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Abstract

As part of the Institut fir Solare Energieversorgungstechnik (ISEV)in Kassel, the
Design Center for Modular Supply Technology (DeMoTec) has the fasilfe testing a
variety of low-voltage power grid configurations. These configuratiamsist of decen-
tralized power generation components in the kilowatt range. Transient siomsl@f com-
ponents and grid configurations with MATLAB/Simulink, ATP-EMTP and SIMPFRER
support research activities in this field. The aim of this work is to add d@tHdaol - Pow-
erFactory- which offers additional features for this application. All four simulationl$oo
have their own specific characteristics which make them most suitable farybar appli-
cations. This work investigates the featuredPofverFactorydeveloped by DIgSILENT.
The investigation uses components for grid configurations which are lalegileDeMoTec
in order to verify the results of the simulations by measurements.

The island grids which are investigated comprise three components: a ttiatiad
battery inverter which is able to form a grid, an asynchronous genesdiich simulates
the feed-in of wind power, and a load which represents consumers einddmsumption
behaviour. In order to allow these components to be useebimerFactory this work
presents the following three parts for the implementation of the componentsisnode

1. PowerFactorydoes not comprise a generic model for a battery inverter. However, sin-
gle phase models in MATLAB/Simulink and ATP-EMTP are available which delive
details for the development of RowerFactorymodel. For the implementation, the
available models are enhanced to a three phase model and adjusted to theasimula
environment oPowerFactory

2. PowerFactorycomprises a model for asynchronous generators. This generic model
is adjusted to the considered asynchronous generator in DeMoTecelddtecal
parameters of the analysed asynchronous generator are measuhésl ddjustment
process and an optimisation process is performed to determine best fitimgaiars.

3. A generic model for loads is availableBowerFactory It is adjusted to correspond
to the loads used in DeMoTec.

The models implemented PowerFactoryform different configurations of island grids.
Within these island grid$2owerFactorysimulates characteristic load changes. The selected
components enable measurements of the same load changes in the samdigrticatioms
in DeMoTec. A comparison of the measured and simulated data shows aguogaience
with few deviations.

This thesis uses the power system analysis RmaerFactoryfrom DIgSILENT for
transient simulations of decentralised power generation components iroltage grids
which operate with a variable frequency and a variable voltage. Morgibve thesis ver-
ifies the simulation results and illustrates their quality by comparing measuredtdzga a
MoTec with simulated data usingowerFactory Finally, one of the advantages of this
simulation tool is presented by simulating a large grid configuration which isvadtale
in the limited laboratory environment of DeMoTec.
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1 Introduction

At present, there are two main developments in the powepse@n the one hand, people
in developed countries face the beginning of a structurahgk in the power sector from a
centralized power system with large power plants usingilfes& nuclear power to a more
decentralized power system with smaller and dispersedpolaets partly driven by renewable
energy resources. On the other hand, there is an increasmgrdl for power in developing
countries. Especially in remote areas without connectquoiver grids, an increasing number
of island grids for rural electrification are installed.

In order to comply with the emerging challenges of this ragtiring process, ISET (Institut
fur Solare Energieversorgungstechnik e.V.) in Kasselgoaré considerable research in these
topics. For these research activities, a laboratory, @ddlleMoTec (Design Center for Modu-
lar Systems Technology), is equipped with a large variegiftérent low-voltage decentralised
power facilities in the kilowatt range, e.g. diesel generstwind power simulators, distribution
system simulators for low and medium voltage, photovoltarerters, battery inverters, batter-
ies, photovoltaic-battery systems and loads. A crossbactswabinet connects these facilities
for power transfer and an Ethernet network enables comratioicbetween them.

In order to support research activities in this field, transsimulations of components and
grid configurations are performed with MATLAB/Simulink, ATBMTP and SIMPLORER.
The aim of this work is to add a fourth toolPowerFactoryfrom DIgSILENT - which offers
additional features for this application.

Each of these four simulation tools has its advantages asatldantages. One feature of
PowerFactoryis the possibility to enlarge grid configurations by addiibgeneric models
of grid components ranging from low-voltage to high-vokagMoreover, a variety of addi-
tional tools for analysis of power grids are implementedPowerFactorycomprising power
flows, short circuits, harmonics, reliabilities and stdieis. Together with interfaces for GIS
(geographic information system) and SCADA (supervisorytimdrand data acquisition), this
variety of features establishes a wide range of functitiralimplemented irPowerFactory
However, one disadvantage BbwerFactoryis the lack of standard generic models for low-
voltage power generation components, e.g. photovoltasetigenerators and battery inverters.
Consequently, they have to be developed individually. Deffé model studies on wind energy
converters improve the functionalities BbwerFactoryby additional models. Similarly, this
work delivers an additiond?owerFactorymodel for Sunny Island battery inverters.

This thesis assesses the possibilitieP@iverFactoryby the simulation of switching events
in island grid configurations. It uses components for thegkapnfigurations which are avail-
able in DeMoTec in order to verify the simulation results bgasurements. The investigated
three-phase island grids comprise a bi-directional batiarerter which forms the grid, an
asynchronous generator which simulates the feed-in of yaweer, and different kinds of loads
which represent consumers and their consumption behawtith these loads, characteristic
load changes are simulated. A comparison of the data froorm#esurement in DeMoTec and
the simulation inrPowerFactoryshows the congruency of the simulation to real system behav-
iour.
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This thesis is structured into three main parts. Chapter @rites the development of the
models of the battery inverter and the adjustment of the@spmous generator and the loads
for their implementation irPowerFactory Simulations of load changes in grid configurations
with these models are described in chapter 3. A comparistwelea the simulated data and
the measured data in DeMoTec verifies the applicability ef ttodels and the accuracy of
simulations compared to tests in DeMoTec. Finally, chagteescribes the simulation of a
connection of an asynchronous machine in an enlarged grifigewation, which consists of
more components than available in DeMoTec.



2 Models

The following three chapters comprise the description efttiree analysed models. Firstly,
a model of the three-phase Sunny Island battery inverteevsldped. Secondly, a parameter
adjustment for the asynchronous generator model is peedrand, finally, the parameters of
the load model are assessed.

2.1 Battery inverter

In the case of a modularly expandable island grid it is neogsthat one of the components
is able to guarantee stable power system conditions by kegdpée set voltage and frequency
in order to supply different consumers. High power qualgycharacterised by a sinusoidal
voltage of a certain frequency with low harmonic distorti@@ne component which is able to
perform this task is a battery inverter. It uses a battery baffer to balance the fluctuating

energy generation by solar or wind energy and the fluctuaimegrgy demand. Additionally,

the analysed battery inverter is able to manage the demahtharsupply side. Therewith, an
optimization of the total system behaviour is possible.

In this thesis the bi-directional battery inverter Sunniansl 4500 from SMA is analysed.
The three phase system analysed is shown in figure 1. It iseotewh with a 14 kWh battery
bank as storage. The technical specifications of one batteeyter representing one phase of
the three phase system is presented in table 1.

Figure 1. Three phase Sunny Island system in DeMoTec. The three one phasg Biland battery
inverters (yellow boxes) are connected to the AC-Bus (red) and to tteryphank at the bottom.
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Table 1: Technical specifications of the Sunny Island 4500 battery inverter 8dA [SMAO04]

Continuous output power 3300 VA
AC output power for 30 min (ambient air temperature’29 4500 VA
Maximal output power for 20 sec 6600 VA
Maximal efficiency >90 %
Nominal battery voltage 60V
Nominal battery current 60 A
Nominal RMS output voltage 230V
Nominal RMS output current 16 A
Nominal frequency 50 Hz or 60 Hz
Range of RMS output voltage 200V -260V
Range of frequency 48 Hz - 62 Hz
Harmonic distortion in output voltage <3%
\oltage ripple <5%
Weight 45 kg

The Sunny Island battery inverter has three different dpeyanodes (cf. [SMAO04]). These
are the grid-tied mode, the grid-forming mode and the droogdenn grid tied mode, the Sunny
Island complies with the voltage and frequency which is aefiby an additional component
of the island grid that itself forms the grid. In grid-forngimode, in contrast, the Sunny Island
keeps the voltage and the frequency of the grid autonomaaslyconstant level. In this mode,
all other components in the grid have to operate as gridrotbetl power generators or con-
sumers. The task of the grid former is the stabilization efflequency and the voltage of the
grid. A grid former is considered to be a voltage source. imi@st, other grid components op-
erated in parallel or supporting mode are considered to rermmusources. However, the focus
of this thesis is on the droop mode which is an advanced griahihg mode. In droop mode,
the Sunny Island varies the grid’s frequentydepending on its current active power supply
P (cf. Figure 2), and the grid’s voltagé depending on its current reactive power sup@ly
(cf. Figure 3). In case that the active power supply rises,ftquency is reduced starting
from the nominal frequency,. The slope of this droop is a frequency reductidifi of -2 %
of the nominal frequency or 1 Hz when reaching an active paupply of the nominal active
power Py. In case that the reactive power supply rises, the voltagedisced starting from the
nominal RMS voltagé/,. The slope of this droop is a voltage reduction of 6 % of the inam
RMS voltage with reaching a reactive power supply of the nafmeactive powee) .

The Sunny Island battery inverter also tries to affect thd'gfrequency according to its
battery state. If the available power on the AC bus of theesyss higher than the power de-
manded, all Sunny Islands will charge their batteries ahdhle idle frequency slightly rise,
analogous to the amount of energy stored in their battefies.other way around, if the avail-
able power is less than the power demanded, the missing dmwdLine fed into the AC bus by
the Sunny Islands, slightly reducing the AC frequency.
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Figure 2: Frequency-active power droop [SMAO4]
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Figure 3: Voltage-reactive power droop [SMAO4]
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The droop mode with a frequency droop and a voltage droowallo connect several Sunny
Islands in parallel each acting as a grid-forming devicesoAbther grid-forming elements
can be connected if they are capable of automatically symiting themselves to the grid
or have a droop characteristic. Therewith, the droop moddler a simple expandability of
supply systems. Additionally, it is possible to distribthie share of load automatically by using
different slopes for the droops.

Figure 4 shows the principle structure of the Sunny Islaritebainverter (cf. [Eng01]).
The battery is connected with the grid via a bidirectional @daverter [Cuk77] which is
connected to the DC link of the inverter. It boosts the DC agdt of the battery to a higher
DC voltage. Therewith, it substitutes a transformer. Thi& between the Cuk-Converter and

Fo-—--—- - T -m-m-m-m-m-———e
1
= |
T I 63ADC | 16AAC]
|
Battery ! : Island Grid
60V : 1 230V, 50/60 Hz
|
Bat. Temp. | == —— | Relay K1
Diesel Voltage | —> Control —— : Relay K2
Diesel Current :—’ 1 Relay K3
|
i Relay K4
. I |
Service | : Relay K5
. 1
Communi- - | Relay K6
; |
cation | : Relay K7
Three-Phase |
Operation : : Relay K8
|

Figure 4. Structure of the Sunny Island 4500 battery inverter [SMA]

the AC grid is a single phase inverter. This inverter can berajed in the above mentioned
different operation modes. The voltage output of the irreid controlled by the controller
which is described below. The topology of the inverter is iddp circuit connected with the
battery centre. Therewith, a supply of unbalanced loadsrbes possible. However, it leads to
a unbalanced discharge of the two halves of the battery niegwseparate load control. Input
signals, e.g. the temperature of the battery or informakigrpower line, are used for the
operation control which controls the battery, power getiegacomponents and consumers via
relays.

2.1.1 Droop Control

[Eng05] derives the applicability of the conventional geightrol concept with frequency and
voltage droops in low voltage grids. This concept enabldsmdancy as well as expandable
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distributed systems and avoids extensive communication.

The coupling of the voltage sources can be assumed to betwelac resistive. In case
the voltage source inverters are coupled directly, the lnogips inductive because of the induc-
tances of the filter for pulse suppression and of decoupéagtors.

A coupling of two inverters (cf. [Eng01]) with the voltage gdorsU, and U, with an
inductivity L = L, + Ls (cf. Figure 5) in a grid with a frequency af results in an active power
P, and a reactive powep, of the inverter with the voltage phasbr, of

p - Unass Unsss—AU) g § ~ [(9) @
Q1 = U(%]‘L/[S _ URMS(UL];ZLMSiAU)COS5 ~ f(AU) : (2)

In these two equation the RMS volta@e ;s resulting from the voltage phasor, is used as
well as the difference between the RMS voltages of the twageltsourcealU and the phase
shift 9 between the voltage phasdrs andU,. For small angleg, the active power mainly

equivalent circuit phasor diagram

Figure 5: Equivalent circuit and phasor diagram of inductive coupled voltageces [Eng05]

depends on the angbewhile the reactive power mainly depends on the voltage idiffee AU .
This dependence leads to a decoupling which enables a sepdhaence on active and reactive
power. Assuming standard values for the inductahceven small differences in voltage and
phase cause high currents between the inverters which thanweglected. Therefore, a fast
control is required. This high sensitivity is the reason ttoe impossibility of inverters with
fixed frequency and fixed voltage to operate in parallel beedluere are always deviations due
to tolerances of the sensors, references, temperatuteagyging and unequal crystals.

The described approach is appropriate for direct couplfngverters and in case of a cou-
pling with high voltage cables because in both cases thesindlel of the resistances is negligible
compared to the influence of the inductivities [AG71, pagg3672]. However, in low voltage
grids, a coupling with low voltage cables (cf. [Eng01]) rksin a main influence of the resis-
tancesk compared to the inductances (cf. figure 6). Resistive cogpesults in the equations
for the power

P = U?}%MS . URIVIS(U;MS_AU)Cosé ~ f(AU) (3)
0, = M&'n(s ~ f(9) 4)
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Figure 6: Equivalent circuit and phasor diagram of resistive coupled voltageces [Eng05]

which show an inverted interdependence compared to antimduwoupling. In case of a re-
sistive coupling, for small angles the active power mainly depends on the voltage difference
AU while the reactive power mainly depends on the angle

The comparison of the droop concepts for the low voltagel ievfEng05] shows that as-
suming inductive coupling is advantageous compared tstresicoupling because it is com-
patible with the high voltage level, compatible with rotafigenerators representing traditional
control techniques in the power grid and allows active patvgpatch. Resistive coupling does
not have these advantages of inductive coupling. Thusnibi€ompatible to the public power
grid. Despite of these advantages of inductive couplintiyapower consumption results in an
exchange of reactive power depending on the location o&etiém. An approach would be to
compensate the low voltage lines in order to achieve a velktagtrol with lower need for reac-
tive power by reducing the phase shift between inverteiagaltand grid voltage. Nevertheless,
droops for inductive coupling should be applied even in lmitage grids because simulations
showed no problems within a distance of several kilometnelsr significant influence to the
active power distribution (cf. [Eng01]).

2.1.2 Parallel operation

The frequency droop determines the active power of a baitegrter and the voltage droop
determines the reactive power. Droop controlled compankate characteristics to power
changes which are comparable to a primary controlled pydiger grid. The slope of the
droop of the grid-forming components defines the poweribigion between them [Leo80].

