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2. INTRODUCTION

2.1 PURPOSE OF THE DOEWNM

The aim of this document is to describigher level requirements related to the UPS system for the urban data
centre environment as targeted by the GreenDataNet projélttis documentlescribes requirements for the
UPS and its interfaces for the PV energy sourceEM l-lon battery. Italso describeoperational concepand

use casesf the integrated UPS system in energy efficient dagatre environment.

2.2 DOCUMENT OVERVIEW

This document is ganized as follows. The chapt® provides technicadnd functional requirements as well as

use casesThe chapter 4 introduces alternative UPS system topologies and presents the selected topology. The
chapter 5 focuses on the interface between &Vay and the UPS systeminterface between Nissan battery

and Eaton UPS is presented in the chaptéft& last part details the system architecture of the Demonstrator.



GREENDATANI UPS SYSTEM RE@EMENTS

IT power of theData Centre is the key parametewhen specifying requirements for the UPS system. Based
definition of Urban Data &htre provided in deliverable D1,the GreenDathlet UPS (GDNPS) systenfor
type | Data Centre shall be specified to the power range from 10 to lM¥. Accordingly, type 2 datzentre
needs an UPS system rated from 20 to 250 kW IT[b@d

Typell
UrbanDC
Typel
Urban DC
Qty Racks 4 1 2 a4 6 10 15 20 35 60 80 100 125 150 200 250 300 P
Areafm] 4 2 3 5 10 15 25 38 50 88 150 200 250 313 375 500 625 750 1000 P
'T[i‘::r;er 4 3 6 12 18 30 45 60 105 180 240 300 375 450 600 750 900 1100 1300 1550 P

oy

Figure3-1 Capacity ranges of Type | and Type Il Urban Data Centres (Source: IGTe@D1.1)

GreenDataNettargets to utilize up to 80% ofrenewable power and decrease avge Power Wage
Effectiveness (PUE) must be taken into account also inr@®desigrOverall dficiency of the UPS system
shall beashighaspossible, typically up to 96% and even more donble conversion operating moden GDN
UPS there shall be also an interface for PV soutig assumed to be located in vicinity of the detatre.

Capability to store energy into Nissanlam batteries is one of the key requiremenits GreenDataNet
Depending on the type of the datentre, requirement for batterybackup time varies typically between 5 to
30 minutes.There shall be a possibility to connewinimumfour (4) Nissan batteries in parallel into oG®N
UPS&unit. Capacity of such a battg pack is 96 kWh, enabling load peak shaving operation during load peaks.

The GDMNJPS shall be scalable system, enabling external parallel connectioheofirtits. Mechanical
dimensions an@nvironmentalspecifications for the equipmershall folbw the European DC Standards

The GDNJPS shall providiaterfacefor communication with IT equipment and facility systems.



3.1 USE CASES

3.1.1 GRID OPERAON

In grid operation(also called as normal operating modbe GDNUPS supplieall power to the load from the

utility mains The PV source is disconnected if available power is too low (low irradiation) or there is a fault in
PV array. Batteries are on the float charge or on the rest mode, depending on the battery state of charge.
Battery charger is only turned amhen the batteries need to be charged.

In normalgrid operation the GDNUPScan bein following modes

a) Double conversiormode: the mains AC power is converted first to DC by rectifier. Then inverter
derives regulated DC power from rectifier and produasgutated and filtered thregohase AC power
to the load.

b) Energy SaveBystem modeload is supported securely by utility power through the static switch with
double conversion available edlemand with typically less than 2 ms transition time.

c) Bypass modethe load issupported directly by utility mains through the UPS static switch.

73.1.2 STORED ENERM®YDE

On the stored energynode (battery mode)the GDNUPS is supplying power toe load from the battery. fie
UPS transfers to the stored enermode automaticallywhen the mains power failsr if the utility power does
not confirm to specified parametersn the grid operation ie GDNUPS can share the battery power when
supgdying the load if the mains utility input voltage is out of specification.

3.1.3 PVOPERATN

On the PV modethe GDNUPS iperating independentlywithout utility mainsfeed. Fdlowing use casesre
supported

a) PVis supplyingpower to theload, batteryison the rest mode
b) PV is charging battery, load is disconnected
c) PVis supplyingower to theload and charging battery

In case the GDNIPS is shutdown PV arrays are also disconnected.

3.1.4 LOADSHARING

The GDNUPSs able to sharehe load between utility mainsPV sourceand the battery The PV source has a
highest priority toprovidepower tothe load.Folbwing use cases are supported

a) Utility mainsand P\source areboth supplyingthe load



b) Utility mainsislost, battery and P\sourceare both supplyinghe load
c) Ultility isregaining GDNUPSesumes utility mainsand P\power share

3.1.5 LOADPEAKSHAVINXE

On theload peak shaving operation the battegnergyand PV sourcef the GDNUPScan be used to reduce
peak demand and thus reduce the electricity cost by discharging a stored energy during load peaks.

