations, which is characterisednergy
flow applied for long times at near rated currend drequent operation including disconnections urrdéed
load. This leads to a shorter lifetime of the asoegs and to contact problems which can produogeataus
situations. In this case a better alternative iage industrial plugs and sockets as defined byERe60309-2.
These plugs are widely used for industrial equipnzemd they are designed for functioning in a waychhs
comparable to EV charging and discharging mode. dglication of the control pilot already introddce
necessitates the introduction of specific accessadiedicated only to EV usage; such plugs and socke
described in the IEC 62196 standard.

Nowadays the coupling technology is growing up Klyicpushed by the widespread of EV technology. A
connector accommodating both mode 1 and mode 3Jjiclgahas been proposed: it uses particular contacts
such a way that an EV’s battery can be refilledhivde 1 with a non-dedicated outlet and in mode 3 pnblic
charging station.

From the battery point of view, even battery conoecare standardized, and functional requiremant lme
found on EN 1175-1 standard. Usually the connecterpiired don't have to be equipped with auxiliary
contacts, and the maximum current is fixed at 3§0C. Although these connectors can be found fdemal
connections, their use for mode 4 charging is wefsable, as they are designed neither for theehnigattery
voltage levels nor for connecting to cable assesablFurthermore, they lack earth conductors andnate
designed to break a load.

102



10 — The Practical Realization of a Battery Charger

This chapter deals with the practical realizatidntte AC/DC converter, which is the heart of thenmpo
conversion from AC to DC and vice versa. In thistea the laboratory operations for the realizatdtoth the
circuitry and the control of the system are exppsbdwing how each electronic device works insfaesystem.
The first part deals with the explanation of thectlonic devices used, the second part deals thstith the
introduction to the dSPACE tool, necessary fordahbievement of a proper control system. Befordistathe
dissertation, the next fig. 10.1 is reported tovslibe H-bridge topology which will be implementes @ basic
circuitry.

Vde —
T E load = V load

Figure 10.1 — H-bridge topology

The first step consists in the piloting of the aitawith a pure resistive load at its AC side anB@ electrical
source which simulates the DC/DC converter andebattystem. As a consequence of this, there wilthee
creation of an alternate sinusoidal voltage throtlgh resistance (the converter acts as an invebtgr)he
opposite power flow from the load to the DC soute@'t be produced, since the inductor and the A@gro
supply are still not inserted. Once verified thereot functioning of the device, the following stefll be that of
a correct connection of the device to the gridsunh a way to produce bidirectional power flowitaidate V2G
and G2V modes.

10.1 — Electronic Devices

The switching device selected is the IGBT - Insul@ate Bipolar Transistor-, because it can easilgkuill 70

[kHz] (when the working frequency established fuistwork is of 20 [kHz]). Also the characteristgthe most
indicated for high frequency inverters. The follogifigure (Fig. 10.1.1) depicts the scheme of theak, taken
from the datasheet of the product, with three diffi¢ pins. Pin 1, which is the gate, correspondshéopin in
which the firing signal has to be applied for makite IGBT conducting. Pin 2 corresponds to théectir,

where the current flows inside the device, whilst  is the emitter, where the current flows outitofThe

presence of the freewheeling diode allows the s=veurrent flow, which won'’t be possible with theewf the
only IGBT.

103



C (2, TAB)

- 4|(J

E (3)

Figure 10.1.1 — IGBT and freewheeling diode scheme

The IGBT will be switched on by the applicationaopositive voltage of a few volts (over 3.75 [Vhtiveen the
emitter and the gate. With reference to the cirofitig.10.1, IGBT4 and IGBT6 have grounded emitbey in
any case, it is connected to the low voltage of@@power supply. This means that if the input algnill be
applied to the gate, it will surely produce thetshing on of the IGBT.

A different case can be found with reference toupper devices, so with regards to IGBT3 and IGBFBse

two devices present a possible floating potentiaitter, due to the dynamic of the switching circdihis is a

problem, since the application of the input sigimathe gate will not ensure a positive voltage leetwthe same
gate and the emitter, in order to fire the devarad the same device won't work properly. This issuse the
gate signal is referred to the ground and notegibtential of the emitter.