For parallel operation, it is necessary that all inverteagehthe same frequency and the
voltage as well as the phase differences are very small ier@odreduce losses due to power
exchanges and to ensure a stable operation. For stabldiopethe three parameters have to
be adjusted to ensure voltage stability, frequency stghaind phase angle stability. In order
to achieve parallel operation without the need for commaftion to synchronize, each inverter
needs an own reference for voltage and frequency, whichttehave tolerances. Additionally,
each inverter has to control its frequency, phase and wléxgctly. Therefore, the inverter
needs information about the time dependent grid voltagetamairrent.

Figure 7 shows the control approasalfsyné™. The selfsynd™ control approach com-
prises the four parts power acquisition, decoupling, dsompd voltage reference. First of all,
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Figure 7: Control approacBelfsynd™[Eng01, Eng05]. This approach is divided into four parts. Firstly,
the active and reactive power is acquired from the current and thegeolt&econdly, the values are
decoupled. Thirdly, the droops influence the frequency, phasedtadje amplitude which define in the
last part the voltage reference.

the power acquisition determines the active powend the reactive powép using the voltage
u and the current These values are decoupled by using first order time ladstiéttime con-
stants’l,,.., andT,,.... This decoupling helps the power acquisition to considendast and
non linear current changes by smoothing them. These laganategous to the time constant
of the torque of inertidl,,.., and the excitation time constamnt,.;;. which occur in rotating
generators. The delayed values of the active and reactiwverpare the input for the droops.
Each droop is defined by its slope and its rated valued. Thyémrcy droop has a rated value
fo and the slopet;, the voltage droop has a rated valugand the slopet,, and the phase
control has a slopet/, which is defined by grid stability considerations. Thessoghs generate
the voltage reference signal,; = |u| x sin(27 ft) + .

Inverters using this control approach are able to exparstiegigrids without compatibility
problems. The compatibility ofelfsyndwith rotating generators is shown in [Van01] and
with the grid in [Har04].

2.1.3 Sunny Island Model inPower Factory

One task of this thesis is the development of a model impléeganPowerFactoryfrom DIgSI-
LENT which enables the simulation of a three phase Sunnydistystem. For simplification,
the real system components battery, Cuk-converter, andtémvef. figure 4) with its pulse
width modulation are considered to generate a sinusoidavdidge. Therefore, the imple-
mented model uses a controlled AC voltage source represghise components of the battery
inverter.

Figure 8 shows the analysed gridRowerFactory The elements of the grid are described in
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Busbar

Cap. Load Ind. Load Ohmic Load3 Ohmic Load2 Ohmic Load1 Asyn. Gen.
/[ V \

AC Voltage Source

Reactor

Sunny Island

Figure 8: Analysed grid irPowerFactory The grid comprises different components which are connected
via the busbar. On the left hand side, there are ohmic, inductive anditte@éoads. In the centre, there

is the Sunny Island battery inverter comprising the AC voltage source amuutpat reactor. On the
right hand side, there is the asynchronous generator.

the following chapters. First of all the Sunny Island battiewerter is described in this chapter.
The controlled voltage of the voltage source is the inputh autput reactor of the Sunny
Island which is directly connected to the analysed grid. ifiaén structure of the Sunny Island
battery inverter model is shown in figure 9. Its purpose iscibrgtrol of the AC voltage source.
Unfortunately, it is not possible to specify all the paraenetalues which are used in the model
because they are confidential data of SMA. Thus, they areutdighable.

The main structure of the model (cf. figure 9) is divided inte three phases (A,B,C)
represented by three rows. The first column of the structbhosvs the current and voltage
measurement of each phase. The points of measurement avatthe reactor of the Sunny
Island for the current ‘imeas’ [kA] and the AC voltage souméput for the voltage ‘umeas’
[kV]. In the second row these measured signals are the irgpuoalculate the active power
‘Pgrid’ [W] and the reactive power ‘Qgrid’ [VAr]. This calcation is performed within the
block ‘PQdetermination’. Another output signal is the meas current ‘I_Load’ [A]. The
third column of the main structure contains the droop cdler® of the Sunny Island, one for
each phase, a master droop controller ‘Droop Master’ fosplfaand a slave droop controller
‘Droop Slave’ for phase B and phase C. The master droop ctertigenerates output signals
for the voltage of each phase which result from the droopastaristics. While the generated
voltage for phase A is directly given to the controller, whis visible in the fourth column
of the main structure, the output signals of phase B and p8a& syn’ are synchronizing
signals which guarantee the same phase and frequency beh#&or all three phases. The
synchronizing signals are input signals for the slave droaqtrols of phase B and phase C
which generate the respective voltage for their phase. élkeltage signals ‘Uinv’ are the
input of the ‘Controller’ in the fourth column. Each conteallcomprises a voltage controller
and a subordinated current controller for the capacityenurof the filter which consists of a
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Figure 9: Main structure of the Sunny Island Model FowerFactory The three phases of the AC
voltage source on the right-hand side are controlled by three similar rgwssenting the respective
phase. In the first column the voltage and current measurement takes pfecmeasured values are the
input of the ‘PQdetermination’-calculation in the second column which previde measured power to
the droop elements in the third row. The droop element of the respectige pledines how the output
voltage has to look like. Together with the measured current, the respesfivence voltage is the input
of the controller. The controller controls the voltage and the capacitoeruof the included filter. The
output of these controllers define the generated voltage of the AC volbagees
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capacity and a inductivity. The output signals of these rdietrs ‘U_A', ‘U_B’and ‘U_C’ are
the generated voltages for the AC voltage source. In theviatlg chapters, the elements of
column two three and four are described in more detail.

Determination of active and reactive power Using single phase inverters requires a fast
power measurement because no phasors are available. [Blewpped a method for this task
based on a ‘verallgemeinerter Integrator’ (V1) develope¢Bur97]. The principal structure is
shown in figure 10 consisting of a proportional elemént/wy and two integrators with the
slopewy in feedback loops. Its resonance frequengycan be adjusted to 50 Hz corresponding

Wy On

i u
u o

\

Op
. 7 LU

Figure 10: Verallgemeinerter Integrator [BurO1] consisting of a proportional eléni&n/wy and two
integrators with the slopey in feedback loops. The output signals of the integratorsiarandu.

to the grid frequency. In case that the VI is excited by an irgignal v of this resonance
frequency, the amplitude increases continually. This bielia is an integral behaviour.

The challenge of single phase power measurement is thasonlgoidal signals of voltage
and current are available over the time, in contrast to pisabat are available in three phase
systems. However, phasors require orthogonal componEnisis achieved by using VIs with
additional feedback loops (cf. figure 11). This method gatesrthe orthogonal componeits
andig for the current phasor as well as the orthogonal compongntdw s for the voltage
phasor. This orthogonality results from a°9thase difference between the output signals of
the two integrators. Further characteristics of this metace a filter characteristic resulting
in an output of the fundamental oscillation and no drift of ihtegrators resulting from the
feedback loops. Therefore, the integrator gains are ajust the grid frequencyy. The
proportional element determines the damping. In steadg,df@e« - component is identical
to the fundamental oscillation of the input signal. In caka constant component of the input
signal, it does not influence the- component, only theé - component.

Generally, the apparent power phagds calculated with the equation

S=P+jQ= Lai* = Luy + jug)(in — jig) - (5)

Therein orthogonal components express the phasors of ltlage@nd current. The complex re-
sult of the product of voltage and current is separated iméaband imaginary part. Therewith,
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u _i — Lua

Figure 11: Determination of the active powd? and the reactive powep via two VIs from the mea-
surement of the voltage and the curreni [Bur01].

the real part is assigned to the active power

P= L(uia + ugis) (6)
and the imaginary part to the reactive power

Q= ;(upia — uais) . (7)
Additionally, this method gives results for the magnitudéhe voltage

= ul = g+ ®

and the magnitude of the current

i=li|= Ji2+3. (9)

From these magnitudes, the root mean square values of ttaggol
Upms = /2 (10)

and the current

Loms = 1/V/2 (11)
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can be calculated. The determination of the power and theniags is achieved in less
than one time period of the grid frequency. Due to its filteareltteristic, this system mainly
determines the values for the fundamental oscillation.

In PowerFactory this power acquisition displayed in column 2 of figure 9 ipiemented
with the block definition ‘MeasurementDeviceUItoPQ.BIkDEff. figure 11):

Nane:
Measur erment Device U toPQ

Qut put Si gnal s:
Panal , Qanal , i measkA

I nput Signals:
uneas, i neas

State Vari abl es:
X1, x2, x3, x4, x5, x6

I nternal Vari abl es:
UVIL, UVI2, UVI3, UVIi4, WVIS5 UA UB IVIL IVI2 IVI3 IVI4 IVI5ITAIB
Ureas, | meas, Panal kW Qanal kVAr, Ur s, | ris, Urns_act, | rms_act

Addi ti onal equati ons:
'lnitialization
inc(xl) =0

nc(x2) =
nc(x3) =
nc(x4)
nc(x5)
nc( x6)
nc( UA)
nc(UB) =
nc(lA) =
nc(IB) =
nc(Panal) =
nc(Qanal) =
nc( Panal kW

nc( Qanal kW
nc(i measkA)

ol eolNeololNolNolNolNolNo]

I o o

0
0
0

I Conversion fromkV and kA to V and A
Uneas = 1000 * uneas

Il meas = 1000 * ineas

i measkA = i neas

! Verall geneinerter Integrator for voltage
UWI1l = Umeas - UA

UWI2 =sqrt(2) = LVl
Wi3 =uvi2 - UB
WIl4 = 100 = pi() » UI3
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UI5 = 100 = pi() * UA
UA = '\ Li brary\ Model s\ d obal _Macros\ 1/s. Bl kDef’ (UVI 4; x1; ;)
UB = ’\Li brary\ Model s\ d obal _Macros\ 1/s. Bl kDef’ (UVI 5; x2; ;)

! Veral l geneinerter Integrator for current
IVI1 = lmeas - |A

IVI2 = sqrt(2) = IVI1
IVI3 =1VI2 - IB

IVI4 = 100 = pi() * IVI3
IVI5 = 100 * pi() * IA

I A = '\Library\ Model s\d obal Macros\1/s. Bl kDef’ (1VI4;x3;;)
I B = '\ Li brary\ Model s\ d obal _Macros\ 1/s. Bl kDef’ (1VI5; x4; ;)

I Qutput of active power
Panal = 0.5 » (UAxI A + UBI B)
Panal kW = Panal / 1000

I Qutput of reactive power
Qanal = 0.5 » (UB<IA - UAxIB)
Qanal kVAr = Qanal / 1000

I Qutput of RMS voltage

Uns_act = sqgrt( (UAxUA + UBxUB) / 2 )

Ur ms="\ Li brar y\ Model s\ d obal _Macros\ (1/(1+sT)). Bl kDef"’
(Urnms_act; x5;0.1;)

I Qutput of RMS current

lrms_act = sqrt( (IAxIA + IB<IB) / 2)

I rms="\Li brary\ Model s\ d obal _Macros\ (1/(1+sT)). Bl kDef"’
(I'rms_act; x6;0.1;)

After the initialization of the state variables and the siignthe measured values of the voltage
and the current are converted from kV and kA to V and A. Theg, fllowing two blocks
define the VI for the voltage and the VI for the current. Aftards, the output of the power in
the next two block follows the calculation given in equatdand 7. Finally, the last two blocks
of the block definition calculate the output of the root mequese values of the voltage and the
current according to equation 10 and 11.

Master Droop Controller The implementation of the droop control is based on the qutsce
described in chapter 2.1.1 and chapter 2.1.2. Also the AVHHE simulation described in
[Eng03] is taken into account. IRowerFactory two different droop controllers are used to
represent the Master-Slave concept of the three phase $&lang system. They are displayed
in column three of figure 9. Each droop controller of the resige phase defines the voltage
by the droop characteristic based on the measured reactwerp However, only the Master
defines the phase by the droop characteristic based on treiredactive power as well as the
phase. The Master synchronizes the Slave droop contrelldrshe phase in order to guarantee
as little deviations of the phases as possible. Therefare,different block definitions are
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implemented. The block definition for the Master is the ‘Ma€droop Controller.BlkDef":

Nane:
Master Droop Controller

Qut put Si gnal s:
U A U Bsyn, U Csyn

I nput Signals:
Pgrid, Qrid

State Vari abl es:
X1, x2, x3

Par anet er s:
Pnom Qnom Unom f nom Ti , kpf, kqu, kpph, f bat

I nternal Variabl es:
Pfstatic, QUstatic, AO, WHz, FOHzcon, AOcor, Uabs,
Pl ag, Q ag, Pphstatic

Addi ti onal equati ons:

I'Definition of variables:

var def (Unomn) "V'; "Noninal Effective Voltage’
var def (f nom) "Hz’ ;' Nomi nal Frequency’

var def ( Pnom) "W ;' Nominal Active Power’

vardef (Qron) = ' VAr’';’ Nom nal Reactive Power’

vardef (Ti) = 's’; 'Time constant of first order

vardef (kpf) = 'Hz/Pnom; ’'Active Power / Frequency droop’
vardef (kqu) = ' %Jhom moni ; ' Reactive Power / Vol tage droop’
var def (kpph) = 'rad/Pnoni; ’'Active Power / Phase droop’

var def (f bat) "Hz’; ' Deviation of Frequency by
Battery Managenent’

'I'nitialization:
nc(x1) =0
nc(x2)=0
nc(x3) =0

nc(Pgrid) =0
nc(Qrid) =0
! Decoupl i ng:

I'First order lag of the active power

Plag = "\ Li brary\ Mdel s\d obal _Macros\ (1/ (1+sT)). Bl kDef’

(Pgrid; x2;Ti;)
'First order lag of the reactive power

Q ag = '\Library\Mdel s\d obal _Macros\ (1/(1+sT)). Bl kDef’

nc(U_A)= Unom/ 1000 * sqrt(2) * sin (Oxpi()/3)
nc(U_Bsyn)= Unom/ 1000 * sqrt(2) * sin (-2xpi()/3)
nc(U_Csyn)= Unom/ 1000 * sqrt(2) * sin (-4xpi()/3)
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(Qrid; x3;Ti;)

! Deternmi nati on of the droops:
I'Active Power / Frequency static
Pfstatic = kpf » Plag / Pnom

| Reactive Power / Voltage static
QUstatic = kqu / 100 * Qag / om
I'Active Power / Phase static
Pphstatic = kpph » Plag / Pnom

! Frequency adj ust nent:

!Gid frequency control [Hz]

FOHzcon = fnom + Pfstatic + fbat

!'Grid angul ar frequency [1/s]

WHz = 2 = pi() * FOHzcon

Igrid angle [rad]

A0 = "\ Library\ Model s\ d obal _Macros\ 1/s. Bl kDef’ (WHz; x1; ;)

! Phase correction
AOcor = A0 + Pphstatic

Vol t age adj ust ment:
Uabs = (1 + QUstatic)

Vol t age out put:

UA = Uabs / 1000 * Unom * sqrt(2) * sin( AOcor )
U Bsyn sin( AOcor - 2xpi()/3)

U Csyn sin( AOcor - 4xpi()/3)

In this block definition, the calculations performed aftiee tDefinition of variables’ and the
‘Initialization’ process correspond to the control apprioaisplayed in figure 7:

1. ‘Decoupling’: The measured active power ‘Pgrid’ and theasured reactive power ‘Qgrid’
are decoupled by first order time lags.