Recharging of the battery is exded during the low demand periods, typically at night hours, but alhen
daytime demand is low ansblar energy is available.

Commands for peak shaving operation must be provided as an external signal to theREDsignal input or
through the remote moitoring interface.

This functionality was not planned in the initial description of work, but the team has considered tauld
be worth to implement it as the it was not timeonsuming to implement while it providadded value for the
integration with the Smart Energy system that will be implemented in D@.8mart Energy management
systemwhere the overall energy control is detailed

73.1.6 BACKFEEDO UTILITY

Powerback feedto utility is executedonly in a casaeither the load nor the battery is able to demand all the
power supplied from the PV source.

Basically, poweback feedto utility would enabledata centre owner to support utility network irshort peak
demand periods by discharging stored energy andlifeg solar energy to the utility network. Howevewnen if
the Rectifier and the inverter are both-tirectional,these use cases are not fully implemented to the GDN
UPS.



4. GREENDATANET USSSTEMOPOLOGY SELECTION

The power distributiorarchitecture within a dataentre affectsalsothe integration of P\&ourceand energy
storage.Followingfactorsshall be taken into account when selegithe most feasible solution

a) thetargeted size of the dataeentre

b) the critical IT load to power

c) required backup time for the load

d) the variable energy available from the P&hels

Three alternativetopologiesfor integration of PV source and a URSre studiedin order to find the best
trade-off betweentotal system efficiency, power density aggstemfeasibility.

4.1 PV INTEGRATION DMTA CENTREOWER ARCHITECTURE

The first phase of the study involved a literature review of the state of the art of the UPS system and its
environment 'Data Center' to understand the problems of photovoltaic integnaand the performance of the
overall system.

The PhotoVoltaic system can be integrated in different positionthe power chain of the Data Centes
described in Figure-4.

The first possibility would be to connect the PV panels directly at thetippuhe IT equipment, but by
definition, the PV production is not constant, and it could not represent a reliable source to feed the IT power.
Another possibility to integrate the PV power within the Datacentre i€danectPV productionsystem in

paralel with the grid which feeds the D@ia a PV inverter, whictonvertsthe DC power produced by th@I&r

system into an AGignalat the frequency of the gridTherefore DataCentre power consumption from the grid

would be reduced thanks to produced PV power. This configuration is interesting especially when PV panels
peak power could be higher than Datacenter power requirements, so the extra power wouldibgcted

into the grid.

Considering th case of GreenDataNet, where taenisto allowUrban Data Centres (Urban DCs) to reach 80%
of renewable power and decrease their average Power Usage EffectivenessR¥?p&hels would be installed
at building roof, so available surfafmr PV panels installation would never exceed datacentre surface.

Taking intcaccountthat:

- Average power densities range uirban Data Centres (Urban DCs) vary betw@&érto 2,5 kwm2[19].
- Maximum PV panel power density is 0.2kVd/at optimal conditions of 1400W/m2 of solar irradiation,
and panel efficiency of 14%.

Consequently, PV power could never beingcted into the grid because it could not be greater than
datacentre power requirements, moreover, this power could not even feeater than IT load power
requirementsin a DC at PUE > 20].Asa result if PV panel is integrateh parallel with the grid, conversion
losses will occur in order to feed IT load as seeffrignre4-1 Possible positions for PV power injection in the
DC power infrastructurewhich will reduce PV integration efficiency.
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Figure4-1 Possible positions for PV power injection in the DC power infrastructure

Taking into account the size thfe targeted DataCentrewhich could be small to midize, the critical charge we

KF@S G2 LI6SNI WLe [2F RQX |y R voliaic pandgs| tNehntost effient gl fof | 6 f S
take advantage of PV energy would be to connect them directly to UPS systems, so we could reduce the
amount of losglue to power conversion steps.

4.2 ALTERNATIVE SYSTENPOLOGIES

4.2.1 PV SOURCHEHITH A GRHZONNECTEINVERTER

A gridconnected PV inverter ithe UPS input would be a simple asiaight forward solution to integrate PV
source to theData @nter power distribution systemHowever,the overall efficiency of thgpower system is
low because ofour power conversion stagegsom PV array to the loadn a typical griecconnected P\nverter

a DC/DGconverterand a DC/ACGconverterare connectedn cascadeln this topology there ar@additional two
power conversion stageinside a UPS.
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Figure4-2 PV source with a grid connected inverter

Typical weighted efficiency for the commercial grid connected PV inverter is aboqt9966. Accordingly,
typical efficiency in double conversion mode for premiumn & & ! t { Q& 23] For&kma/cRbling c:"?
and connections about 1 % losses should be estimated. As a result, approximai@i¢e9total power
conversiorefficiency for the PV system can be achieved with this topology.