As a consequence another sort of device is reqtoredmplete the H bridge scheme: 88T gate driver.

Its scheme is reported in fig. 10.1.2, and the irtgoa effects of this application are here exposed.

The two depicted input sides are characterisedlbyanput (LIN) and a high input (HIN); the outpside by a
low output (LO) and a high output (HO); this drivierable to decouple inputs and outputs in suclan te fire
in the proper way the bottom and the upper IGBThéalgh is not necessary to decouple the low inpuhis
case) avoiding the issue which was affecting theudry before. The upper IGBT is properly firedchese a
virtual earth (named ¥in the scheme) is connected to its emitter. Ofre®s does not present nil potential,
but the device guarantees that the voltage betié&&rand nil potential (input) is the same betwedd hd \§
(output).

up 1o 500V or 600V

Wl
= HO ED .
Vo ® ,i,,‘ Voo Ve %
HIN HIN Vg . 10
SD @ SD —— A LOAD
LIN LIN Vee 2
Vg Ve, Com [ ED
Vee o—| e Lo
-

Figure 10.1.2 — Scheme and realization of the IGBie®river

Now that this issue is solved, before realizingdineuitry of the AC/DC converter by the use of foer IGBTS,
a very important thing to do is the introductiondsfad times, in such a way to avoid short cirdo@sveen the
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upper and the bottom switching devices of the sége A diode and a capacitor are the device used fo
introducing a small delay when the gate signal irfppes the IGBT, whilst when the gate signal tutozero no
delay is applied. The practical realization of direuit is depicted by fig. 10.1.3. The four IGB@re fixed on a
heat sink, in order to avoid the overheating ofshstem.

s

Figure 10.1.3 — The H bridge circuitry

Now that the circuitry is complete, each leg’s wiskchecked. This inspection is realised at fisbtigh the
application of the series of two capacitors in peravith the DC supply. A resistor is grafted beewn the upper
and the bottom IGBTSs of the selected leg and ttadhaipoint between the two capacitors (in this \wayhalf

bridge is created). The two switching devices aenftfired by two complementary square waves, aesetitwo

firing signals and the voltage through the resist@ measured by an oscilloscope and exposed.ihdig.4. As
can be seen the yellow and the green profiles teregate impulses for firing respectively the upped the

bottom IGBTSs, whilst the voltage through the ramigtoad) is a square wave with nil mean value.

File Control Setup Measure Analyze LUtilites Help 1:31AM_

500 kSa/ls

Figure 10.1.4 — Gate inputs for upper (yellow) sder (green) IGBTs and voltage through the loadlét)
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The last important control can be made with regarfdthe dead times, in order to be sure that effelst no
short circuit risks are present. Figure 10.1.5 shthe detail of the two firing signals during thetsh.

Eile Control Setup Measure Analyze Ulilites Help 1:.51AM

Figure 10.1.5 - De;d times verification

When this verification is made for both of the letidis means that the circuitry is correct and firet part is
successfully complete: the proper H bridge willdaesily completed through the connection of the loetiveen

the two legs of the AC/DC converter, whilst theggaignal which fires the upper IGBT of one leg Wiile the
bottom IGBT of the other leg. If these connectians made and 50% duty cycle square wave signgipibea

for the firing of the switching devices, the voleatihirough the load which can be appreciated isadhatsquare
wave with nil mean value, and whose amplitude isbied with respect to the amplitude measured in the
previous case considered. In this way the firstt,pdealing with the realization of the circuit arhe
investigation about the fact that it is effectivelgrking properly, is concluded.

Instead of applying a pure resistive load, theeseaf an inductive load and an AC source in sesigls the
resistor is applied, in order to model the samd. ghifter implementing the control strategy, theitadtional
power flow is achieved.

10.2 — Control Strategy: the dSPACE platform

For the achievement of a proper control when theutiis connected to the grid, an interface whiels to be
able to fire properly the IGBTs of the AC/DC conegrhas to be used (since until now a simple sigeakrator
has been used).