2. ‘Determination of the droops’: The decoupled power valilrtag’ and ‘Qlag’ determine
the deviation of the frequency ‘Pfstatic’, the voltage ‘Qaig’ and the phase ‘Pphstatic’
based on their rated values ‘Pnom’ and ‘Qnom’. Additionathe droop parameters for
the frequency droop ‘kpf’, the voltage droop ‘kqu’ and theapl droop ‘kpph’ define the
deviations.

3. ‘Frequency adjustment’: The nominal grid frequency dmn is adjusted by the fre-
quency droop ‘Pfstatic’ and a correction factor for freqoetibat’ which is needed be-
cause the battery management is not simulated. The fregigetransformed into a grid
angle ‘A0’ by using an integrator. This calculation is dedvirom the equation between
the frequencyf or the angular frequency

w=2nf=da/dt. (12)

and the derivative of the angte
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4. ‘Phase correction’: The phase correction enables a nelseeperation of battery invert-
ers in parallel. Therefore the angle ‘A0’ determined in thech ‘Frequency adjustment’
is corrected by the phase droop ‘Pphstatic’.

5. ‘Voltage adjustment’: The voltage droop ‘QUstatic’ deténes the relative adjustment of
the magnitude of the voltage which is given in per unit values

6. ‘Voltage output’: The voltage of phase A ‘U_A'is defined the droop adjustments. The
adjusted magnitude of the voltage ‘Uabs’ given in per uniti@a is multiplied with the
nominal root mean square value of the voltage ‘Unom’ and eection factor ‘sqrt(2)’ to
get the magnitude. The magnitude is also downscaled to japgeovalues in the kV scale
which is the internal calculation scale BbwerFactory Additionally, the adjusted angle
is used in a sinusoidal function. In contrast, the voltagmals of phase B ‘U_Bsyn’
and the voltage signals of phase C ‘U_Csyn’ are the synchransignals containing the
synchronized sinusoidal function with the grid angle and/amsetrical phase shift of
120 or 27 /3 and 240 or 47 /3.

Slave Droop Controller The ‘Slave Droop Controller’ gets the synchronizing sigralssyn’
from the ‘Master Droop Controller’ and the signals of the te@cpower measurements ‘Qgrid’
of phase B and phase C. Therewith, the ‘Slave Droop Contralktermines the voltage of the
phase ‘U_out’ analogously to the ‘Master Droop ControlleHowever, it only requires the
parts for the voltage and reactive power because the fregueimcluded in the synchronizing
signal. The block definition for the Slave is the ‘Slave Drdomtroller.BlkDef’:

Nanme:
Sl ave Droop Controller

Qut put Si gnal s:
U out

| nput Signals:
U syn, Qrid

State Vari abl es:
X

Par anet ers:
Qhom Unom Ti , kqu

I nternal Vari abl es:
QuUst ati c, Uabs, Q ag

Addi tional equations:
I'Definition of variables:

var def (Unom) "V'; "Nonminal Effective Voltage’
var def (Qnhom) "VAr';’ Nonmi nal Reactive Power’
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vardef (Ti) = 's’; 'Time constant of first order |ag
vardef (kqu) = ' %Jnhom moni ; ' Reactive Power / Vol tage droop’

'Initialization:

inc(x)=0
inc(U.out) = U syn
inc(Qrid) =0

! Decoupl i ng:

!'First order lag of the reactive power
Q ag = '\Library\Mdel s\d obal Macros\ (1/(1+sT)). Bl kDef’

(Qrid;x;Ti;)

! Determination of the droops:
! Reactive Power / Voltage droop
QUstatic = kqu / 100 * Qag / om

Vol t age adj ust nent :
Uabs = (1 + QUstatic) !Gid voltage control of nagnitude

Vol t age out put :
U out = Uabs / 1000 * Unom * sqrt(2) * U syn

Controller and filter  For one phase systems, [Eng01] derives an appropriateyeotiantrol
structure based on a ‘verallgemeinerter Integrator’ (Vhis control structure is based on the
field-oriented control but does not need a Park-transfaamaf hree phase systems can be set
up by three one phase systems which have a phase shift 6f T2@ big advantage of this
control structure is an easy supply of unbalanced loads.

Figure 12 displays the control structure shown in columrr foufigure 9. This control
structure is implemented iRowerFactorytogether with the block definition ‘Controller/Filter
dis.BlkDef’ which contains the additional equations for ihigalization of the signals and state
variables:

Nane:
Controller/Filter dis

Upper Limtation:
Lim ting Paraneter:
y_nmax

Lower Limtation:
Limting Paraneter:

y_mn

CQut put Signal s:
intl out,int2 out, U nv_out

I nput Signal s:
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Unv,l _Load,intl_in,int2_in

State Vari abl es:
X1, x2, x3, x4

Par anet ers:

VI _Pl,FilterReactor_L,FilterReactor R FilterCapacitor_R
Current P, Fact or 1000, VI _P3a, VI _P3b, uadapt ,
FilterCapacitor_C VI _P2,Inv_Tdelay,y_mn,y_max

I nternal Vari abl es:

I Clref,UL,o01, 011, si011, si 021, si 03, si 04, si 05, si 06, si 07,
si 08, si 09, si 10, si 11, si12,si 13, si 14, si 15, si 16, si 18, si 19,
si 20, si 21

Addi tional equations:
inc(x1)=0

nc(x2)=0

nc(x3) =0

nc(x4) =0

nc( U nv_out)
nc(l_Load) =
nc(intl out)
nc(intl in) =0
nc(int2 out) =0
nc(int2_in) =0
nc(int3 _out) =0
nc(int3_in) =0
nc(int4 out) =0
nc(int4_in) =0

Ui nv

I o

The proportional element ‘Factor1000’ in figure 12 is neettedcale the units A and V of
the current and voltage to kA and kV and vice versa. This ieesary becauseowerFactory
calculates internally with kA and kV. The input signals ‘Mifrom the droop controller and
‘I _Load’ from the current measurement are delivered in kd &A while this structure is im-
plemented without scaling factors. Because the output kiginas_out’ defines the voltage of
the AC voltage source, which is an interiwerFactorymodel, it is necessary to convert it
into kV.

The voltage controller in the upper left part of the struetanables a precise control of the
amplitude and the phase of the sinusoidal voltage by usingwahich is adjusted by the pro-
portional elements ‘VI_P1’, 'VI_P3a’ and ‘VI_P3b’ to theidrfrequency. The VI is extended
with the proportional element ‘VI_P2’. The real Sunny Islarses Euler integrators in its dis-
cretised control structure. Howev@gwerFactorydoes not support the use of Euler integrators.
This results from théowerFactoryconcept that state variables can not be defined for normal
functions so that the recursive behaviour of Euler integsatan not be modelled appropriately.
Nevertheless, in order to model the discrete control implated in the real Sunny Island, sam-
ple and hold elements are used. This approach is an apprioamiar the real discretisation.
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Figure 12: Controller and filter structure of the Sunny Island modePowerFactory This control
structure comprises a voltage controller on the upper left side as welléa®edinated current controller.
The controlled current is the capacity current of the filter in the lowerafatte control structure which
consists of a capacity and a inductivity.
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In order to use these sample and hold elements, the outmalsigf the integrators ‘intl_out’
and ‘int2_out’ are given to the block definition ‘Discretiian.BlkDef’ displayed in figure 13:

A

Uinv_out_dis
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Figure 13: Discretisation structure of the Sunny Island ModePmwerFactory It is used to discretise
the integrators of the VI in figure 12

Nane:
Di screti zation

Qut put Si gnal s:
U nv_out dis
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I nput Signal s:
Unv_ dis,| Load dis

State Vari abl es:
Par anet er s:

I nternal Vari abl es:
cl,intl in,intl out,int2_in,int2 out

Addi ti onal equati ons:
inc(l_Load _dis) =0
inc(Unv_out _dis) = Unv_dis
inc(cl) =0

The block definition for the discretisation is implementetbithe main structure of the model in
column four as the block Controller for each of the three phiésk figure 9). It consists of two
additional blocks ‘Clock’ and ‘S&H’ which discretise the egrators of the VI in the voltage
controller of figure 12. Therefore, the block definition ‘Caniter/Filter dis.BlkDef’ is included

in the block definition for the discretisation. The ‘Clockigs the time signal ‘cl’ to the sample
and hold elements ‘S&H’. It defines within which time perideet' S&H’-element has to hold
the sample value of the beginning of the time period. ThisaliEur results in a step function.
The two ‘S&H’-elements are used for the respective integrat the voltage controller. This
additional effort of using discretisation is performed &ase it results in a behaviour of the
voltage which is not simulated in case of time-continuotisgrators. The important behaviour
is the influence of the active power to the voltage. Theoadyicthe voltage of the Sunny
Island should not change in case of a change in the activergmeause the controller does not
consider a behaviour like this. However, an increase of thigeapower results in a decrease of
the voltage. This behaviour results in the simulation onlgase that a discretisation is used,
albeit the influence is not as big in simulation as it is in theasured real situation.

In order to improve the speed of the controller in figure 12)lzosdinate control of the ca-
pacitor current ‘|_C’ with the proportional element ‘CurreRt is implemented. The upper part
of figure 12 displays the cascaded control with a subordioaidrol of the capacitor current.
This corresponds to a subordinate control of the voltagekvldags 5 ms behind the current.
Two advantages of this cascaded control are reasons fgoptcation. On the one hand, the
control of the LC-filter as a second order system, which isldigg in the lower part of fig-
ure 12, is simplified by controlling the capacitor currentCl resulting in a first order system.
On the other hand, the use of the capacitor current inste#tieofoltage increases the speed
by the actual time lag of 5 ms and enables therewith a fastiogaio a change of the output
voltage. The model of the filter capacitor in the lower lefttp figure 12 comprises a capacity
‘FilterCapacitor_C’ and a resistivity ‘FilterCapacitor_Rh the lower right part of figure 12,
the model of filter reactor consists of an inductivity ‘FifReactor_L' and a resistivity ‘Filter-
Reactor_R’. The voltage signal is delayed for the lag ‘Inv_[&geand limited by the upper
value ‘y_max’ and the lower value ‘y_min’.
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2.1.4 Assumptions for thePower Factory model

Because of the scope of this thesis, several assumptiondifgithe model of the battery in-
verter. The aim of the thesis is not to accomplish a model wiscas accurate as possible
but to develop a model which is able to simulate the charsti®behaviour of the battery in-
verter. Therefore, the approach is not a simulation of eeégtrical constituent of the battery
inverter. This is not possible because there is a varietyfiience factors to the constituents
and tolerances of the constituents which go far beyond tbpesof this thesis. The following
simplifications outline the scope of the implemenReverFactorymodel.

Voltage source The real system components of the Sunny Island batterytawtre battery,
the Cuk-converter, and the inverter (cf. figure 4) are comsiéo generate a sinusoidal AC
voltage. Therefore, the implemented model uses a contrdi® voltage source representing
these components of the battery inverter. This simplificais not reducing the accuracy in an
improper way because modern power electronics in these @oemps generate a sinusoidal AC
voltage signal which has only little deviations from theatleurve. The remaining deviations
are interesting for power quality analyses, which are bdythe scope of this thesis. Therefore,
they are not considered in the simulations performed indleviing chapters.

Sinusoidal synchronizing signals Since the ‘Master Droop Controller’ defines the grid angle
and therewith the frequency and phase for all three phasesStave Droop Controller’ only
adjusts the magnitude of the voltage to the phase-depeneigctive power supply. In reality,
the synchronizing signals are signals defining the zerssung of the voltage curve. However,
in this thesis, the synchronizing signals are sinusoidgials which are identical for each phase.
The use of sinusoidal signals simplifies the model withoasing the characteristic behaviour
of the modelled Master-Slave characteristic.

Sinusoidal voltage without offset Additionally, the model has no voltage offset controller
which is implemented in the real battery inverter becausevtitage generated with the droop
controller block definitions is a sinusoidal wave withoutafset. In real systems, this offset
results from the pulse width modulation where the voltaggpdrat the power electronic com-
ponents [Wue95, pages 319-320]. The voltage offset cdetn@duces these inevitable voltage
drifts. However, thePowerFactorymodel of the battery inverter does not include the pulse
width modulation of the inverter. Consequently, the voltaffset controller is not required.
Moreover, the time constant of the voltage offset contrafi¢he region of seconds exceeds the
focus of this thesis which is in the region of milliseconds.

Battery management not modelled Another part of the real system which is beyond the
scope of this thesis is the battery management system ofutheySsland. This battery man-
agement influences the frequency with a deviation from tle@gmlicontrolled frequency of up
to 0.5 Hz which is 50 % of the droop controlled deviation of 1&lzated active power. In the
scope of this thesis, it is not reasonable to simulate thiefyamanagement because it depends
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on the loads as well as on the state of the battery determdtetbattery management. Since
the battery bank of the analysed Sunny Islands is used oohladjzally, the battery manage-
ment is not optimised to determine the state of the batteyggaty. Because of this uncertainty,
the battery management is not implemented in the model. Mieless, the parameter 'Devia-
tion of Frequency by Battery Management’ in the 'Master Dr@ymtroller’ is used to adjust
the simulation manually to the measurements. Indeed, ibigossible to simulate several
large load changes with one deviation parameter becausefibence of the battery manage-
ment is significant in these cases. However, for smaller &beshges the adjustment parameter
is sufficient because the battery management changes thesfrey only in small ranges.

The parameters of the droop controllers are adjusted todhlkebehaviour of the Sunny
Islands. However, the power supply of the voltage sourcd us¢éhe PowerFactorymodel is
not limited theoretically. Therefore, the user of the mdukes$ to consider the appropriate size
of the loads connected with the voltage source accordinghife tl in order to get reasonable
results.

2.2 Asynchronous Generator

The asynchronous generator analysed in this thesis is metovéd by VEM motors GmbH.

Figure 14 shows the generator on the left side and its asgnohs driving motor on the right

side. The whole machine set is controlled in the controlmativhich is displayed in figure 15.
Table 2 lists the technical data of the asynchronous gesreaatd figure 16 shows its torque
speed characteristic according to VEM data sheets.

Figure 14: Picture of the VEM asynchronous generator on the left side and the dsynchronous
motor on the right side.
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Figure 15: Control cabinet of the analysed machine set containing controls foyasla®nous machine

and a synchronous machine.
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Figure 16: Torque speed characteristic of the VEM asynchronous generatn giw EM datasheets.
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Table 2: Technical specifications of the analysed VEM asynchronous gena@tording to VEM data

sheets.