Another disadvantage in thi®pology is thespace occupied by separate PV invertéiso alditional cabling
and connections betwen separate units aricreasingotal system losses.

74.2.2 PV SOURCHEITH A DC/DLCONVERTER

Alternative solutionto integrate PV source and @PS is to replace inverter with the DC/Bd@hverter and
connect it directly to the D®us inside the UPS devidgompared to previous topologhére are two power
conversionsstagedessin this topology meaninghigher totalsystemefficiency.This topobgy alsgorovidesthe
possibility to integratehe PV interface into the same hardware platform with the UPS and energy stdtage.
will enable higher power ehsity and smaller footprint in Datae@ter facility. Reduced power cabling and
connections improgs also total system efficiency.

11
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Figure4-3 PV source with a DOC converter

Typical efficiency for the DC/DC converter in the PV interface can be as highg@9%§22] and it can be
integrated both electrically and mechanicallgirectly to the D@ink of the UPSEfficiency of the DC/AC
conversion inside a UPS can be higher tha#.9Bor external cabling and connectidess thanl% losses can
be estimated. A a result, approximately837% total power conversiorefficiency for the PV system can be
achieved with this topology.

74.2.3 PV ARRAY CONNECTHRECTLYO THE DBUS OF A UPS

The thirdtopologyalternative is to connect PV arrays directly to theliS of the UPSn this topology there is
only one DC/AC power conversion staigem PV source to the load. Theoretically, highest possible putaler

conversionefficiency about 9798%, could be reacheé with this solution. Also integration ratand power
densityof the systemwould be highest.

However,somedrawbacks are related this solutiomhe Dbus voltage of the UPIS regulatedand voltage
level has to be kept in certain limits in order to perform its basic operation as a UPS device. In this tBblogy
arrayvoltage should be specifidd that samenarrow voltage range.

PV panel is inherently monlinearcurrent sourceand its output powelis dependent on ambient temperature
and irradiation. Based orhat, there would beonly few operating pointand occasions when the PV source
wasable to generate power to the loa&o, this topolgy alternative is not a feasibfolution to be useds we
are trying to maximize the HW platform efficiency

12
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Figure4-4 PV array directly connected tche DC bus

4.3 OVERVIEW FOR THE SHIED TOPOLOGY

The conclusion of the topology analysishiat the most efficientand feasiblemethod to take advantage of the
PV energy is to connect it directly to ti¥Cbus of theUPSby using DC/D€onverter. Thisdecreasedosses
due to reduced number of power conversion stages, incragsewer density and provides flexibilifipr PV
array specification.

Theselected system todogy is presented in the figuteelow. It enables integration of PV source interface and
energy storage capacity into one HW platform. A PV and energy storage intedesigsis discussed more
detail in the following chapters.

The system topologghouldincludethe following functional blocks ansub-systems:

Rectifier for the utility inteface

Static switch for the utility bypass operation
Inverter for the load interface

Battery charger for the energy storageerface
The EV Hion battery

DC/DC converter for PV interface

=A =4 4 -4 4 -4 -4

PV array

13
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Figure4-5 Functional blocks of the HW system

The GDNJPS design is based on the integration of Eaton 93PMaufily andNissan Leaf EV batteries
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5. INTERFACE WITH PVWBRZE

The interface betweera PV array anda UPSis doneby means ofDC/DGconverter. Followingfactors are
specifying theénterface betweerthe PVarray andthe UPS:

a) Maximum allowed PV system voltage
b) DCbus voltage of the UPS

c) DC/DGconverter topology selection
d) Grounding of the PV array system

e) PV systenefficiency requiremerg

5.1 PV FIELBPECIFICATIONS FOGIE PV INTEGRATION

With the wide expansion of PV installations, different arrangements gbdélswith their associated power
converters have been developed to increase power production and reliability dPggenerators Figure5-1.

PV Field Topologie$n the followingchapter, most interesting system topologies will be presented, the most
adapted to GDN case will be retained, thteie needed power electronic converters will be studied.

75.1.1 REVIEW OPV FIELD TOPOLOGIES

Today, he most commontopology is the central inverterf1], which consists of using a single inverter as
interface between the PV field and the grid. In this configuration, the number of PV panels connected in series
is determined to correspond to the inverter input voltagenge, then several strings are connected in parallel

to meet the power constraint of the installation. The central inverter has usually a variable voltage input range,
which is possible thanks 8nDGDC converter installed at the input of the inverter

This topologyis very attractive because it is inexpensive, simple to maintain and mo@itothe other hand
the use of a single MPPT for the entire field does not make the optimum field power extraction; especially
when it is partially shaded.