The Simulink model already built can be used assigeal source for the proper control of the devibese
digital signals from the Simulink model have to éstracted and transformed into analogic signals @QDA
conversion). In this way, the results achievedubtothe model can be reproduced in the real cjrcué sort of
work in parallel.
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The dSPACE tool (DS 1103 PPC Controller Board) [16]an interface specifically designed for the
development of high- speed multivariable digitahirollers and real time simulations. The controbeard is
designed to meet the requirements of modern rapiral prototyping, and the application of a Re&ing
Interface (RTI) makes this tool fully programmalflem the Simulink block diagram environment. The
application of dSPACE as an interface between theulhk program already made and the hardware ef th
system gives the possibility to reproduce the digitata of the program as analogical data to cbtto real
circuit. The AC/DC converter will be directly pikd with the same gate signals that pilot the Simkigi AC/DC
converter. If the connection between “master” (Simkumodel), “slave” (dSPACE platform) and the rddl
bridge is conducted properly, the system will rad ¢he results are exposed in fig.10.2.1.

As can be seen, the waveforms of the gate inpetseractly the waveforms produced according to SPWM
elaboration. The load is still a resistor (as aseguence the sine wave current is not yet presend).carrier
frequency is 2 [kHz]: higher frequencies exportgdie Simulink model will not be successfully implented,
and this depends on the speed of the platform wikiclot that high for this kind of applications. & tvaveform
produced (violet profile) is measured by a difféi@nprobe according to a 20:1 voltage ratio: tisatvhy the
signal doesn’t appear as high as it should be,iderisg a DC source of 60 [V].
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Figure 10.2.1 — Voltage through the load (R) whelVBPtechnique is applied (violet profile). Yellow @green profiles are
the gate signals for the 4 IGBTs

The application of an inductor in series (the AQrse is not yet applied: the load is still non aefiwith the
resistor improves the profile of the current througe load. In fact, the series of the RL load, thibe the
inductor is high enough, will ensure a current eltarised by a sinusoidal waveform. This verificatis
achieved by measuring the voltage through thetogsithis voltage should effectively be a sine waaed it is
(Fig. 10.2.2).
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Figure 10.2.2 — Voltage through the resistor (amaent through the load) when an RL load is appfiéadlet profile)

Now that the H bridge is working properly, tbennection of the circuit to the gridcan be done. The RL load
already used can be replaced by the applicatidtheoAC source to the battery charger (in this weyrhodel of
the grid is not necessary; the series of ideal &ee and RL load is represented by the direct ection to the
same grid), through the use of a single phaseftransr for safety reasons. The idea is that ofgiie
dSPACE platform not only to export data from thedelo but also to import external data in it, reialigthe
conversion from analogic to digital (ADC), and tligundamental to achieve the synchronizatiorhefliattery
charger.

The sinusoidal voltage of the grid can be acquingthe use of the same transformer, which cansaaha
amplitude reducer without modifying the phase (fij2.3). This signal is imported inside the Simkiimodel
environment and then modified, since a certainyd@dasitive or negative) can be applied on it. Tetayed
signal obtained can be then used as the referégual $or the SPWM generator. In this way the AC/DC
converter creates a sine wave in correspondenite afitput which is characterized by a fixed delath respect
to the sine waveform of the grid voltage, and asmmsequence the active power flow for the charginipe
discharging of the battery is achieved.

The dSPACE tool is running a real time simulatiomvhich there is a contemporary flow of digital aland
analogic data. ADC conversion is hecessary to roptie grid sine wave and get the synchronizatidilst at
the same time DAC conversion produces the confrillebattery charger, firing properly the switahidevices
(anyway, this process is based on the synchroaoizatata acquired through ADC). The manual variatibtihe
delay (positive or negative) induces the variattbthe sine wave produced by the AC/DC convererqdive
power will be easily controlled.
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Figure 10.2.3 — Single phase transformer, the psiménding connected to the grid (upper wire) ane secondary winding
connected to the AC/DC converter and the dSPACE piatés an analogic signal source.