Manufacturer

Type

Induction machine type
Number of pole pairg.

VEM motors GmbH
G21R 160 M4 HW

single fed squirrel-cage machine
2

Connection star
Rated electrical active powe, ,. 11 kW
Rated electrical apparent powgr  13.2 kW
Rated mechanical active powgy,, 12.6 kW
Rated power factotosy 0.83
Rated efficiency. 87.6 %
Rated electrical frequench. 50 Hz
Rated mechanical speed 1545 r.p.m.
Rated voltagé/, 400V
Rated current, 19A
Locked rotor current 5.8 p.u.
Maximum current 585A
Rated torqué\/, 72.7 Nm
Stalling torquelV/; 4.5 p.u.
Locked rotor torque 3.4 p.u.
Maximum torque 184 Nm
Slip at stalling point 0.193
Stator resistance, 0.550
Rotor resistanc®, 4 0.380Q2
Stator leakage reactanég 0.73Q
Rotor leakage reactanceé. 4 0.960Q2
Magnetizing reactanc¥,, 26.1Q)
Torque of inertiaJ 0.035 kg nd
Weight 92 kg




32 2 MODELS

2.2.1 PowerFactory Model of the Asynchronous Generator

The generidPowerFactorymodel of a asynchronous machine is basically a classicaktinzh
machine model (cf. [Cra00]). The equivalent circuit diagiarshown in figure 17. This generic
model represents the voltages and currents of the statmistentaneous phasors in a steady
reference frame. In contrast, voltages and currents ofdtue are represented in a reference
frame which rotates with mechanical frequency. These tiereace frames are connected by
a ‘rotating transformer’ without a winding ratio. Theredgorthe rotor impedance is referred
to the stator side. Altogether, the stator resistaReethe stator leakage reactan&es, the
magnetizing reactancEm and the rotor impedancérot characterize the model [DIg03].

Rs Xs
. B

U Xm Ur Ur'= e /Ur Zrot

Figure 17: Equivalent circuit diagram of the induction machine moddPawerFactory{DIg03]

The rotor impedance comprises ohmic and inductive elenvemtse configuration depends
on the type of induction machine. The analyzed VEM asynabusrgenerator has a single fed
single cage rotor. Thus, the rotor impedance given in fig8res the applied one. It comprises
the rotor resistanc&r A and the rotor reactancer A [DIg03].

RrA
ur

XrA

Figure 18: Rotor impedance of the single cage rotor [DIg03]

Besides these electrical parameters it is alternativelgiplesto specify the asynchronous
generator by its ‘slip-torque/current characteristicawever, it is not possible to use this option
in case of the VEM asynchronous generator because the atcubf the generators charac-
teristics with the data of the manufacturer results in thheremassage ‘the iteration has no
convergence’. Therefore, the electrical parameters are tasspecify the model in this thesis.
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2.2.2 Determination of the Input Parameters of the Asynchroous Generator on the Ba-
sis of Data from the Manufacturer

The model used ifPowerFactoryis a motor model which can be converted into a generator
model. However, the specification data has to be entereddtrmoharacteristics. This leads to
a deviating input data compared to the manufacturer’s 8paton (cf. table 2) which is given
for a generator model.

With the assumption of a generator model, the apparent pisiitez result of the mechanical
active power which drives the generator. Therewith, thedesepresented by the efficiengy
lead to a higher mechanical active powey, . of 12.6 kW compared to the electrical active
power P, of 11 kW. With the assumption of a motor model, the mechampeaver is the
result of the apparent power used to drive the motor. Thénewhe losses represented by the
efficiency lead to a higher electrical active power of 11 kWhpared to the mechanical active
power

Pm,r = Ly (13)

of 9.6 kW.

In case of a generator model the rated mechanical speésl 1545 r.p.m. according to
table 2 with a rated slip of 3 %. In contrast, in case that threesenachine is considered as a
motor model, a rated slip of 3 % corresponds to a rated mechispeed of 1455 r.p.m..

The reduction of the rated mechanical active powgr. results in a reduction of the rated
mechanical torque

Mr _ Pm,rpz (14)
(1 = s.)w,
to 63 Nm. The rated mechanical torque is calculated with dltexdrslip
gy = 2T (15)
ny
with the rated mechanical speedand the synchronous speed
60 [
= fr % sec/mlr,l (16)
P=
the number of pole pairg. and the rated angular velocity
wy = 2T f, 17)

with the rated frequency,. Equation 14 results in a rated mechanical torque of 63 Nteaus
of 72.7 Nnt given by the manufacturer. Therewith, the stalling torqueild be 5.6 p.u. instead
of 4.5 p.u. given in table 2. This complies with the stallimgque of 355 Nm (cf. torque

1The calculation of this value is not unreproducible with ¢iieen manufacturer’s data. However it is assumed
to be the used value for the p.u. values of the torque parasnete



34 2 MODELS

characteristics in figure 16). Moreover, the locked rotoque of 245 Nm given in figure 16
changes from 3.4 p.u. to 3.9 p.u. by use of the rated mecHdargaie for a motor model.

Additionally, the input parameters of the resistances @adtances are in p.u. values and
not in Ohm. Therefore, they are related to the rated impeslanevhich results from the rated
voltageU,. and the rated apparent powerby the equation

Z, =U?/S, = (400 V)?/13200 VA = 12.12 Q. (18)

Including the described changes, the input parameterssaee in the third column of ta-
ble 3. The adapted input parameters are compared to th@ardgpta from the manufacturer
listed in the second column.

Table 3: Adapated values of manufacturer’s data which are necessary to cortiplghesbuilt in motor
model

Parameters Manufacturer data Adapted data for a motor model
Rated mechanical power  12.6 kW 9.6 kW
Stator resistance 0.5% 0.0454 p.u.
Rotor resistance 0.33 0.0314 p.u.
Stator leakage reactance 023 0.0602 p.u.
Rotor leakage reactance 0.96 0.0792 p.u.
Magnetizing reactance 2661 2.1533 p.u.
Rated electrical frequency 50 Hz

Rated voltage 400V

Rotor type single cage

Number of pole pairs 2

Connection star

Torque of inertia 0.035 kg M

However, PowerFactorycalculates parameters of the generator given in table 2 fhem
electrical parameters. These calculated parameterstdddi@m the manufacturer’'s data. Ta-
ble 4 shows that there are quite significant differences.e&afly, the torque characteristic
represented by the stalling torque and the locked rotoutdpes not correspond to the manu-
facturers data.

2.2.3 Determination of the Input Parameters of the Asynchroous Generator on the Ba-
sis of Measurements

In respect of such discrepancy, the electrical paramefet'edVEM asynchronous generator
are measured in DeMoTec following the tests illustratediniD2]. These three tests comprise
a direct measurement of the stator resistance, locked(aimesponding to a short circuit) and
unlocked rotor (corresponding to an open circuit) teste Mieasurements are not exact because
they are based on several simplifications, e.g. no congideraf temperature dependent or
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Table 4: Comparison of the data of the analyzed VEM asynchronous generegorlgy the manufacturer
(column 2) and calculated BowerFactory(column 3) with the usage of the input parameters given in
table 3.

Parameters Manufacturer Data CalculatedPbwerFactorywith
adapted data for motor model

Rated electrical apparent power 13.2 kW 12.2 kW

Rated power factorcfsy) 0.83 0.85

Rated efficiency 87.6 % 91.9%

Rated mechanical speed 1455 r.p.m. 1456 r.p.m.

Locked rotor current 5.8 p.u. 6.4 p.u.

Locked rotor torque 3.9 p.u. 1.5p.u.

Stalling torque 5.6 p.u. 3.1p.u.

Slip at stalling point 0.193 0.215

speed dependent characteristics. However, they are pexfbm order to discover possible
measurement faults of the manufacturer.

Stator resistance measurement A Thomson-Bridge (Siemens Direct-Reading Single Knob
Bridges M273-A1) measures the resistivity of each of thedlwedings at the terminal box.
For this measurement, the generator is switched off. Thétsegre 0.498 Ohm for winding U,
0.498 Ohm for winding V and 0.504 Ohm for winding W. With thélametic average the stator
resistivity is assumed to be

R,=05Q. (19)

The Thomson-Bridge seems to work precisely because it mesastandard resistances of 0.1
and 0.3 Ohm within their tolerance of 1 %.

Short circuit test The locked rotor or short circuit test is performed with @ sli= 1 which
corresponds to a mechanical speed 0. This situation occurs in the moment of starting.
Locking the rotor simulates this state of the machine. Is ttondition of the machine, the
current at rated voltage is 5.8 times higher than the rateecu(cf. table 2). A measurement
at a lower voltage reduces the risk of overloading. Theeefthie asynchronous machine is
connected to the public grid via a variable transformer. ffarsformer increases the voltage
from zero up to a value which generates the nominal curregtid\analyser EURO-QUANT
manufactured by HAAG Elektronische Messgerate GmbH meashe RMS voltage, the RMS
current and the active power which are the input of the agymzdus motor with a locked rotor
at its stator side. The measured data are given in table &skaf a locked rotor, the equivalent
circuit diagram in figure 17 is simplified by the assumptioattthe magnetizing reactanég,,

is negligible because it is more than ten times bigger tharrétor impedance’,.., which is
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Table 5: RMS \oltage, RMS current and active power measured for the threseplad the stator side of
the analysed asynchronous machine with a locked rotor. Additionally, #rage value is calculated.

Phase L1 L2 L3 Arithmetic average
RMS voltagelU,. [V] 42.8 43.2 435 43.2
RMS currentl,. [A] 18.3 195 19.1 19.0
Active powerP,, [W] 360 400 400 390

in parallel (cf. table 2). With this assumption, the resise of the asynchronous motor with
locked rotor is

Rse = Rs + Rya (20)
and the reactance is
Xse = Xs+ Xpa - (21)
Equation 20 determines the rotor resistance
R.a = Ry — Ry (22)
with the short circuit resistance
Ry = P/ I, (23)

which results from the situation that the active power isclily converted within the resistances.
The values of the arithmetic average in table 5 determinedios resistance to be

Rea = Py /12 — Ry =390 W/(19 A)? — 0.5Q = 0.58(2 . (24)

Equation 20 and 21 determine the complex impedafﬁge: R,. + jX,. of the asynchronous
motor with a locked rotor. The magnitude of the impedance

Zsc = Usc/]sc (25)

uses the arithmetic average values of table 5. Therewithy@hctance of the asynchronous
motor is determined by

Xsc = (Zs20 - Rga (26)
= J U/ 107~ B2, (27)
- UL — (P I2) (28)
= /(43.2V/19A)2 — (300 W/(19A)2)2 =2 Q. (29)

With the assumption that the reactang is distributed equal to its two components the stator
leakage reactanc¥, and the rotor leakage reactankg, so that

X, = 1Q (30)
and
Xoa= 1Q. (31)
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Open circuit test The ‘unlocked rotor’ or ‘open circuit’ test is performed farslips = 0
which corresponds to a mechanical speed that is identicdletcsynchronous speed. How-
ever, due to losses, e.g. resulting from friction, the maa® speed is a bit smaller than the
synchronous speed. The measurement device Braun MOBIPORT.&115@asures the me-
chanical speed with an optical reflection probe. It dispkayslue of the mechanical speed of
1499.3 rpm at a grid frequency of 50 Hz. Therewith it is sligtdwer than the ideal value of
1500 r.p.m. for open circuit operation. During the measwetinthe asynchronous motor has
no load so that the rotor can rotate freely. The grid analggHRO-QUANT measures the RMS
voltage and the RMS current which are the input of the asymdu®s motor in open circuit
operation at its stator side. Table 6 lists the measured tfatase of a asynchronous machine

Table 6: RMS voltage and RMS current measured for the three phases at thesgiatof the analysed
asynchronous machine with a unlocked rotor without load. Additionally,¥beage value is calculated.

Phase L1 L2 L3 Arithmetic average
RMS voltageU,. [V] 230.6 232.7 232.8 232.0
RMS current/,. [A] 6.0 7.0 7.3 6.8

in open circuit operation, the equivalent circuit diagranfigure 17 is simplified by the as-
sumption that the rotor impedangg,; is negligible because the current in the windings of the
rotor are small compared to the currents through the statatimgs. Moreover, it is assumed
that the resistanc®&, and the reactanc&, of the stator winding are negligible compared to
the magnetizing reactancg,, because the magnetizing reactance is more than ten timgarbig
than the stator impedance (cf. table 2). With these assonmgptthe magnetizing reactance can
be calculated on basis of Ohm’s law to be

X = Upe/Ioe = 232V /6.8 A =34.1Q (32)

with the arithmetic average values of table 6.
The results of these measurements are presented in tablesrtalble shows that the mea-

Table 7: Electrical parameters from the measurement compared to the manufactiatar’

Parameters Manufacturer data Measured data
Stator resistance 0.3% 0.50Q
Rotor resistance 0.38 0.580
Stator leakage reactance 0£Z3 1.0002
Rotor leakage reactance 0.96 1.0092
Magnetizing reactance 261 34.10

sured values of the stator resistance and the rotor leakagéance are similar to the manufac-
turer's data. In contrast, the rotor resistance, the statkage reactance and the magnetizing
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reactance differ significantly from the manufacturer'sadatsing these values as input pa-
rameters for thdPowerFactorymodel of the asynchronous generator leads to the calculated
parameters in table 8. This table shows that the discrepagteyeen the manufacturer and the

Table 8. Comparison of the data of the analysed VEM asynchronous genenatarigi the manufacturer
(column 2) and calculated BowerFactory(column 3) with the usage of the measured input parameters
given in table 7.

Parameters Manufacturer Data CalculatedPbwerFactorywith
measured electrical parameters

Rated electrical apparent power 13.2 kW 11.9 kW

Rated power factorcpsy) 0.83 0.89

Rated efficiency 87.6 % 90.8 %

Rated mechanical speed 1455 r.p.m. 1429 r.p.m.

Locked rotor current 5.8 p.u. 54p.u.

Locked rotor torque 3.9p.u. 1.6 p.u.

Stalling torque 5.6 p.u. 2.7 p.u.

Slip at stalling point 0.193 0.284

calculated data in case of the locked rotor torque, thdarsgabrque and the slip at stalling point
is not significantly better compared to table 4 resultingrfriihe manufacturer’s data.

2.2.4 Determination of the Input Parameters of the Asynchroous Generator by Adjust-
ing them to the Torque Speed Characteristic

A third approach is performed in order to adjust the eleatrgarameters to the torque-slip
characteristic given by the manufacturer. The resultiegteical parameters of this adjustment
process are listed in table 9. With these adjusted paramttertorque slip characteristic is

Table 9: Electrical parameters from the adjustment process compared to the marerfaaata.