Centralized String Multi-string Modular Parallel-connected Series-connected

N

KKK
N

NI

<
SR

L4AL AL 4L 4

FEOE
LR

ARAP
ik EE

Ny irixx

Grid 220V/50Hz Grid 220V/50Hz

Figure5-1: PV Field Topologies



The String Inverteconfiguration[2] consists irone inverter for each array of PV panels , also known as string.
This has the effect of increasing the numbeM®PPT in the field andlaws to havebetter continuity of service
comparing to the central inverter, upon failure of the inverter, for example. However, the overall cost of the
system increases and the string inverters efficiency are low when the solar energy is not enomnghedse

the efficiency of inverters at low insolation, improved concept caftedmé was developed. The team concept

is to reduce the number of inverters that convert the power of the field by installing controlled switches
between the strings at the level of the inverter. Similarly, the rrstiing inverter allows a single inver{ét,

while retaining the possibility of using a MPPT per stiiygusing a DC converter per string. The main
interest is to reduce the cost investment comparing with the use of string inverteradkyng the DC to AC
current conversiorin a single element,hie main inverter. @ the other side, service continuity and scalability
of this topology are reducebecause this maimverteris a single point of failure

The literature proposes alsotter modular systens, closer to the energy sour¢esuch as individdainverter
assemblies (or Modular Inverter) parallel/seresnnected DE@C topologied2]. The advantage of these
architectures is to reduce the impact of one panel on the overall operatidrihe field,because they always
extract the maximum energy fnm the PV field. In return, the increasing number of power electronics
converters considerably complicates the monitoring and the maintenance of the installation.

The modular inverter allows to provide power directly to the grid. Parallel topology usesst tonverter, per

PV panel/array, connected to a higher DC voltage (400 V), which is connected to an inverter. The series
connected topology also uses a DC converter per PV panel/array, but they are connected in series to
increase the conversion edfency.

Finally, centralized architectures have the advantage of being simple and inexpensive while the modular
structures may offer better scalability, continuity of service, and monitoimigare more expensive.

75.1.2 SELECTED TOPOLOGR 6ON CASE

Since tle UPS already has an inverter in its structure, inverter based PV field topologies are not adapted to
interface with the UPS. Therefore, selected PV field topologies for GDN case are slgures-2: PV Field
Topologies in GDN Case

16
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Figure5-2: PV Field Topologies in GDN Case

The following study will focalize on these architectite choose the most advantageoase regarding Data
Centrepower specifications

5.1.3 DGDC CONVERTERGSR PV, UPS INTERFACE

Protection equipment used for residential and commercial PV systems is rated up to 1000 VDC, so it is
important to make sure a Pdrray is configured so that this 1080It rating is not exceededOn the other

hand, the Débus voltage of the UPS is inherently about 720V, which determines the absolute maximum
voltage for the DC/D€onverter output voltage.

A stepup converter topolog could be a feasible solution for the PV arrays with maximum output voltage less
than 720V. Accordingly, a stefown converter topology should be selected if PV array voltage were above
720V but less than 100080, step-up converter topologyrovides mae flexibility and scalability for PV string
length and multistring specification.

Transformerbased DEDC topologies are interesting solut®mwhen a high setip ratio is needed or when the
system needs to be grounded, but since PV panel on the magsat n output voltage range between 30V
100V; comparing to DC link voltage of abo@0V, the maximum setip ratio could be ugo 20; in case of
modular PV field topologies which has one converter for each PV planealddition, security standards in
Europe better define security issues, which allovesovercome galvanic isolatiol€onsequently, transformer
lessDCGDC topologieare preferred totransformerbased ones regarding the high efficiency target

Among the varioussetup DCDC topologies, weamn distinguishthe three most interesting onegigure5-3:
Boost Based TopologieShese topologs is based on boost converter.

17
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Figure5-3: Boost Based Topologies

5.1.4 MPPT CONTROL

A good PV converter must be capable of obtagnthe maximum power available from any PV panel. The PV
converter can track the maximum power beipgovided by the PV panel any condition. When the power
output does not change dramatically, the converter is obtaining the maximum power from the péheh the

power reading changes significantly, the converter is tracking power according to the variation of the sunlight.
In GDNUPS design, perturb and observe (P&O) method is used for tracking maximum powd6point

The GDNJPS has two working modd§the power produced by the PV array is lower than the load, the boost
converter controls the PV voltage and track the maximum power point. Rest of the power to the load is
supplied by the utility mains or the battery. If the PV power is higher thandhd, Ithe D&us voltage may
increase above the acceptable level. In that case, the UPS rectifier or the battery converter must take care of
the DGbus voltage control.

5.2 OPTIMIZATION OF TREc UPS INTERFACE

Regarding the number of possibilities to builé/-BPS interface regarding PV field arrangements, power
converter topologies, power components technologies and power requirement accordirigata Centre
installation, it is difficult to select the most efficient interface bsingclassic iterative or coparing method.
Therefore,an optimization method has been adopted orderto find the best solution which could meet our
goals of increasing PV energy integratratio and improve PUE withiData Centre An optimizationtool has
been builtby EATONpedfically for GreenDataNet projetd help designing this power interface and choosing
the most powerful topology regarding power requirement, PV integration ratio and PV panels specification.