The two following pictures (fig.10.2.4 and 10.2dhpw the two possible situations for charging aisdhhrging
purposes. As it can be seen the violet sine watieei one produced by the AC/DC converter, whilstgurple
one is the grid waveform. The amplitude differebetwveen the two waveforms is nil although the tssilope

depicts two different amplitudes; indeed the twgnsis are reduced by the use of probes with diifereltage
ratios.
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Figure 10.2.4 / 10.2.5 — The profiles on the lejpidt the AC/DC converter's waveform which lags thie'g waveform and
the battery is charged. The profiles on the ragpict the AC/DC converter's waveform which leads
the grid’s waveform and the battery is discharged.

To be sure that the system is working well it isgible to check the current through the battetii@DC side
and verify that the sign of the current changes Wit variation of the phase angle. With respefiptdl0.2.4
and fig. 10.2.5, the currents flowing through tladtéry will be depicted in fig. 10.2.6 and 10.2ac¢ording to
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the dynamic of the system for charging and disdhgrgnode. Figure 10.2.8 shows instead the global
configuration of the system working.

Figure 10.2.6 / 10.2.7 — The picture on the lefivehia negative current, so a current which is ddegbby the battery,
according to the conventions used. The picturéherright shows a positive current, which means
the discharging of the battery.
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Figure10.2.8 — Wide shot of the entire system
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Final Remarks and Future Works

The design and the realization of the bidirectidragitery charger lead to the configuration of @esyswhich
matches the requirements pointed out in the inttidn. Chapters 5,6 and 8 show indeed how eaclystate
and transient state that can interest the systetic(and dynamic conditions) is suitable for tl@amection of
the EV to the grid, and the consequent achievewfembidirectional active power flow. The dissedathas
demonstrated how this power flow can be succegghutiduced at first through the implementationhaf t
control strategy using the Simulink platform, whilse second step is that of the practical reatimatf the
device. The active power flow can be modulatedyfid ancillary services whether the smart contralieed is
able to communicate with the grid manager for imstawith an internet protocol (IP). In this worletgrid
manager is substituted by a block inside the Smaytrogram, that can be manually set.

The application of the DC/DC converter equippedwitcontrol which is based on the capacitor voltadee is
a choice which lead to the possibility to implemameactive power exchanged control in parallehhie active
power control. This is the most important futurerkvthat can be done for amplifying the capabilitiéshe
device in terms of ancillary services.

Nowadays the most important application that thitréctional battery charger can join stands orsistem
composed by electric vehicles and domestic reneayalaht (PV, wind turbine), because the electnigability
spread has not reached such a level to convincgatihe grid manager to open to a massive applicafion
V2G/G2V mode yet. Waiting for this scenario to beeoreal, the bidirectional battery charger can keatite
power flow produced by the renewable plant in saetay to absorb the energy produced instead cdsiilg it
to the grid, in case of generation higher than giigm. Also the possibility to produce an islarglin
configuration can be perceived, obviously applyimg proper electrical protections.

In this way the customer saves money, power lasseseduced, and the main idea of taking the most
advantages from the renewable plant in which tisotoer invests can be fully achieved, since the sel
consumption is maximized.
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Appendix 1 - AC/DC and DC/DC Converters’
Alternatives and AC/DC Converter's Advanced
Control Techniques

In this section some valid alternatives are exppsath from the topology (AC/DC converter and DC/DC
converter) and from the control strategy point @wy; in order to justify the original choices takebhe
exploration of different options is very importargince it gives the possibility to evaluate stréisgand
weaknesses of each alternative in order to pickh#st model for the selected objective.

1.1 - The AC/DC converter

Different topologies can be faced as an alternativiull bridge converterMultilevel power converters [15]

are AC/DC converters that, starting from the samacept of a simple H bridge, are developed for the
achievement of higher power quality standard. Thegd multiple DC sources for synthesizing a stagca
voltage waveform, and the commutation of switchiteyices aggregate these multiple DC sources (Di@S),
order to reach high quality voltage in output. Tokowing fig.1.1.1 shows a bidirectional multildveonverter,
the cascaded H bridge, that can be used as anaditer of the original H bridge [11].
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Fig. 1.1.1 — Multilevel converter: cascaded H bedygth s DCS
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Each DC source (DCS) is connected to a single phaisbridge converter, and it can generate thrigiemnt
voltage outputs, +Vdc, 0, -Vdc, according to diéler combinations of the switching devices. The A@pat of
each converter is connected in series with therstts® the voltage amplitude of the waveform isgiby the
sum of the converters’ outputs. The number of thieage leveld that the waveform can assume is defined as