Parameters Manufacturer data Measured data
Stator resistance 0.3% 0.990
Rotor resistance 0.38 0.389)
Stator leakage reactance 0£Z3 0.73Q
Rotor leakage reactance 0.96 0.9692
Magnetizing reactance 261 12.1Q

improved. The other parameters of the asynchronous gemneralculated byPowerFactory

on the basis of the adjusted electrical parameters arel listeable 10. This table shows that
the locked rotor current, the stalling torque and the sligtatling point are adjusted to the
manufacturer’s data. However, it is not possible to imprthes locked rotor torque without



2.3 Loads 39

Table 10: Comparison of the data of the analysed VEM asynchronous generaéor gy the manu-
facturer (column 2) and calculated BpwerFactory(column 3) with the usage of the adjusted input
parameters given in table 9.

Parameters Manufacturer Data CalculatedPbwerFactoryad-
justed to torque speed characteristics
Rated electrical apparent power 13.2 kW 28.4 kW
Rated power factorcpsy) 0.83 0.42
Rated efficiency 87.6 % 79.6 %
Rated mechanical speed 1455 r.p.m. 1481 r.p.m.
Locked rotor current 5.8 p.u. 5.8 p.u.
Locked rotor torque 3.9p.u. 2.6 p.u.
Stalling torque 5.6 p.u. 5.6 p.u.
Slip at stalling point 0.193 0.194

deteriorating the stalling torque or the slip at stallingnpboConsequently, it is not possible to
adjust the electrical parameters to the torque speed dbastic given in figure 16. Moreover,
the calculated parameters for the rated electrical appposver and the rated power factor have
a deviation from the manufacturer’s data which is not acdapt

2.2.5 Pragmatical Determination of the Input Parameters othe Asynchronous Genera-
tor on the Basis of Data from the Manufacturer

The result of each of the three approaches using manufastdega, using self-measured data,
or using electrical parameters which are adjusted to thygigspeed characteristic is not satisfy-
ing. Consequently a pragmatical approach is applied. ThisH@pproach adjusts the electrical
parameters of the manufacturer so that the measured ddta asynchronous generator in con-
nection with the Sunny Island battery inverter and loadsesmond to the simulated data of
the same configuration in a way that the active and reactinvepare as similar as possible.
Within this adjustment process, only the magnetizing @@ is changed from 26¢1to 28.7

Q2. This change influences the calculated parameters in cdlloraa of table 4 only marginally
so that the rated apparent power is 12.0 kW instead of 12.2 ikitlze rated power factor is
0.87 instead of 0.85.

2.3 Loads

Besides the Sunny Island battery inverter and the VEM asypmcius generator the model com-
prises different kinds of loads. The loads used in DeMoTed#played in figure 19. It shows
cabinets for ohmic, inductive and capacitive three phaaeé.|8Vith jumpers it is possible to set
different values between 50 VA and 11550 VA for the loads. dsecof the inductive load the
measurements show that a inductive load of 1000 VAr has anaoleiad of 50 W in addition.
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Figure 19: Picture of the Loads in DeMoTec. The two cabinets on the left side show dbads and
the cabinet on the right side shows an inductive load on the left and aitepéoad on the right.

The model takes this characteristic into account. The geRewerFactorymodel of a 'Gen-
eral Load Type’ is specified as a three phase load with a riqaitese which is star-connected.
Another specification is a voltage dependence for activeraadtive power of the value ‘2'.
This is necessary because the analyzed loads have a cangtadfance. The equation for the
apparent power

S=3xU-T (33)
defined by the voltag&’ and the currenf together with the ohmic law
U=2-T (34)

defined by the impedancg and the currenf results in the equation for the apparent power

72
S = 3% (35)

which shows a proportionality between the power and thersgualtage as well as a reciprocal
proportionality between the power and the impedance. la ofan ohmic impedancg = R,
the active power

P =3U%/RxU? (36)

is proportional to the squared voltage because the resesiaronstant. The proportionality of
the power to the squared voltage is expressétbimerFactorywith the value ‘2’ for the voltage
dependence. In case of an inductivityr a capacity”, the impedancé in equation 35 shows
a dependence on the frequerycfor the reactive powef). The reactive power of an inductivity
is

U? U?

Q
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while the reactive power of a capacity is
Q= —-3U%2rfC x Uf. (38)

These dependencies are transfered to the modebwerFactoryby a value ‘-1’ for the fre-
guency dependence of the reactive power in case of an inddotid and by a value ‘1’ in case
of a capacitive load. The time constant for this charadieris assumed to be ‘O s’ because
of very low time constanté /R and R/C' of less than 1 ms. Moreover, the influence of these
voltage and frequency dependencies on the power is onlywgbéecentage points at maximum.

The models described in this chapter are verified in the regpter by a comparison of the
simulated and the measured data of load changes in diffgriehtonfigurations.
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3 Model verification

This chapter compares measured data of real grid confignsatn DeMoTec and results of
simulations performed witFPowerFactoryusing the models described in chapter 2. The com-
parison shows the quality of the simulations. Chapter 3.2rite=s this comparison for the case
of the Sunny Island battery inverter (cf. chapter 2.1) cated with loads (cf. chapter 2.3).
In this first configuration, the investigation focusses dfedent kinds of ohmic, inductive and
capacitive load changes in balanced and unbalanced casmecdthapter 3.3 compares the
measured data with the simulated data in grid configurateomarged with the asynchronous
generator desribed in chapter 2.2. Figure 20 shows thetigaésd grid configuration compris-
ing the different kinds of loads on the left hand side and tinefy Island battery inverter as well
as the asynchronous generator on the right hand side. Theggooents are connected with
switches (black squares at the busbar) which connect andrdisct the respective component
at the specified time. The data of the measurement as welleadatfa of the simulation are
the respective signals measured or calculated at the pomeasurement which considers the
output signals of the battery inverter.

Point of Measurement

Busbar

Reactor /

Cap. Load Ind. Load Ohmic Load3 Ohmic Load2 Ohmic Load1 Asyn. Gen.

v

AC Voltage Source

Sunny Island

Figure 20: Analysed grid inPowerFactory The grid comprises different components which are con-
nected to the busbar via switches (black squares). On the left handrsgde are ohmic, inductive and
capacitive loads. In the centre, there is the Sunny Island battery inwent@prising the AC voltage
source and the output reactor. On the right hand side, there is thehasyoas generator.

Additionally, chapter 3.4 describes the parallel operatibtwo battery inverters. Depend-
ing on the ratio between the active power droops of the twtehainverters, the active power
is distributed between the two systems. This chapter coesgghe simulated and the measured
data for different droop ratios. Moreover, the chapter ysed the stability of a parallel opera-
tion in case of deviations between the two battery inverfEnese deviation are different target
frequencies and different target voltages.

The following paragraphs contain basic notes how the measemt is performed in De-
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MoTec, howPowerFactorysimulates the same configurations, and how the measuredmand s
ulated data are compared in the following chapters.

Measurement The grid analyser EURO-QUANT manufactured by HAAG Elekisohe Mess-
gerate GmbH records the signals at the point of measurenTdr.resolution of the signals
measured by the EURO-QUANT is 16 Bit with a sampling rate oRXHz for standard mea-
surements and 12 Bit with a sampling rate of 1 - 100 kHz for iearisneasurements [HAAO3].
In the performed measurements the transients of voltageumnent are recorded every 0.1 ms,
while the frequency, the RMS voltage, the RMS current, theragtower and the reactive power
are recorded every second. The EURO-QUANT uses a symmedlifterential amplifier for
the measurement of voltage signals and Rogowski coils famggesurement of current signals.

Simulation PowerFactoryfrom DIgSILENT uses the models of chapter 2 for the simutatio
of the analysed load changes in the respective grid configneameasured in DeMoTec. The
software has three different simulation functions which ba selected for the respective simu-
lation purpose.

1. Thebasic functioruses a symmetrical steady-state network model for mid-éeviong-
term transients under balanced network conditions. ltutales electromechanical tran-
sients with root mean square values.

2. A three phase functioextends the basic function by considering unbalanced nmktwo
conditions.

3. Theelectromagnetic transient functiamses a dynamic network model. It enables to
calculate short-term electromagnetical transients lesgite electromechanical transients
in balanced and unbalanced network conditions.

Resulting from the short-term scope of this thesis, the Walg simulations use the electro-
magnetic transient function with the simulation optionstantaneous Values (Electromagnetic
Transients)’. PowerFactoryuses a Newton-Raphson based iteration of network and dynamic
model equations combined with a non-linear representati@lectromechanical models. The
integration step size for the calculation is set to a fixedealf 0.01 ms. With

e a ‘Maximum Error of the State Equations’ of 0.1 % ,
e a ‘Maximum Number of Successive State Iterations’ of 10, and

e a ‘Damping Factor (EMT)’ of 0.9,
the control of the integration is accomplished. The iterats controlled by

e a ‘Maximum Iteration Error of Nodal Equations’ of 1 VA,
e a ‘Maximum Error of Model Equations’ of 0.1 % ,
e a ‘Maximum Number of Iterations’ of 25, and

e a'‘lteration Limit to Recompute Jacobian Matrix’ of 5.
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Comparison The resolution of time in the simulation (0.01 ms) differsrfr the resolution
of time in the measurements (1 s or 0.1 ms). Thus, a compabstveen the data of different
resolutions needs an adjustment. The comparison of therd#ta following chapters shows
two types of adjustments.

On the one hand, thigguresshow the comparison between transients of voltage andrdurre
in a time range of less than 0.2 s with the highest resoluttdhsth types of data.

On the other hand, thablesshow the comparison between frequency, RMS current, RMS
voltage, active power and reactive power. The signals coedpa the tables have a resolution
of 1 s in case of the measurement data and 0.01 ms in case ainhlatson data. Additionally,
the simulation runs only for 1 s. Consequently, a graphicalarison is not appropriate. The
delays in the simulation are small enough so that the stdatiylsefore the considered event and
the steady state after the considered event are includée ueta of the simulation. Because of
the described resolution discrepancy, the tables showéaelyg state before the event at 0 ms
with ‘< 0 ms’ and the steady state after the event with ‘> 0 dgith this designation, the listed
values of the measured data show the mean value of the selgefwie and the mean value of
the seconds after the event, while the listed values of thelaied data show the mean value
of the milliseconds before and the mean value of the milbsels one second after the event at
the end of the simulation. The mean values of the

¢ the frequency are rounded to 0.01 Hz,
e the RMS voltage are rounded to 0.1V,

the RMS current are rounded to 0.05 A,

the active power are rounded to 1 W, and

the reactive power are rounded to 1 VAr.

Chapter 3.2 and chapter 3.3 show the comparison of the mebandesimulated data for
different types of load changes in the grid. The types of lda@hges are

e a balanced change of an ohmic load,

e abalanced change of an inductive load,

¢ a balanced change of a capacitive load,

e an unbalanced change of an ohmic load,

e an unbalanced change of an inductive load, and

e an unbalanced change of a capacitive load.

Appendix A lists figures of the measured and simulated sgyspdtematically. In the following
chapters, only selected figures from the whole list are digga and discussed.

However, prior to the detailed comparison of the data, a ggissshows the main results of
the comparison.
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3.1 Synopsis of the Verification

The comparison between the measured data and the simutedhbws how well the signals
fit together. This illustrates the quality of the simulatioAs this chapter compares the data
for the three basic types of load changes, namely ohmicgcinguand capacitive load changes,
a good fit verifies the model for load changes which consistmofxaof ohmic, inductive and
capacitive loads. Additionally, the analysis of balancad anbalanced load changes verifies
the model for load changes which occur asymmetrically ithisted over the three phases.

Generally, the measured values show variations betwedrnpdase, even in balanced situa-
tions. This asymmetric behaviour results from tolerandesa system components, measure-
ment errors and influences which are not considered in thik.vi@onsequently, there is always
a small deviation between the measured and simulated valines deviation results from the
battery inverter model with simplifications of constitugand influences.

These simplifications are, for instance, the reason fortaffascovery of the simulated volt-
age signal from voltage drops compared to the measuredyeotignal. This results from the
assumption of an ideal voltage source which adjusts rapitiyyvever, the real power electron-
ics control needs longer to control disturbances. AnothBuence, which is not considered
in the model, is the battery management. The battery managerauses a lower level of the
frequency of the measured values compared to the simulaesl é&\n overview of the simpli-
fications of the model is presented in chapter 2.1.4.

The following paragraphs highlight certain configuratiocemponents, effects and switch-
ing events. They do not exclude each other but can be combirteste is no overall structure
but each paragraph describes an important issue whichsooge or several times in the sub-
sequent comparison.

Battery inverter connected with loads The measured data of transient currents in case of the
battery inverter in connection with loads show offsets ajagged signal of 2450 Hz with an
amplitude of 0.1 A. In contrast, the simulated data of trantscurrents show a smoothed signal
and no offset resulting from an ideal sine wave. Howeversm®@ring the possibilities and the
scope of the simulation, the simulated transient currensiifficiently.

Battery inverter connected with asynchronous generator andoads Without additional
components, the asynchronous generator feeds an activer pdl268 W per phase into the
grid. With this power, the asynchronous generator load$éteery of the battery inverter and
delivers the power consumption of the battery inverter. E\mv, it needs a reactive power
of 1630 VAr per phase. The asynchronous generator operatew lis rated operation point.
Therefore, the power factor is 0.61 which is below the ratadeqy factor 0.83 given in table 2.
The jagged transient current signal is more smooth andtsgfsaim a harmonic with a lower
frequency compared to the configuration without an asymadue generator. Additionally, the
current signal is more deformed than without the asynchusmenerator. One reason for this
deformation is the operation of the asynchronous genebatiow its rated operation point. In
contrast, the simulated signal of the transient currerds igleal sine wave which results from
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the assumption of an ideal voltage source for the battergriav and an ideal asynchronous
generator model. However, considering the possibilitiesimulation, the simulated data fits
sufficiently to the measured data. Nevertheless, some p#ake sine waves do not fit well
because the maximum value deviates up to 3 A between the nedaand simulated data.
One reason of these deviations is that the measured tragsigants of the battery inverter in
connection with the asynchronous generator show fluctustid he analysis of more than 60
seconds of the measured current signals shows deviatians tof 3 A between the minimum
and maximum tops of the transient current’s sine waves adgtetate situations.

The current of all three phases changes not at the same tithe toext steady state am-
plitude, but it tunes due to the inertia of the asynchronarsegator. However, the measured
current decays more slowly compared to the simulated curfidre measured oscillations are
not simulated accurately but both current signals are tpaid finally reaching similar current
signals.

The voltage progression before and after the load changessa@ood fit. In contrast to
the situation without the asynchronous generator, the nnedgransient voltage signal shows
an harmonic similar to the harmonic of the transient cugent

The simulated values of the active as well as the reactiveepdaw between the asyn-
chronous generator and the battery inverter are adjustéietoneasured values by applying
the respective torque to the asynchronous generator modwerFactory Therefore, the
simulated as well as the measured values show a good condeEpoe in case of an opera-
tion without additional components. In case of additior@hponents, deviations occur which
partly results from the influence of the frequency and théaga to the active power output of
the asynchronous generator. However these influences armaauelled appropriately as the
asynchronous generator model is not an accurate représaraéthe real asynchronous gen-
erator (cf. chapter 2.2). Therefore, the comparison of teasured and simulated data in case
of the connection of unbalanced inductive or capacitiveldoshows significant deviations.