Finding optimakystemdesign is a sensitive task, which reqsigood knowledge of each component and its
effect on the systemfunctionality. Optimization procedure is an iterative process in whightem design
performance is evaluatetbr any variables vector many times, so modelling precision plays a principahrole
having best feasible solutions. Therefore, we chose to emulate real designing procedure, replacing simulation
software by analytical models which could accept real components, basing in their datasheets or further testing
information. Therefore, optinsiation procedure gets up best feasible variabénd components which fit
predefined objectives. Muhlbbjective optimization is adopted regarding its capability of bringing out taifle
between several objectives, which is the case in industrial degigere the efficiency oé converter is not the

only selecting factor, and where cost and power density have often an equivalent interest with respect to final
design. The best efficiency can be obtained using oversized components, e.g. magnetic cos)ploaeziore

the aim of thiswork is to optimizeP\AUPS interfaceegarding efficiency and power densitf power converter.

18



There are several methods to deal with midbjectives optimization[7], among these methods, Pareto
analysis, it does not give a single optimization result, but sums up the best compromises between several
objectives. Furthermore, Pareto solutions analysis could indicate the effect of design variables on each
objective.

The gtimization procedure starts by defining desired interface specification, including Power requirement
output voltage,DGDC Boost topologyRV integration ratio and PV panels specificatiohlso quality variables
limits are specified, as the maximal alled variations of ddink and PV panel output voltages and EMI limits,
which are the constraints during the optimization, other constraints related to design components are set
during the opimization in each model.

The free design variables and their itmare set, includinghe number of PV panel and EI@C converters
connected in series/parallethe switching frequency, number of power MOSFETs andi@des connected in
paralleland a database of several components based on their datasheets. Datasfwetation is extracted

as single values for components limits and as curve fitting functions for dynamic varigbleigure 5-4:
Optimization procedure flowchasd flowchart of the developed procedure for optimising the design variables is
shown.

Interface Specification
Pdc, Ppv, PV¥panel, Vout, Avdc ...

v

Optimizing variables

Nb parallel/series Panel, Nb parallel/series converter, Fsw, Mosfets, |

Diodes, Magnetic Cores, WindingWires, Capas, HeatSinks, Tjmax, |
MNparal, ...

2

[ PV field Model, PV panel Specs }

= PV field Arrangement

= Working Power Point Pn

Electrical Model of Converter 1
=» Current, Voltage, Flux density Waveforms J

= Losses in DC Capacitors
= [CCapacitors Constraints
= DCCapacitorsVolume

uopEDIy ey sanjes sajgelies Rziwndo

= Inductors Losses =»EMI Filer Losses
= InductorsConstraints = EMI Filter Constraints

=»Losses inSemiconductors
= Semiconductors Constraints

=¥ Inductors Design ‘ =» EMI Filer Design

uogenijipoly uiod Jasod Su o

= InductorsWolume = EMI Filter Volume FPnat100% @ HeatsinkDesign
= Heat Sink Constraints
= Heat SinkVolume
{ Total Losses = Efficiency at Pn }
=»Eurcpean Efficiency 1
= Converters Volume J
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Optimization Algorithm
Maximization of the European Efficiency, Minimization of the Volume

Pareto Optimal Designs

Figure5-4: Optimization procedure flowchart
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Based oninterface specifications and variables free vectd?V field arrangement is determined and
input/output voltage for each converter are derived, thé&post inductos value is calculated tgroduce
desiredcurrent and vdiage waveforms in each componentaveforms are then used in components models
to compute losses generate by each one, therefore, EMI filter and heat sinks are desi§hetefore,
objectives can be evaluated find Fareto front

In the followingparagraph optimization parameters and objectives are defined, thiea models ofPV panel,
the power convertersthe semiconductors and the magnetic components as well as DC capacitor are briefly
summarised.

5.2.1 OPTIMIZATION OBJEZHS DEFINITION

The MPPTontrol method usedo track permanently the maximum power point is important for extraction the
maximum of PV array energy. Batdrder to transfer the maximurpower to the load, convertess efficiencies

must be significant. e design of high efficient power converter for PV application is difficult since the PV
power changes according to severphrameters, such as irradiance, temperature, and meteorological
conditionsduringi KS &SI NJ a2 t+ O2y@SNISNR R2y Qi 62N] | ff¢
classical efficiency calculation based on 100% of power rate is not adapted for Pvtesigg

Since photovoltaic generators work in average between 30% and 100% of its rated power 80% of its operating
time, the European efficiendy], Equation5-1, is more adapted for the design of PV power converter, because
it takes in account the annual statistical analysis of different conditions.