l=2s+1 (1.1)

where s is the number of the DC sources. Thanksisoconfiguration, the waveform produced can beyve
similar to a sine wave, and the more high is thelmer of sources, the more the waveform is closa $ine
wave and the presence of harmonics is decreasad. cbnfiguration is traditionally used for staticAR
generation and as an interface with renewable ssufwut it has been recently proposed also for f\Yposes.
The system indeed can be proposed as the maiiptradtive of the vehicle, but it can also chargdtérées
taking the power from an AC supply or when regetiegabraking can be applied. From the control paift
view, PWM techniques can be properly modified asdduin this converter. The most popular techniquss
several triangular carrier signals and one referesignal: besides sinusoidal PWM (SPWM) and thacdhonic
injection PWM (THPWM), also sub harmonic PWM (SHPWMhich is a more advanced technique and it is
suitable only for multilevel configuration, can applied.

The following fig. 1.1.2 a), b) shows a simulatishich usesSPWM on a cascaded multilevel converter with
ten separate 60 [V] DC sources (which means 21dpvEhe reference signal is centred in the midufi¢he
carrier signals set (ten different triangular aarsignals, with the same peak to peak amplitudethe same
frequency, but each of them with its mean valuifedint from the others).

When the reference (control) signal is maximum,tiadl single H bridges produce a voltage equal talctV
When there is a zero crossing, all the “upper” esters (controlled by triangular signal over theozealue)
produce positive voltage and all the “lower” produwegative voltage, with the result of zero voltageutput.

It can be noticed that in this control scheme the zoutput is not allowed for each single convertetich
output can be either +Vdc or —Vdc. Zero state aaefmbled creating two triangular signal carriensgingle H
bridge converter, but this is not the case coneidler
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Figure 1.1.2 — a) comparison between the triangitaral of each one of the ten H Bridges and thérabsignal; b) the 21

levels output voltage waveform

An important alternative is the sub harmonic PWSHPWM): the principle used is the one already studied fo
SPWM; when a low modulation index is demanded,civaverter will not make use of all its levels, dahthe
index becomes very low, the converter operatestasidional converter.
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One way to make use of the multiple levels, evetinguow modulation periods, is to rotate the leushge in
the converter after each control signal’s periodinigshed: this can reduce the stresses on sontheofnner
levels by making use of those outer voltage letted$ otherwise wouldn't be used. For modulatioridad less
than 0.5, the level usage can be so efficientlgteothat the switching frequency can be even dalifgeriod of
the triangular signal carriers halved) and stigfxe¢he thermal losses within the limits of the sgst

The most important advantage of multilevel conwvertis surely the production of a high standard woutp
waveform, because harmonic content is limitedhatdame time, the H bridge cascade makes the grqoesk
and cheap. The topology needs separate DC sousmpsred for each single circuit; the voltage of thC
sources can be lower than the voltage requireamoequivalent H bridge, but the presence of moaa ttne
battery increases the cost of the system. Evendhtrol becomes more expensive, because everyyhts to
be monitored during charging and discharging, esflgauring charging mode. In this case, the chagef the
battery is the charging of a series of battery, tedcharacteristic of each one is able to infleetiee whole
process. The losses can be reduced for each sWwittkhis configuration uses definitely more switchdevices
than the traditional H bridge. These are the reasdmy better performance on voltage and curreqmiegpand
harmonic limitations are advantages that don't cemsate completely the disadvantage of the appitain
EVs, even because good results can be anyway enigytbe use of a simple H bridge converter.

1.2 — The AC/DC Control Strategy

Besides the already mentioned SPWM and SHPWM, dliffexent techniques which can achieve better tesul
can be applied for three phase AC/DC converter. S¥dhnique represent an alternative frequently usedst
there are some other advanced technique whose issagewidespread.