Ohmic Loads The frequency shows a decline by connecting an ohmic loadaivtrease by
connecting a component which feeds active power into the(gfi paragraph ‘Master Droop
Controller’ in chapter 2.1.3). Additionally, the battery nzgement reduces the frequency with
increasing power supply so that the measured values are tbaue the simulated ones because
the simulation does not consider the battery management.

Inductive Loads After the connection event, the transient currents haveparposed direct
current which causes a deviation of the mean value from Z€his offset decays over some
time periods of the current. In the simulation, this offseturs similarly because it is character-
istic for the connection of inductivities. Altogether, djtetively, the measured and simulated
currents fit well.

The RMS voltage shows a decline after connecting an indulctae This decline is caused
by the droop control described in chapter 2.1.3 which chartige grid voltage depending on
the supplied reactive power. The additional voltage raduoatesults at least partly from the
discretisation effect.



48 3 MODEL VERIFICATION

Capacitive Loads After the connection event, the current oscillates anddwmiéhin 20 ms.
Qualitatively, the measured and simulated currents fit.well

The voltage progression before and after the load changessh@ood fit. The following
20 ms after the connection of the capacitive load show alaisch and tuning which is similar
to the behaviour of the transient currents. The simulatdé@dges do not follow the oscillations
of the measured voltages exactly but qualitatively wellilkhe case of the transient current, it
is not possible to simulate the oscillations accuratelyabee there are many influences which
are out of scope of the simulations in this thesis.

The RMS voltage shows an increase by connecting a capaa#de This increase is caused
by the droop control described in chapter 2.1.3. The aduitivoltage increase is at least partly
explainable with the discretisation effect.

Unbalanced Loads A connection as well as a disconnection at phase A shows the ba-
haviour of the transient current and the transient voltagyénahe balanced case. However,
phase B and phase C are not affected. A connection or discbomet phase B or phase C
shows the respective behaviour of the transient curremt$ransient voltages at the respective
phase, while the respective other phases are not affected.

The frequency in case of unbalanced load changes showstteslsghaviour as in balanced
load changes. The battery management influences the mdasilues so that a direct compar-
ison with the simulated values is not possible. The valupedeé on the power at phase A. In
case that an ohmic load is connected to the battery inverfgrase A, the frequency declines,
whereas no dependence is recognizable at phase B and phakes @slilts from the imple-
mented droop control concept described in chapter 2.1.3hisnconcept, the ‘Master Droop
Controller’ adjusts the frequency to the active power at phaswvhile the other phases are
not considered in the control concept. Consequently, thegshaf the active power supply at
phase B or phase C does not result in a change of the frequgnitye BMaster Droop Con-
troller’.

The behaviour of RMS voltage, active power and reactive pdwe¢ore and after a con-
nection or disconnection of unbalanced loads is similah& iehaviour of balanced loads.
However, only the phase where the load changes shows thectegpbehaviour.

Discretisation effect [Wil99] describes a characteristic dependence betweenaease of
the load and a decline of the output voltage. The slope ofdisendency is influenced by the
resolution of the digital controller. The lower the resadatthe steeper the slope. However, the
slope in the simulation is less than the measured one. Witheudiscretisation, the voltage
does not change in case of active power changes. The effstroigyer for the measured sys-
tem than for the simulated one because the implementecetisation is only an approach to
simulate the Euler integrators of the real system.

Active power The active power has two influences. One influence is the oloadtin the
grid and the other influence is the voltage dependence testcim equation 36 in chapter 2.3.
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Altogether, the simulation shows a good correspondendeettheoretical values. The deviation
of the measured and the simulated values from the thedresiltees is less than 3% and mostly
around 1 %. However, the inaccuracy of the asynchronouggtmenodel results in significant

higher deviations in case of unbalanced load changes.

Reactive power The reactive power has three influences. Its first influenttesiseactive load
in the grid, its second influence is the voltage dependengé@sthird influence is the frequency
dependence. The last two influence factors for inductwitiee described in equation 37 and for
capacities in equation 38 in chapter 2.3. A comparison ostimellation and the measurement
shows a good correspondence to the theoretical values.eMmion is less than 3% and mostly
around 1 %. However, the inaccuracy of the asynchronouggemenodel results in significant
higher deviations in case of unbalanced load changes.

Disconnecting behaviour The loads are disconnected by load switches. These load®sit
have a characteristic disconnection behaviour. The disadion of two power exchanging
components is achieved by the load switch when the currdniges the components is zero.
However, the command for disconnection, which opens théactsof the load switch, can be
given earlier. In case of an ohmic or inductive load, the eniriof all three phases is not zero
at the same time of the command for disconnection, but eaabeptollows its respective sine
wave until it crosses zero. In contrast, in case of a capaditad, the current of all three phases
is immediately at zero at the time of the command for discotioe.

This behaviour results from the extinction characterisfithe arc which is created at the
moment of separating the contacts. The extinction of theaeatuates in the zero-crossing of
the current because the arc is then without energy and sekapAn arc extinguishes in case
that the voltage, which is applied to the contacts, is equaliower than the voltage over the
arc. In this case, no current flows in the arc which causeslapsa of the ionisation channel of
the arc.

In case of an ohmic load, the applied voltage is the outputagel of the battery inverter
less the voltage over the resistance of the load and theéaesesof the arc. Consequently, the
extinction occurs at zero-crossing of the voltage and theeaty which are correlated, because
the voltage over the resistance of the arc is not influencetthéyhmic load in a way that it
crosses zero before the zero-crossing of the voltage.

In case of an inductive load, the inductivity allows no aliraprrent change. Because of
the characteristic of an inductivity, the inductivity reses its voltage to maintain the current
and drives the current through the arc. Due to the reversageht the inductivity, the applied
voltage is even higher than in case of an ohmic load. Thigsewnltage even sustains the arc.
Consequently, the extinction occurs at zero-crossing oftneent.

In case of an capacitive load, the capacity allows no abrolpage change. Because of this
characteristic, in the first moment, the capacity storesliage which is similar to the voltage
which is applied in the moment before the switching event. Ségaently, a similar voltage is
applied on both sides of the arc which results in a low voltaggr the arc. This low voltage is
not able to drive current through the arc. Therefore, theeatinguishes immediately.
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The real disconnection characteristic of the switch is moutated by the generic switch
models ofPowerFactory The only discrimination available in the switch model igvibeen an
extinction at zero-crossing or an immediate extinctior. the simulation of a disconnection of
an ohmic or an inductive load, the option ‘extinction at zerossing’ is selected. In contrast,
for the simulation of a disconnection of a capacitive loae, dption ‘immediately’ is selected.
The simulated current shows a similar behaviour to the nredsilata. However, the measured
current is a bit faster at zero compared to the simulatecentiand the measured current is
partly deformed. These differences occur because the lemgtccharacteristics of the load
switches are not considered in detailRowerFactory As PowerFactorydoes not model the
arc characteristic in its switch models, the different vdars of the extinction of the arc have
to be defined manually for different loads. This is possiblease of pure loads but not for
mixed loads. However, mixed loads which do not have mainpacdies can be assumed to be
switched with zero-crossing of the current.

Battery inverters in parallel operation In case that the two battery inverters have different
active power droops, the active power distribution betweentwo battery inverters shows a
similar behaviour in case of the measurement as well as thalaiion. The active power
supply deviates between 0.2 % and 3.2 % between the simukatid the measurement.

An unbalanced droop ratio results in a transient behaviotineé time after the connection
of the ohmic load. The transient behaviour shows an equallaison of the active power in
the moment after the connection. However, over the follgahndreds of milliseconds, the
distribution tunes to the target droop ratio. The measungiared the simulation show the same
behaviour, but the simulation needs a bit longer for thertgini

After this synopsis of simulation results, the followingagters present a more detailed com-
parison between the measurement and the simulation. Thegg@iity of their correspondence
results in a verification of the models implementedPowerFactory

3.2 Battery inverter connected with loads

In the grid configuration considered in this chapter, therfyuisland battery inverter forms
the grid and supplies the power for the connected loads byecting the stored energy in the
batteries. The asynchronous generator is not considetédiohapter.

3.2.1 Balanced change in ohmic load

The Sunny Island battery inverter forms the grid in openuiircAt the timet = 0 ms it is
connected to a 3 kW balanced ohmic load.

Transient currents  Figure 21 shows the transient currents of the three phasBsaAd C of
the battery inverter measured at the point of measureménfigare 20). This figure displays
the main differences between the measured data and theasgdwdata. The measured data
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Figure 21: Transient currents of the battery inverter in open circuit which is connected at the time
0 ms to a 3 kW ohmic load. Comparison between the measured (meas.) valudircdéours (A,B,C)
and the simulated (sim.) values in brighter colours (D,E,F).

show an offset and a jagged signal, which has a frequency &0 B¥# and an amplitude of
0.1 A. In contrast, the simulated data show a smoothed sgmhho offset resulting from an
ideal sine wave. Due to these two main differences, therbvisya a small deviation between
the measured and simulated values. This deviation resoits the scope of the battery in-
verter model which has simplifications of constituents arflliences causing these deviations.
However, considering the possibilities and the scope oftimilation, the simulated data fits
sufficiently. The amplitude and the phase of the simulatéd damply quantitatively, while the
signal progression at the transition from no load to the 3 K¥wic load complies qualitatively
with the measured data.

Transient voltages Figure 22 shows the transient voltages of the three phasBsaAd C of
the battery inverter. The voltage progression before atet #fie load change shows a good
correlation between measured and simulated data. At treetts© ms, a voltage drop occurs.
In the simulated data, it decays rapidly in far less than 1msontrast to the measured data
which needs more than 1 ms for its decay. This deficit in thaution causes the current
deviation in the 2 ms after the switching event (cf. figure @hjch shows a lower value for
the measured current compared to the simulated one. Thé defiee simulation results from
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Figure 22: Transient voltage¥& of the battery inverter in open circuit which is connected at the time
0 msto a 3 kW ohmic load. Comparison between the measured (meas.) valudeincdéours (A,B,C)
and the simulated (sim.) values in brighter colours (D,E,F).

the assumption of an ideal voltage source which adjustslisapA change of the simulation

time step shows that the voltage drop decreases with inogeéisme steps and the recovery
time increases. Nevertheless, the real power electronitsat needs longer to control the dis-
turbance but the voltage drop is not as big as in the simuatio comparison, the simulation
sampling rate is 100 kHz while the frequency of the pulsetiwidodulation is approximately

16 kHz. The reason for this voltage drop is the subordinatdidge control which is described
in paragraph ‘Controller and filter’ in chapter 2.1.3.

Table 11 lists the steady state values before and after #tedbange. The values of this
table are those of phase A because a balanced situationysamhaPhase B and phase C show
the same values in case of the simulated values. Howeveasi af the measured values, all
phases vary a bit from each other.

Frequency The frequency (cf. table 11) shows a decline by connectiagtimic load. This
decline is caused by the ‘Master Droop Controller’ (cf. clea@.1.3) which changes the grid
frequency of 50 Hz by the frequency deviation

Af=—1Hzx P/Pyn (39)
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Table 11: Comparison of the data of phase A between the measured and the simulatdd sfghe
battery inverter in open circuit which is connected at the timeé ms to a 3 kW ohmic load.

Signals Measured<0Oms >0 msSimulated<0ms >0ms
Frequency [Hz] 49.90 49.44 50 49.72
RMS voltage [V] 229.5 226.7 230.1 229.9
RMS current [A] 0.1 4.40 0.0 4.35
Active power [W] 3 1000 0 999
Reactive power [VAr] 70 70 0 -3

with the supplied active poweP and the rated active powét,,,, = 3600 W. The supplied
active power at the timeé < 0 ms is assumed to be 0 W resulting in a frequency deviation
Af = 0 Hz. Connecting 1 kW ohmic load at each phase results in a themrérequency
deviation ofA f = —1 x 1000/3600 Hz = - 0.28 Hz. This behaviour is given for the simulated
frequency which changes from 50 Hz to 49.72 Hz. The measueggiéncy does not comply
with these values because of the influence of the battery geamant, which is not modelled.
This battery management additionally reduces the frequetitt increasing power supply so
that the measured values are lower than the simulated ones.

RMS voltage The RMS voltage (cf. table 11) shows a decline by connectiegotilanced

3 kW ohmic load. This behaviour can not be explained by theplemntrol because the voltage
only changes in case of reactive power changes. [Wil99]rde=ssa characteristic dependence
between an increase of the load and a decline of the outpgapel The slope of this dependency
is influenced by the resolution of the digital controller.ellbwer the resolution the steeper the
slope. In the model of the Sunny Island battery inverter tbikage controller is discretised
to simulate this behaviour (cf. chapter 2.1.3). Nevert®l¢he slope in the simulation is less
than the measured one. Without the discretisation, thageltioes not change in case of active
power changes. This discretisation requires with 0.01 mgla tesolution of the simulation
so that the implementation of this dependency can taketdigsmause the frequency of digital
controller is 8.33 kHz. However, if the described effect @ relevant, the discretisation can
be substituted by a dynamic model. Additionally, the sirtiatastep size of 0.01 ms can be
changed to 0.2 ms which reduces the time for the simulatgmfgantly.

RMS current In the open circuit operation of the battery inverter, theamged current (cf.
table 11) is higher than the expected value of 0 A. This reduétm a direct current which
fluctuates between -1 A and 1 A with a time period of more thaecaisd in the measured data.
The mean value is the listed 0.1 A. One reason of this curreapén circuit is the sensitivity
of the measurement equipment which is calibrated for measemts in tens of amperes. The
simulation does not consider this offset. Consequenthsitihelated value is O A. In connection
with the balanced 3 kW ohmic load, the RMS current has simidues in the measured and
the simulated case.
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Active power The active power (cf. table 11) in open circuit operation hatheoretical
value of 0 W. However, a low active power is measured. Thevagibwer has the voltage
dependence described in equation 36 in chapter 2.3. Wghd#pendency, the active power
of the measurement of the battery inverter in connectioh wibalanced 3 kW load should be
1000 x (226.7/230)* W = 972 W (compared to 1000 W in table 11) and the simulation should
result in1000 x (229.9/230)? W = 999 W (compared to 999 W in table 11).

Reactive power The measured reactive power has a mean value of 70 VAr (cle b
which results from a stochastically fluctuating measurdarae@ - 200 VAr. The expected value
of 0 VAr shows the simulation data in open circuit situatiddy adding the ohmic load, the
reactive power in the simulation is slightly negative. Tehesrno significant change between the
two considered steady states because a pure ohmic loaded.add

Disconnecting behaviour of the current Figure 23 shows the comparison between the mea-
sured and the simulated transient current in case of a digotion of a 3 kW ohmic load which

is the only connected load. The figure shows that the curfeitihree phases is not zero at the
same time but that each phase follows its respective sine watil it crosses zero. This is the
characteristic disconnecting behaviour of the used loattkwn case of an ohmic load. There-
fore, switching off the load in the simulation is specifieddigconnection at zero-crossing.