.o =0.0377, +0.067,, + 0.131,, + 0.177;, + 0.487, + 0.277,,

Equation5-1

Where the index of represents the % of the photovoltaic delivered rated power and the coefficients
correspond to the statistic working time of each operation point.

% of the rated

Power converter powerof 4

conve o converter
efficiency Classical power converter

A

>

nmax ________

Desired power
converter

""" 100

""" 50
""""""""""""""" 30

—>

% of the rated power of
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| 1 ' I I
|
| :‘ .: :< ] :4 =: : converter
S 0 10y 20 1 30 ' 50 1 ' 100 1
[ L 1 | ' ' | ' ) n
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! ’ 1 > S S % of working time of
Y3, 0, 6 'Yy 13, 100, . 43 h H 20 ) converter

Figure5-5: Representation of the European efficiency expression as well as the efficiency characteristic evolution of a classitgdbBoos
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In order to extend I'Bquipment Data Centre owner seeks to improve poweensity in their installation. ¢t
this reason, designing power convertemust take into account this important factor by reducing the volume
needed for power conversion. Consequently, power density is set as objective for optimiziqgUiPé
interface, sahatt + Ay G S3A NI ( A thg¢power déBifiof thedta Cehtis.S

5.2.2 OPTIMIZATION PARAMERS

Optimizing result depends on optimizing parameters or system specification and the limits fixed in variable
definitions, i.e. the total number of PV panels and PV panel specifications wiltHenitumber of PV panels
connected in parallel/seriesFigure5-6; PV Field variableshows thegraphicrelation between optimization
parameters (PV pel spec &umberof panels) and the optimizations variables, where

- N=number of panels connected in series in each string

- M= number of panels connected in parallel in each string
- Kserie= number of converters connected in series

- Kparal= number ofonverters module connected in parallel

E—
4 kserie=2

|
1_Poost(im)
‘ Vi Boos f
VDCbus

|l||ppj£ll|

1L

I

——

=N 1 - QQQE

e e e e e e e e e

A4 aaa | AA A A LA

kparal=2
p v

=

el

Figure5-6: PV Field variables

Table 5-1 : Variables tableshows some optimizatiorparametersand variables and their definitienand
boundaries.

Parameer/Variable Ddfinition Limits

Total number of PV panels

Fixed by Integration ration & PV panel Power
Ntot
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1 < N < Nax=Ntot

N number of panels connected in serig
in each string

1 <M < Ma=Ntot/N

M number of panels connected i
parallel in each string

Kserie number of converters connected i Function of VpVVdC N et M
series
Kparal number  of converters - module - Fynction ofVpv, Vdc,N et M
connected in parallel
F Switching frequency of converter 20 kHz < F < DkHz
n L PV panel Curremnipple MA 273 F n L F pn 52
n+ RO Vdc voltage ripple 5% <V <10 %

Table5-1: Variables table

5.2.3 INTERFACE MODELINZERFOPTIMIZATION PREDWLRE

PV MODULES

Several models of PV cells exist and vary in complexity and ac¢isdcyhe model that will be retained in this
work is the onediode model that contains five parametesisshown inFigure5-7: OneDiode Model [16]

R I

5

[ =0

@5" ! Ry, v

Figure5-7: One-Diode Model [16]

The onediode model is the most widespread model used for PV cells and PV modules due to its low complexity
and good accuracy in the power generating quadrant. The PV ceklncad be adapted to PV modules by
modifying parameter values Iph, lo, Rs, Rsh, and Vt. The single diode model leads to a transcendental equation
shown inEquation5-2, based on PV module datasheet, this equatiam be solved by numerical determtien

using iterative algorithms[15]

V4R,

V4R, -1
I=1,-1,-le V' —-1|-———

I{sh

Equation5-2
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A. SEMICONDUCTORS:

The structure oboost converteruses a switching cell having two semiconductors switches withpanéllel

diodes, generally a diode and a MOSFET withartllel diode, beside the switching losses of the MOSFET an
additional switching losses caused by forced commutation of the didlide generated in both the diode and

the MOSFET, these losses is due to the reverse recovery of the diode. So the choice of the diode will affect the
total switching losses [8]. The models of the semiconductors take into account switching lossesegebgra

the recovery of power diode within the switching cell, which allows the comparison between standard diodes
and soft switching ones.

Based on the above calculated current and voltage waveforms;:darand turn off currents are determined,

then usingcurve fitting functions, extracted from datasheet for dynamic variables, conducting and switching
losses are computed in each switching cycle. As temperatures of semiconductors are optimizing variables,
losses in semiconductors are calculated for a gteamperature without any iteration.

RMS and maximum value are also computed using numerical methods then they are compared to
semiconductors limits extracted from datasheet, therefore constraints on each semiconductors are evaluated.