The space vector modulatioBY{M) deals with three phase converter and uses a saber representation of
the converter’'s AC side voltage. Eight possibletsiing states are allowed, six of them are actiwtavo non-
active. The six active states divide the plane Bitosectors. The reference vector, which idergtifid output
voltage, is obtained by switching on for the propere two adjacent vectors. In this way, the veaan be
implemented by different switch sequences steptbg sluring its rotation, and the non-active vectcas
decrease the modulation index. With respect tdaraoased PWM (techniques which use a carrier §ighere
there aren’t separated modulators for each phasetha reference vector is sampled with fixed clfseguency.
A calculation block is used for calculating timefsapplication of the active vectors, and the reaickampling
time is reserved for the non-active vectors.

The random PWM is another alternative which concentrates on haimproblems. In fact, apart from the
fundamental frequency, all the other componentmgbaics) are generally unwanted. The traditionathoe to
alleviate this problem is to insert filters, buhdam PWM can be an alternative to this remedy. Tdgbnique
can be implemented simply through the introductidrsome modifications of the control circuitry, arits
based on the idea of “randomization”: the poweriedrby discrete frequency components, associatddtie
“traditional” PWM, is partially transferred into éhcontinuous density spectrum. This means thattspec
originally consisting of narrow band harmonics iapped into a spectrum whose power is better digtbover
the frequency range.

All these techniques can be successfully implemeitethe converter, which can produce an outputagel
which is useful for feeding the motor or for thenpection to the grid, respecting all power quaditgndards. In
this work the requirements allow the use of theieabase PWM (SPWM), which will be the techniqwed for
the control of the bidirectional AC/DC convertelt:the target will be matched properly.
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1.3 — The DC/DC converter

Some different techniques have been introducedgédting more advantages from the DC/DC converter’s
topology.Interleaved techniquesare used to reduce I/O ripples and to increas@alaer capacity of the boost
converter; in particular, an interleaved DC/DC ocen@r suitable for charging and discharging modereauce
current and voltage ripples, minimize size and Wweigf the inductor, improve reliability of powereekronic
system, and may decrease system losses. As caeehefrom fig.1.3.1, two arms composed by a swiighin
device and an inductor can be grafted in paradlettie design of this new DC/DC converter topolaggating a
system which is very similar with respect to biditenal boost converter [19].

This new topology simply splits in two or more ariims parallel the simple bidirectional boost coneert
configuration [17]. Even the way in which the coriee runs is the same because it works with theesam
principles, but an important difference is now gethout. During the discharging of the battery,if@tance, so
when the active power flows from the battery to ¢iiel (V2G mode), IGBT 2 and IGBT 4 are switched of
whilst IGBT 1 and IGBT 3 commute. These two commgtswitching devices don’t work with the same phase
(both open or both close), but they present 18@sehdifference of driving pulses in a cycle; irsthiay the
fluctuation of input power supply is reduced. Fanrtgular applications even more than two arms lban
applied. Many other topologies can be used in iblel ©of electric vehicles, for example interleavealpled
inductor boost DC/DC converter [18], clamp mode gled inductor DC/DC converter, but these are not
bidirectional, as they work only as boost converidrese kinds of applications can be found mostiyuz! cell
electrical vehicles [20], and the lack of bidireciality makes them not suitable for the purposdahisfwork.

Bidirectional interleaved solution fits very wellitv high voltage ratios (output voltage over inpattage),
because in this working field conventional convestare subjected to losses which make their effayienot
acceptable for required standards. This can beod gath to follow for the future, when the voltagethe
batteries is expected to grow up more and the atanequirements for power quality in the grid xpected to
become even more rigorous.