This behaviour results from the extinction characterisfithe arc which is created at the
moment of separating the contacts. The extinction of theaeatuates in the zero-crossing of
the current because the arc is then without energy and sekapAn arc extinguishes in case
that the voltage, which is applied to the contacts, is equal iower than the voltage over the
arc. In this case, no current flows in the arc which causeslapsa of the ionisation channel of
the arc. Due to this behaviour, the arc can be represented &gsamed resistance.

In case of an ohmic load, the applied voltage is the outputgel of the battery inverter
less the voltage over the resistance of the load and theéaesesof the arc. Consequently, the
extinction occurs at zero-crossing of the voltage or rathercurrent because the voltage over
the resistance of the arc is not influenced by the ohmic loadaay that it gets negative.

However, the real characteristic is not simulated by theegerswitch models oPower-
Factory. The only discrimination available in the switch model igvaeen an extinction at
zero-crossing or an immediate extinction. For the desdrgmulation, the option ‘extinction
at zero-crossing’ is selected. The simulated current stzosisilar behaviour to the measured
data. However, the measured current of phase B and phaselill faster at zero compared to
the simulated current. Additionally, the measured curoéphase B has a lower peak compared
to the simulated one. These differences occur because ttehsw characteristics of the load
switches are not considered in detail but assumed to beczessing.
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Figure 23: Transient current$ of the battery inverter supplying a 3 kW ohmic which is disconnected at
the timet = 0 ms. Comparison between the measured (meas.) values in darker cal@®J3)(@and the
simulated (sim.) values in brighter colours (D,E,F).

3.2.2 Balanced change in inductive load

The Sunny Island battery inverter forms the grid in conmectvith a balanced 3 kW ohmic
load. At the timet = 0 ms the battery inverter is connected to a 3 kVAr balancddative load.

Transient currents Figure 24 shows the transient currents of the three phasBsaAd C of
the battery inverter measured at the point of measuremérfigare 20). After the connection
event, the current has a superposed direct current whicdesaadeviation of the mean value
from zero. This offset decays over some time periods of tmeeati This offset characteristic
occurs also in the simulated data because it is charaatdosthe connection of inductivities.
Altogether, qualitatively, the measured and simulatederus fit well. However, the measured
current shows a signal deformation in the first two periodpeeially phase A and phase B,
which is not part of the simulation signals. Consequentlg, deformation results from addi-
tional influences which are not considered. Additionalg simulated transient currents of the
first two peaks of the sine waves after the load change are 8@ % lower than the measured
ones.
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Figure 24: Transient current$ of the battery inverter supplying a 3 kW ohmic load which is connected
at the timet = 0 ms to a 3 kVAr inductive load. Comparison between the measured (me#&ses via
darker colours (A,B,C) and the simulated (sim.) values in brighter colourskR,E

Transient voltages The transient voltages show no particular transient belaviAddition-
ally, the measured and the simulated voltages show no signifdifference. Therefore, it is
not displayed here but in the appendix in figure 62.

Table 12 lists the steady state values before and after #tedbange. The values of this
table are those of phase A because a balanced situationysahaPhase B and phase C show
the same values in case of the simulated values. Howeveasi af the measured values, all
phases vary a bit from each other.

Frequency The frequency before and after the connection of the bathimzkictive load is
equal in the measured data as well as in the simulated dateeVdo, the battery management
causes a 0.27 Hz lower level of the frequency of the measalees compared to the simulated
ones.

RMS voltage The RMS voltage listed in table 12 shows a decline after caimgethe induc-
tive load. This decline is caused by the droop control whithnges the grid voltage of 230 V
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Table 12: Comparison of the data of phase A between the measured and the simulatdd sfghe
battery inverter supplying a 3 kW ohmic load which is connected at the timé® ms to a 3 kVAr
inductive load.

Signals Measured<0Oms >0 ms$Simulated<O0Oms >0ms
Frequency [Hz] 49.45 49.45 49.72 49.72
RMS voltage [V] 227.2 221.5 229.8 225.2
RMS current [A] 4.35 6.20 4.35 6.20
Active power [W] 985 987 1000 1012
Reactive power [VAr] 70 965 -3 961

by the voltage deviation
AU = —6 % X Upom X Q/Qnom (40)

with the supplied reactive powép, the rated reactive powép,,.,, = 3600 VAr and the rated
RMS voltagel,..,, = 230 V. The connection of a 1 kW inductive load at each phase esult
a theoretical voltage deviation U = —6 % x 230 x 965/3600 V = - 3.7 V for the measured
values and a voltage deviation A/ = —6 % x 230 x 1012/3600 V = - 3.9 V for the simulated
values. However, this is neither the case for the measurtd @hich changes by 5.7 V from
227.2 V1o 221.5V, nor the case for the simulated data, whigimges by 4.6 V from 229.8 V to
225.2 V. The additional voltage dip of 2.0 V in case of the nueed values and 0.7 V in case of
the simulated values is explainable with the discretisagiffect described in the paragraph on
the RMS voltage in chapter 3.2.1. As mentioned there, thetestronger for the measured
system than for the simulated one.

RMS current The RMS current in the example of the connection event of anadtink load
is equal in the measured and the simulated case. This magtglods the good representation
of the current values by the simulation.

Active power The active power has two influences. One influence is the oluatin the grid
and the other influence is the voltage dependence descrlesiation 36 in chapter 2.3. With
these dependencies, the active power of the measuremedre béttery inverter in connection
with a balanced 3 kW load should bh&00 x (227.2/230)> W = 975 W (compared to 985 W
in table 12) and the simulation should result im0 x (229.8/230)2 W = 998 W (compared to
1000 W intable 12). After adding the inductivity with an aetpower of 50 W per phase at rated
conditions, the measurement shouldibg0 x (221.5/230)> W = 973 W (compared to 987 W
in table 12) and the simulation should result 0 x (225.2/230)? W = 1007 W (compared to
1012 W in table 12). Altogether, the simulation shows a gawgespondence to the theoretical
values. In contrast, the measurement shows a higher davi@tm the theoretical values and
the adding of the inductive load results in an increase awstd a decrease of the active power.
The deviation of the measured values from the theoretidakgas approximately 1 % .



58 3 MODEL VERIFICATION

Reactive power The reactive power has three influences. Its first influen¢dkesnductive
load in the grid, its second influence is the voltage depetaland its third influence is the fre-
guency dependence. The last two influence factors for indties are described in equation 37
in chapter 2.3. According to these influences the reactiveepafter adding the inductive load
should bel 000 x (221.5/230)2 x (50/49.45) VAr = 938 VAr (compared to 965 VAr in table 12)
and the simulation should result 1000 x (225.2/230)% x (50/49.72) VAr = 964 VAr (com-
pared to 961 VAr in table 12). The simulation shows a goodespondence to the theoretical
values. However, the measured ones show a deviation of @ppately 3 %.

Disconnecting behaviour of the current Figure 25 shows the comparison between the mea-
sured and the simulated transient current in case of a cieotion of the 3 kVAr inductive load
in connection with the battery inverter and an ohmic basd tffe8 kW. The figure shows that
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Figure 25: Transient current$ of the battery inverter supplying a 3 kW ohmic and a 3 kVAr inductive
load. The 3 kVAr inductive load is disconnected at the tireeD ms. Comparison between the measured
(meas.) values in darker colours (A,B,C) and the simulated (sim.) values indariggiours (D,E,F).

the current of all three phases changes not at the same tifme next steady state amplitude but
that each phase follows its respective sine wave until tmeentiof the inductive load crosses
zero. This is the characteristic disconnecting behaviduh® used load switch in case of an
inductive load (cf. the disconnecting of an ohmic load diésct in chapter 3.2.1). Therefore,
the disconnection of the load in the simulation is specifig@ lzero-crossing of the current of
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the inductive load.

This behaviour results from the extinction characterisfithe arc which is created at the
moment of separating the contacts. In case of an inductiad, lthe inductivity allows no
abrupt current change. Because of the characteristic ofdarciivity, the inductivity reverses
its voltage to maintain the current and drives the currerdugh the arc. Due to the reverse
voltage at the inductivity, the applied voltage is even bigithan in case of an ohmic load. This
reverse voltage even sustains the arc. Consequently, timetext occurs at zero-crossing of
the current.

The simulated current shows a similar behaviour to the mredsiata. However, the mea-
sured current of phase B is a bit faster at the next steady whie compared to the simulated
current.

3.2.3 Balanced change in capacitive load

The Sunny Island battery inverter forms the grid in conmecivith a balanced 3 kW ohmic
load. At the timet = 0 ms the battery inverter is connected to a 3 kVAr balanceaacéve
load.

Transient currents  Figure 26 shows the transient currents of the three phasBsaAd C of
the battery inverter measured at the point of measuremérfigare 20). After the connection
event, the current oscillates and tunes within 20 ms. Caiaddly, the measured and simulated
currents fit well. The transients in figure 26 are difficult é@ognize in detail. Therefore, they
are displayed separately in figure 65, figure 66 and figure @femppendix.

Transient voltages Figure 27 shows the transient voltages of the three phasBsaAd C of
the battery inverter. The voltage progression before ated fe load change shows a good cor-
relation between measured and simulated data. The folgp@Orms after the connection of the
capacitive load show an oscillation and tuning which is Ento the behaviour of the transient
currents. The simulated voltages do not follow the osailtet of the measured voltages exactly
but qualitatively well. As in the case of the transient cutyet is not possible to simulate the
voltages accurately because there are many influences att@aiut of scope of the simulations
in this thesis.

Table 13 lists the steady state values before and after #tedbange. The values of this
table are of phase A because a balanced situation is analPéede B and phase C show the
same values in case of the simulated values. However, iroéise measured values, all phases
vary a bit from each other.

Frequency The frequency before and after the connection of the bathoapacitive load is
similar in the measured data as well as in the simulated @ei@lse no active power is changed.
However, the battery management causes an approximasayzdower level of the frequency
of the measured values compared to the simulated ones.
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Figure 26: Transient current$ of the battery inverter supplying a 3 kW ohmic load which is connected
at the timet = 0 ms to a 3 kVAr capacitive load. Comparison between the measured (meahase} in
darker colours (A,B,C) and the simulated (sim.) values in brighter colourskR,E

RMS voltage The RMS voltage in table 13 shows an increase by connectingapacitive
load. This increase is caused by the droop control desciibethapter 3.2.2. Connecting
1 kVAr capacitive load at each phase results in a theoretaltdge deviation oAU = —6 % x
230 x (—1055)/3600 V = + 4.0 V with the actual reactive power of -1055 VAr. Thedcetly,
the droop control changes the voltage then from 230 V to 234i\tlthanges to 236.1 V (cf.
table 13). In case of the simulated values, the connectidh lIofAr capacitive load at each
phase results in a theoretical voltage deviatioléf = —6 % x 230 x (—1040)/3600 V = +
4.0 V with the actual reactive power of -1040 VAr. Theoreltigahe droop control changes the
voltage then from 230 V to 234 V but it changes to 234.8 V (dbléd 3). The additional voltage
increase is at least partly explainable with the discreétinaffect described in the paragraph on
the RMS voltage in chapter 3.2.1. As mentioned there, thetefestronger for the measured
system than for the simulated one.

RMS current The RMS current in the example of the connection event of anatink load
is similar in the measured and the simulated case. This nsafgports the good representation
of the current values by the simulation.



3.2 Battery inverter connected with loads 61

1 v 1
Phase B sim.

r T r
400 C: Phase C meas. .
/ Phase C sim.

O
>>>> AVAVAY

U [V]
O

e~

-200 |

“<B Phase B meas.
-400 |- g

Phase A sim. A Phase A meas.

-20 -10 0 10 20

t [ms]

Figure 27: Transient voltage¥ of the battery inverter supplying a 3 kW ohmic load which is connected
at the timet = 0 ms to a 3 kVAr capacitive load. Comparison between the measured (meahase} in
darker colours (A,B,C) and the simulated (sim.) values in brighter colourskp,E

Active power The active power has two influences. One influence is the olhwaid in
the grid and the other influence is the voltage dependenawided in equation 36 in chap-
ter 2.3. With these dependencies, the active power of thesumement of the battery inverter
in connection with a balanced 3 kW load should060 x (227.2/230)*> W = 975 W (com-
pared to 980 W in table 13) and the simulation should resultoiv) x (229.8/230)*> W =
998 W (compared to 1000 W in table 13). After adding the capaeitoad with an active
power of 0 W per phase at rated conditions, the active pow¢hnefmeasurement should be
1000 x (236.1/230)*> W = 1054 W (compared to 1044 W in table 13). The simulation should
result in1000 x (234.8/230)* W = 1042 W (compared to 1042 W in table 13). Altogether, the
simulation as well as the measurement show a good correspoedo the theoretical values.
The measurement has a deviation of less than 1 % to the tleabnetlues calculated on basis
of the voltage dependence of the active power.

Reactive power The reactive power has three influences. Its first influent¢keesnductive

load in the grid, its second influence is the voltage deperel@md its third influence is the
frequency dependence. The last two influence factors arided in equation 38 in chap-
ter 2.3. According to these influences the reactive power afiding the capacitive load should
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Table 13: Comparison of the data of phase A between the measured and the simulatdd sfghe
battery inverter supplying a 3 kW ohmic load which is connected at the timé® ms to a 3 kVAr
capacitive load.

Signals Measured<0Oms >0 msSimulated<0ms >0ms
Frequency [Hz] 49.42 49.40 49.72 49.71
RMS voltage [V] 227.2 236.1 229.8 234.8
RMS current [A] 4.30 6.30 4.35 6.25
Active power [W] 980 1044 1000 1042
Reactive power [VAr] 70 -1055 -3 -1040

be—1000 x (236.1/230)? x (49.4/50) VAr = —1041 VAr (compared to - 1055 VAr in table 13)
and the simulation should result in1000 x (234.8/230)% x (49.71/50) VAr = —1036 VAr
(compared to - 1040 VAr in table 13). The simulation shows adyoorrespondence to the
theoretical values with a deviation of approximately 1 %.

Disconnecting behaviour of the current Figure 28 shows the comparison between the mea-
sured and the simulated transient current in case of a digotion of the 3 kVAr capacitive
load in connection with the battery inverter and an ohmiceldaad of 3 kW. The simulated
current shows a similar behaviour to the measured data itlthdeviations. The figure shows
that the current of all three phases changes at the samedithe hext stead state amplitude.
This behaviour is in contrast to the analysed cases of tle@uiection of an ohmic (cf. chap-
ter 3.2.1) and an inductive (cf. chapter 3.2.2) load. In #itet cases, each phase follows its
respective sine wave until it crosses zero. In contrastickimg off the capacitive load in the
simulation is specified by an immediate disconnection ofttimeent of the capacitive load.