B. HEATSINK:

In thisversion of optimization, a single source model has been used to design heat sink for each semiconductor
component. As mentioned above, to avoid eleethermal model which needs a lot of iterations,
semiconductor temperature is set as an optimizing vagablurthermore, based on models proposed by [9],
natural/forced convection and radiation coefficients are calculated regarding heat sink efficiency, which
depends on fins geometry. Then heat sink length is calculated to reach the given junction temperature

B. MAGNETIC COMPONEN

The design of magnetic component is a particular case in power electronic designs regarding the multiples
phenomena inside, furthermore the fact that they does not exist as a single component with its own datasheet.

Design modehas to deal with magnetic cores and winding wires to get a proper design. In our case for
inductor design, characteristics of both magnetic core and winding wire have been taken into account, toroid

cores have been chosen for their high power density raind also siad wires and itz ones have been

introduced. The model starts by calculating the number of turns needed to get out the inductor value based on

core information, and then it evaluates the feasibility of the design with the preselected windiagThe next

atsSL) Aa G2 SadAaylrdsS GKS t2aasSa 3ASYSNI GSR gAGKAY (GKS
G2AYRAYy3I f2aalSaé¢o

Based on inductor current waveforms and on core datasheet, time variation of the flux density has been
determined. hen the core losses can be calculated based on equations given in the datasheet [10], where
coefficients are utilised for characterising the iron losses within core material in function of the rate of change
of the flux density (dB/dt) and switching frequey. According to core both geometry and material, saturation

of core is set as an optimizing constraint.
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For winding losses, Dowell 1D model has been used to describe the inductor [11], which approximates winding
layers comprising multiple turns of roundire with an equivalent rectangular conducting sheet, the current
distribution change caused by this approximation is considered equivalent to a difference in conductivity. As
toroid cores winding layers length are not equal Fig. 4, winding losses awtatadtfor each layer by devising

the losses into proximity effect and skin effect losses as proposed in [12], Dowell representation is accurate for
closelypacked windings [13], which gives us a design limit to be set as constraint in the optimization
procedure.

W2)

1=2.7(R,., —¢/2)

Y4

a) Winding layers in toroid core b) Transforming litz wires into conducting sheets

Fig. 4 Dowell model apply to toroid core [12]

C. DC LINK CAPACITOR

DC capacitor and its contribution to converter power density effitiency is not negligible, particularly in UPS
system, where neainstantaneous protection of load from short power losses of the grid is claimed. The model
of capacitor evaluates each capacitor and determines the number of capaoieded to minimisevoltage
variation, and achieve a hold up time capability. Several constraints are set on voltage and current variations
tolerance within the capacitor, then capacitor losses are calculated based on ESR value given in the datasheet.

5.2.1 OPTIMIZATION RESULTS

The optimization tool gives the specifications to build the most efficiertUP® InterfaceTable 5-2 :
Optimization Solutions Specificatiomsntains some solutions specifications resulting from the optimization
22t GKS ydzYoSNI 2F LI NI ttSt O2y@SNISNI O2yySOiGAy3 t
panels connected in series & in parallel at the input of each converter, switcleiggefincy at which converter

works to boost conversion efficiency, and power components needed to build this converter, like magnetic
core& winding wirefor boost inductor andMosfet & Diode to reduce power losses within the converter.

I+

98.5 15 2 2 58000 'T40026B' 2 1 2
98.1 15 1 4 58000 'T520652' 2.8 1 2
97.9 15 1 4 58000 'T30040' 1.7 1 2
97.6 15 1 4 39000 'T400630' 1.25 1 2
97.5 10 2 3 62000 'T52040D' 2.65 1 2
97.4 12 1 5 60000 'T6502' 2.36 1 2
97.2 15 1 4 58000 'T400630 1.25 1 2
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96.6 5 2 6 51000 'T52026' 3.75 1 2
96.5 10 1 6 68000 'T52040D' 2.5 1 2
96.0 5 2 6 51000 'T300640' 2 1 2
95.9 15 2 2 51000 'T300640' 2 1 2
95.7 5 2 6 60000 'T30040 2 1 2
95.6 15 1 4 58000 'T40030" 1.25 1 2
95.4 6 1 10 53000 'T52040° 2.24 1 2

Table5-2 : Optimization Solutions Specifications

The tool was tested foa PV plahof 10kWwith 60 commercial PV panels (180W/72Cells/3@EDC boost
topology waschosento build the PYWUPS interfaceThe tool gives distributke results as dunction of each
objective, here European efficiency & system size are fixed as objectives, sorsolcgio be evaluated
depending on thevanted performance.Figure5-8 shows the different possible solutiongpresented ablue
stars, to build the irgrface between PV field and the DC link of the UPS by using 2 parallel converter, matrix of
15 series*2 parallel PV panel was connected at the inputawth converter. In the same figure, red circles
characterize Pareto optimal solutions, where best edficy does not mean best power density, so a
compromise between this two objectives has to be made to choose the preferred solution.