Fig. 1.3.1 - Bidirectional interleaved boost congert

An alternative to conventional or interleaved bédiional boost topology is brought by ttleal active bridge
converter (DAB) depicted in fig. 1.3.2. The dual active bridge susgght switching devices and presents a
topology which is suitable for high power bidirestal power flow applications. The converter expogsexvides
high power density and fast control; however, wbparations over a wider 2:1 voltage range is regijidevice
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stresses become very high. The principle of opmras that of a transformer: considering V2G mdtle,input

voltage is transformed from a continue value toadternate value and thanks to the inductive cogplam

alternate voltage is generated to output side, lwidcthen rectified. This output voltage will bestholtage
through the capacitor, so the voltage at the D@ ifl the AC/DC converter. The principle is that af
transformer, but since it differs from bidirectibh@ost converters, some difference has to be gdiout: at first
when the total amount of power losses is calculdtezithermal ones produced by the switching devige not
the only ones to be considered; even the leakadigciance of the transformer leads to non-negligibéses.
Several changes can be made on the original steutduprevent device stresses, particularly ifdpplication

deals with ultra-capacitors, which is a problent thads to low life time and high electrical losses

Once overcome electrical stresses on switchingecdsythe achievement of modified configurationssisful for

high power applications, such as charging and digghg of ultra-capacitors, but not optimized fairig the
interface between the battery and the AC/DC comvelf the converter needs to manage the voltagthef
battery and the voltage of the DC link, the achiegat of good results with DAB [16] converter passesugh

some more improvements, which are not only eleckor instance, whether the working frequency xedi to

50/60 Hz, the transformer can produce a considenablght increase once installed in the vehicleoptimized

DAB consists in two high frequency H bridges codpleith a high frequency transformer; this situatisn
analysed in the following paraghaph.

2

1w
4t n\.-

Fig. 1.3.2 — DAB converter with LFT or HFT

Two on board DC/DC bidirectional converter’s topgiks are shown; several advantages and disadvantage
be investigated. For the LFT (low frequency transfer) the existing hardware present on the EV can b
theoretically used: for example the windings of &hectrical machine can be, if properly designestduduring
charging; however, the additional weight must beoaated in terms of extra power required duringtiom
mode, because the core of the transformer cansepre non-negligible weight. The HFT providesghtier
solution and avoid the issue of malfunctions afferthe drive system of the EV.

All these different DAB topologies present a reletvdisadvantage, which is the fact that many devae
involved. Power losses are not negligible (eachichwtan be less stressed and can also produc¢hbrssal
loss, but the total number of switches piloted baneight: a conventional bidirectional boost cotarercan
suffer from more voltage and currents stressestarmmmutating switch may produce more thermadssbut
the switch is just one instead of eight). The fhett many devices are used means that this DC/D@ecter
may be more expensive and complex with respecopologies considered before, and at the same time t
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reliability of the system decreases because a miffieult control and the failure’s probabilitiesevitably
increase.

The real advantage of this topology and the reagonthis model is spreading even if it's not reallrforming

doesn’t stand on the real performance of the caerdut on its safety. In fact, manufacturerstayag to pull

up the voltage of the batteries produced in ordeémiprove capacity and increase the total energy ¢hn be
stored in them. This can be dangerous, becauseeint ®f failure of the safety protections or shartuits,

relevant electric shock risks can occur. DAB tog@s can free from this risk because galvanic tgmia
between the battery and the circuit is ensurethi;iway there is no way for the battery to energizcidentally
the circuit, even if for any reason any devicesfaithe galvanic isolation is an important issueclithas been
always taken in consideration, but the high costs the lack of alternatives (galvanic isolation tenensured
only by the use of a transformer) have convincedufacturers not to apply it on electric vehicles.

118



Acknowledgements

Now all is done. Years and years of study now tbewme to an end. The last word of this chapter risaaly
written, a new life is coming.

If 1 think about these last 24 years, that leadtonthis moment, the only feeling that | have istigude. When |
was a child | hated maths, but my father persuadedbout the importance of this subject: besidebjsctive
necessity in the world of today, maths is the sysithof a series of rules to be respected, whicft destrain the
fantasy or the freedom, but on the contrary thesltak the essence of how problems have to bedfag®re
than escaped. Growing up | started living a lifié dfi happy days and sad days: my mother has allvegs next
to me, and there is nothing better than someonecgoushare feelings with: nobody, no matter the ageuld
feel alone for a second; and I've never been. Miesihas been the partner (and the victim) of mytlycalways
present as any sister should be.

All my relatives has always been the best backgitpand | shared with them many beautiful days.

The friends, Real Friends, are those who have reverlife can put barriers through us, but TrugeRdship
never ends; typing down some names is wasting tinfgjend has no doubt whether | am writing abaun/ter
or not.