Py Conversion System Size(l)

45

Solutions for 2 paral Converter & PV String of 15 Series & 2 Paral Panels

T P

96.5 97

975 98 985

European Efficiency (%)

Figure5-8: Solution for 10kW PV planet havingR2/ matrix of 15*2Panel connected tdCGDCconverter

99 95

Running the optimization for different scenarios, with different number of parallel converter and different
possible connections of PV panels, as explaingoamagraphés.1.5.1.2 ¥ 3AA @S &
Pareto Front for different possible connectignghere a Pareto Front for each scenario was plotted. The figure
indicate that Pareto Frontwith fewer power convertershave better solutionsAlso, increasing PV panels

connected in series improgg@ower conversion efficiency.

NBFagdre5iD:a
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PV Conversion System Size(l)

—€— Nb Converter=2, Nb PV Series=15, Nb PV Paral=2
—=&— Nb Converter=3, Nb PV Series=10, Nb PV Paral=2

—&— Nb Converter=4, Nb PV Series=15, Nb PV Paral=1

—&— Nb Converter=5, Nb PV Series=12, Nb PV Paral=1 []

—&— Nb Converter=6, Nb PV Series=5, Nb PV Paral=2

Nb Converter=10, Nb PV Series=6, Nb PV Paral=1
—€— Nb Converter=12, Nb PV Series=5, Nb PV Paral=1
—6— Nb Converter=15, Nb PV Series=4, Nb PV Paral=1

i i g

—&— Nb Converter=20, Nb PV Series=3, Nb PV Paral=1

a7 97.5
European Efficiency (%)

95 95.5

Figure5-9: Pareto Front for different possible connections

Therefore, to build an efficient PMPS interface for 10kMWMPplart, a 2parallel converter system would give

the best conversion efficiency with a minimwh power density.
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6. INTERFACE WITH THESSIAN BATTERIES

The Nissan Hon battery system is originally designed for electebicle (EV) application, while the UPS design
is optimized forstationarylead-acid battefes Requirementsfor EV batteries arelifferent compared to lead
acid technology, which is conventionalg. in [ta Center batteries Those differences arkeadingto various
challengesind tradeoff in the interface design between Nissan battery and the Eaton UPS.

Major issuesvhich arerequiringspecificattention in the battery interface design

i Voltage matching between the battery and the rest of the systema isey issue. Specifically,
because operating voltage range of Nissan battery is lower thanvoltage typically useth 3-
LKIF&asS !'t{Qa

i Operationand functionality of the EV battery system deviate from the conventional E}3&m
functionality

1 Gommunicationprotocolsof the Nissan battery and 93PM UPS riegsi coordination

i General safety issues related telan batteries

6.1 OUTLINE OF THEATTERWTERFACE

Outline of the Nissan battery interfaée described in picture belovt consiss of up to fourparallel connected
battery packsthe Battery Management System (BMS), power supply and aThe$naster controller (MCU) is
physically located inside the UPBach battery pack indlies internal high voltage relay which connect or
disconnecthe pack falowing the demand.

Power —————>
CAN
RS485 =3

Master
signal

(command
start/stop)

24 kW Battery Pack

BMS Battery Pack

Battery status
monitoring and
confrol

1 24 kW Battery Pack

BMS Battery Pack

24 kw Battery Pack

BMS Battery Pack

24 kW Battery Pack

PSU BMS Battery Pack
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The operation principle of the system is as follows. The BMS is monitoring and controlling a state of the battery
packs. Internal CANus is used for communication between BMS and battery packs, while communication
between MCU and BMB based on the R&5. The dmand to transfer to the battery mode operation is
initiated by the MCU. Accordingly, the MCU will send a command to the BMS when transfer back to other, e.g.
grid operation, mode is acceptable. The BMS will switch ON or I@@FRigh voltage relays inside the battery
packs according to MCU commands.

6.2 NISSANBATTERY PAGIKND 93PM BATTERY CGEHRTERBPECIFICATIONS

Nissarbattery pack ha$ollowing technical specificatior{48] :

Nominal voltage 360 V
Operating voltage range 240¢ 403 V
Initial capacityfor new battery(@ 0.2C discharge) 24 KWh(~66 Ah)
Estimated capacity for secodifie battery 17 kWh

Max. discharge current 400 A

Max. charge current 200 A

Nominal cell voltage 3,8V

Number of cells in series 96

Batteryconverter

operating voltage

range

Specification for the battery converter of the 93PM UPS is presented in the table below. It shall be noted that
the UPS is automatically limiting charge current to 16.5A, if the load is more than 40 kVA. Wheadtieléss
than 40 kVA battery charger is able to charge battery simultaneously at 29.3A current.
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