This work has been realised during my Erasmus éxpe in the city of Newcastle upon Tyne at thevdrsity
of Northumbria (22 Feb-24 Jul 2014); it has been firgt experience abroad and | managed to complete
thanks to many helpful people: professor GhanintuButEdward, Laith among the others; not only ddien
support, | felt as a part of their team and my @nes important for them. A particular acknowledgetrgoes to
Professor Turri, who gave me the possibility tdiseathis project, so important for me and my pssfenal and
personal growth, which is just started.

Honestly, the citation | put at the beginning o thiork talks about Love: the one which is alwaysspnt, no
matter the distances or the circumstances. | thiskchoice because if this is just a lie, neitheal&speare nor |
have ever written: this work is based on a netwafrkelation which gave me the possibility to redlais point,
starting from so far away in the past, when | west p child. But if this ideal network is just dlusion, all my
efforts are based on nothing, and also all my asipits and my objectives are something that is gnqutid,
with any final aim... But | know, this is not the eas

119



120



References

[1] G. Putrus, P. Suwanapingkarl, D. Johnston, &ntley, M. Narayand]mpact of Electric Vehicles on Power
Distribution Networks”

[2] A. Emadi, Y. J. Lee, K. Rajashekaf®ower Electronics and Motor Drives in Electric, Hyid Electric, and
Plug-In Hybrid Electric Vehicles”

[3] S. Haghbin, S. Lundmark, O. Carlson, M. Alakuila Combined Motor/Drive/Battery Charger Based on a
Split Windings PMSM”

[4] K. Khan, S. Haghbin, M. Leksell, O. Wallmafigesign and Performance Analysis of a Permanent-M#g
Assisted Synchronous Reluctance Machine for agiated Charger Application”

[5] S. Lacroix, E. Laboure, M. HilairetAn Integrated Fast Battery Charger for Electric Mele”
[6] G. Pistoia,’ Electric and Hybrid Vehicles; UK, ELSEVIER, 2010
[7] Letendre, Denholm, LilienthatElectric&Hybrid Cars: New Load, or new Resource2006

[8] S. S. Hosseini, A. Badri, M. Parvanidghe Plug-in Electric Vehicles for Power System Aqgtions: the
Vehicle to Grid (V2G) Concept”

[9] M. Kisacikoglu, B. Ozpineci, L. M. TolbertEV/PHEV Bidirectional Charger Assessment for V2EaRtive
Power Operation”

[10] N. Mohan, T. Undeland, W. Robbin®ower Electronics: Converters, Applications, ancegign”USA,
Media Enhanced Third Edition, 2003

[11] B. Singh, B. N. Singh, A. Chandra, K. Ah-Hadd&. Pandey, D. P. KhotatiA Review of Single Phase
Improved Power Quality AC-DC Converters”

[12] H. Chen, X. Wang, A. KhalightA Single Stage Integrated Bidirectional AC/DC ad@/DC Converter for
Plug-In Hybrid Electric Vehicles”

[13] M. Hedlund,"Design and construction of a Bidirectional DCDCrogerter for EV applicationsSUPTEC,
February 2010

[14] J. Zhang; Bidirectional DC-DC Power Converter Design Optimaition, Modelling and Control”
[15] M. Malinowski, K. Gopakumar, J. Rodriguez, M. Perez,’A Survey on Cascaded Multilevel Inverters”

[16] www.dspace.com

[17] S. Dwari, L. ParsaA Novel High Efficiency High Power Interleaved Guoed Inductor Boost DC/DC
Converter for Hybrid and Fuel Cell Electric Vehitle

121



[18] S. Han, D. Divan;Bi-Directional DC/DC Converters for Plug-in Hybriglectric Vehicle (PHEV)
Applications”

[19] O. F. Ruiz, I. Cervante$Averaged Modelling of Transformer-Coupled Intenea Boost Converters”

[20] G. Calderon-Lopez, A.J. Forsyth, D. R. NuttédDesign and Performance Evaluation of a 10-kW
Interleaved Boost Converter for a Fuel Cell Electdehicle”

122