This behaviour results from the extinction characterisfithe arc which is created at the
moment of separating the contacts. In case of an capamtaek the capacitive allows no abrupt
voltage change. Because of this characteristic of a cap#uitgapacity applies a voltage to the
arc which is similar to the voltage which is applied in the nemhbefore the switching event.
The loaded capacity stores this voltage in the first momenhs€guently, a similar voltage is
applied on both sides of the arc which results in a low voltaggr the arc. This low voltage is
not able to drive current through the arc. Therefore, theeatinguishes immediately.

However,PowerFactorydoes not model the arc characteristic in its switch modeisaithe
different behaviours of the extinction of the arc have to endd manually for different loads.
This is possible in case of pure loads but not for mixed loddswever, mixed loads which
do not have mainly capacities can be assumed to be switchike@&rio-crossing of the current.
The simulated current shows a similar behaviour to the nredsiata with little deviations.
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Figure 28: Transient currents of the battery inverter supplying a 3 kW ohmic and a 3 kVAr capacitive
load. The 3 kVAr capacitive load is disconnected at the tim® ms. Comparison between the measured
(meas.) values in darker colours (A,B,C) and the simulated (sim.) values irtdarigdtours (D,E,F).

3.2.4 Unbalanced change in ohmic load

The Sunny Island battery inverter forms the grid in openuwircAt the timet = 0 ms it is
connected to a 1 kW ohmic load at one phase. Firstly, a 1 kW olwad is connected to the
battery inverter at phase A. Secondly, a 1 kW ohmic load isieoted to the battery inverter at
phase B, and, finally, at phase C.

Transient Currents Figure 29 shows the comparison of the measured and simufatesent
currents. It displays that phase B and phase C are not affedide phase A shows the same
behaviour of the transient current as described in chap2et.3Figure 71 shows the connection
of phase B and figure 72 shows the connection of phase C (cfergg). They also show the
same behaviour of the transient currents.

Transient Voltages In case of an unbalanced connection as well as an unbalarsmhdec-
tion of an ohmic load, the transient voltages show no pddrdoehaviour. It is similar to the
behaviour displayed in figure 22 in chapter 3.2.1. The sitedl®alues fit well to the measured
ones. Therefore, there is no need to display them in this work
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Figure 29: Transient currentsg of the battery inverter in open circuit which is connected at the time
t =0 msto a1l kW ohmic load at phase A. Comparison between the measured (vadaess)in darker
colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F).

Frequency The frequency shows the expected behaviour similar to teerdeed one in chap-
ter 3.2.1. As mentioned therein, the battery managemeneinfies the measured values so that
a direct comparison with the simulated values is not possibhe values depend on the power
at phase A. In case that an ohmic load is connected to thepatterter at phase A, the fre-
quency declines, whereas no dependence is recognizabihase B and phase C. This results
from the implemented droop control concept described irpta2.1.3. In this concept, the
‘Master Droop Controller’ adjusts the frequency to the acfower at phase A while the other
phases are not considered in the control concept. Consdyubatchange of the active power
supply at phase B or phase C does not result in a change oktipasincy by the ‘Master Droop
Controller’.

RMS voltage Table 14 lists the steady state values of the RMS voltage®dhtiee phases (in
the columns) for a connection sequence (in the rows) in catbe aneasured values and in case
of the simulated values. The connection sequence staftstétopen circuit where no load
is connected to the battery inverter. The measured valumsg aHittle asymmetry whereas the
simulated ones are all 230.1 V. By adding unbalanced ohmdasloathe following connection
sequence, the discretisation effect described in chaf2et 8auses the voltage to decline. This
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Table 14: Comparison of the data between the measured and the simulated RMS voltads sighe
battery inverter in connection with unbalanced ohmic loads. Four diffsteatly states are considered:
open circuit; 1 kW at phase A; 1 kW at phase A,B; and 1 kW at phase A,B,C

RMS voltage at phase A B C A B C
measured [V] simulated [V]

Open circuit 229.6 229.3 229/4230.10 230.10 230.10

1 kW at phase A 227.2 228.4 228.229.85 230.05 230.05

1 kW at phase A,B 227.2 226.5 228.4£29.85 229.85 230.05

1 kW at phase A,B,C 227.3 226.4 226.£29.85 229.85 229.85

decline is larger in case of the measured values comparkd girhulated ones. A connection of
a 1 kW ohmic load at phase A causes the voltage at all phaseslioel However, the voltage
of phase A has a larger decline compared to the voltage oepBamd phase C. The voltage
of phase A stays at this value even in the next sequence $gpadding a 1 kW ohmic load
at phase B, only the voltage of phase B declines. The same hsppease of adding a 1 kW
ohmic load at phase C. In this case, only the voltage of phaseclihds. While the simulated
values show a symmetrical behaviour at the balanced stuatithe end, the measured values
of phase B and phase C deviate from phase A. The influencesoadlymmetric behaviour of
the measured values is not included in the models of thissth@$e declining characteristic
is equal in the measured as well as in the simulated case. \ldovibe absolute values of the
decline are different. This behaviour is at least partlylax@ble with the discretisation effect
described in the paragraph on the RMS voltage in chapter.3A8.inentioned there, the effect
is stronger for the measured system than for the simulated on

RMS current The RMS current shows the same behaviour as described inechHagt1.
Only the measured RMS current after the load connection 8 4835 A at the respective
phase instead of 4.40 A at each phase. This value is reaclvadérthat a 1 kW ohmic load is
connected at the respective phase.

Active power The simulated values of the active power are similar to tideseribed in chap-
ter 3.2.1. However, the measured values are in the rangebof 995 W which is considerable
lower than the measured values in case of a balanced ohndic loa

Reactive power The reactive power shows the same behaviour as describéadjner 3.2.1.
This results from the independence of the reactive powenarhanic load.

Disconnecting behaviour of the current The disconnecting behaviour is similar to the be-
haviour described in chapter 3.2.1. However, it only takesefor one phase instead of all

three phases. The respective transient currents causedlisgannection of ohmic loads at

single phases are illustrated in the appendix in figure 7@8rdig4 and figure 75.
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3.2.5 Unbalanced change in inductive load

The Sunny Island battery inverter forms the grid in conmecwith a balanced ohmic load. At
the timet = 0 ms it is connected to a 1 kVAr inductive load at one phase.

Transient Currents Figure 30 shows the comparison of the measured and simufatesdent
currents in case of a connection of a 1 kVAr inductive loadretge A. It displays that phase B
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Figure 30: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timed ms to a 1 kVAr inductive load at phase A.
Comparison between the measured (meas.) values in darker colours (Argi@e simulated (sim.)
values in brighter colours (D,E,F).

and phase C are not affected while phase A shows the sameid@hai/the transient current
as described in chapter 3.2.2. The decay of the offset stilted by figure 77 (cf. Appendix).
Figure 78 (cf. Appendix) shows the connection of phase B Wwhisplays a similar behaviour.
Consequently, this behaviour also occurs in case of an iivduotad connection at phase C (cf.
chapter 3.2.2) because of the symmetric characteristics.

Transient Voltages In case of an unbalanced connection as well as an unbalansszhel
nection of an ohmic load, the transient voltages show naquéat behaviour. It is similar to
the behaviour described in chapter 3.2.2. The simulatadegdit well to the measured ones.



3.2 Battery inverter connected with loads 67

Therefore, there is no need to display them in this work.

Table 15 lists the steady state values before and after #tedbange. The values of this

Table 15: Comparison of the data of phase A between the measured and the simulatdd sfghe
battery inverter supplying a 3 kwW ohmic load which is connected at the timé® ms to a 1 kVAr
inductive load at phase A.

Signals Measured<0Oms >0 msSimulated<0ms >0ms
Frequency [Hz] 49.45 49.44 49.72 49.72
RMS voltage [V] 227.3 221.6 229.9 225.2
RMS current [A] 4.30 6.15 4.35 6.20
Active power [W] 980 970 1000 1012
Reactive power [VAr] 70 955 -3 961

table are those of phase A. Phase B and phase C show no chaisgel tg the load change at
phase A. Similar values occur in case of the connection of\@At inductive load at phase B or
phase C. In this case, the respective other values show ngehhievertheless, the measured
values are a little asymmetric.

Frequency The frequency before and after the connection of the bathimmhuctive load is
similar in the measured data as well as in the simulated dmaever, the battery management
causes a 0.27 Hz lower level of the frequency of the measalees compared to the simulated
ones.

RMS voltage In table 15, the RMS voltage of phase A shows a decline by caimgethe
inductive load. This decline is caused by the droop contral & is the same as described
in chapter 3.2.2. Connecting 1 kW inductive load at phase Altes a theoretical voltage
deviation ofAU = —6 % x 230 x 970/3600 V = - 3.7 V for the measured values and a voltage
deviation of AU = —6 % x 230 x 1012/3600 V = - 3.9 V for the simulated values. However,
this is neither the case for the measured data, which chdng®s V from 227.3 V to 221.6
V, nor the case for the simulated data, which changes by 4rov £29.9 V to 225.2 V. The
additional voltage dip of 2.0 V in case of the measured vadunes0.8 V in case of the simulated
values is at least partly explainable with the discretisagffect described in the paragraph on
the RMS voltage in chapter 3.2.1. As mentioned there, theEfestronger for the measured
system than for the simulated one. The described behawasimilar in case of adding the
inductive load to phase B or phase C.

RMS current The RMS current in the example of the connection event of anatink load
is similar in the measured and the simulated case. Similaesaare measured and simulated
in case of adding the inductive load to phase B or phase C.
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Active power The influences to the active power are described in chap?et.3The active
power of the measurement of the battery inverter in conoeatiith a balanced 3 kW load
should bel 000 x (227.3/230)* W = 976 W (compared to 980 W in table 15) and the simulation
should result inl000 x (229.9/230)*> W = 999 W (compared to 1000 W in table 15). After
adding the inductive load at phase A with an active power ofAb@t rated conditions, the
measurement should H&50 x (221.6/230)? W = 974 W (compared to 970 W in table 15)
and the simulation should result 1050 x (225.2/230)* W = 1007 W (compared to 1012 W in
table 15). Altogether, the measurement as well as the stionlashow a good correspondence
to the theoretical values. The connection of the inductoad|results in an increase of the
active power in case of the simulation instead of a decrebdeactive power in case of the
measurement. However, the deviation is in the range of aabkpl %.

Reactive power The influences to the reactive power are described in chd@et. Accord-
ing to these influences, after adding the inductive load rélaetive power should bE)00 x
(221.6/230)* x (50/49.44) VAr = 938 VAr (compared to 955 VAr in table 15) and the simula-
tion should result in 000 x (225.2/230)% x (50/49.72) VAr = 964 VAr (compared to 961 VAr
in table 15). The simulation shows a good correspondendeettheoretical values. However,
the measured ones show a deviation of approximately 2 %.

Disconnecting behaviour of the current The disconnecting behaviour of the current is simi-
lar to the described one in chapter 3.2.2. However, it carecenly one phase. Figure 79 in the
appendix shows the comparison between the measured anonthiated transient current in
case of a disconnection of the 1 kVAr inductive load at phase @onnection with the battery
inverter and an ohmic base load of 3 kW. Additionally, figu€ei the appendix shows that a
disconnection of a 1 kVAr inductive load at phase B has a sinti€haviour as well as a similar
match of the measured and the simulated values. The behafipbase B is representative to
the behaviour of phase C.

3.2.6 Unbalanced change in capacitive load

The Sunny Island battery inverter forms the grid in conmectwith a balanced ohmic load. At
the timet = 0 ms it is connected to a 1 kVAr inductive load at one phase.

Transient Currents  Figure 31 shows the comparison of the measured and simuiatesient
currents in case of a connection of a 1 kVAr capacitive logahaise A. It displays that phase B
and phase C are not affected while phase A shows the sameid@haf/the transient current
as described in chapter 3.2.3. Figure 83 (cf. Appendix) shibw connection of phase B which
displays a similar behaviour. Consequently, this behavédao occurs in case of an capacitive
load connection at phase C because of the symmetric chasticke

Transient Voltages Figure 82 in the appendix shows the comparison of the mediand
simulated transient voltages in case of a connection of aAlr k¥pacitive load at phase A. It
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Figure 31: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timeé) ms to a 1 kVAr capacitive load at phase A.
Comparison between the measured (meas.) values in darker colours (A/ii@)e simulated (sim.)
values in brighter colours (D,E,F).

displays that phase B and phase C are not affected while phsisews the same behaviour of
the transient voltage as described in chapter 3.2.3. FRyune the appendix shows the connec-
tion of phase B which displays a similar behaviour. Consetiyehis behaviour also occurs
in case of a capacitive load connection at phase C becau$e aglymmetric characteristics.
Additionally, the appendix shows in figure 86 and figure 88dlseonnection of the capacitive
load at phase A as well as phase B. These figures show a behatith& measured and the
simulated transient voltages with less disturbances cozdda the case of the load connection.

Table 16 lists the steady state values before and after #tedbange. The values of this
table are those of phase A. Phase B and phase C show no chahg#émeasured values are
a little asymmetric) caused by the load change. Similareglccur in case of the connection
of a 1 kVAr inductive load at phase B or phase C. In this caserdbpective other values show
no change.

Frequency The frequency before and after the connection of the bathoapacitive load is
similar in the measured data as well as in the simulated @et@se no active power is changed.
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Table 16: Comparison of the data of phase A between the measured and the simulatdd sfghe
battery inverter supplying a 3 kW ohmic load which is connected at the timé® ms to a 1 kVAr
capacitive load at phase A.

Signals Measured<0Oms >0 msSimulated<0ms >0ms
Frequency [Hz] 49.44 49.41 49.72 49.72
RMS voltage [V] 227.2 236.1 229.8 234.8
RMS current [A] 4.30 6.30 4.35 6.25
Active power [W] 977 1060 1000 1042
Reactive power [VAr] 70 -1047 -3 -1040

However, the battery management causes an approximaBayzdower level of the frequency
of the measured values compared to the simulated ones.

RMS voltage In table 16, the RMS voltage of phase A shows a similar behavasuthe
voltage of phase A listed in table 13 commented in chapteB3owever, the RMS voltage
of phase B and phase C is not influenced by adding a capa@tdedt phase A. The described
behaviour is similar in case of adding the capacitive loguhtase B and phase C. In these cases,
the respective other phases are not influenced.

RMS current The RMS current in the example of the connection event of anaitige load
at phase A is similar in the measured and the simulated cabke. rédSpective other phases
(phase B and phase C) do not change by the load change.

Active power The influences to the active power are described in chafet.3However, the
RMS voltage of phase B and phase C is not influenced by addingaxitize load at phase A.
The active power of the measurement of the battery inventaronnection with a balanced
3 kW load should b&000 x (227.2/230)* W = 975 W (compared to 977 W in table 16) and
the active power of the simulation should result@0 x (229.8/230)? W = 998 W (compared
to 1000 W in table 16). After adding the capacitive load withactive power of 0 W per
phase at rated conditions, the measured active power sheuld00 x (236.1/230)? W =
1054 W (compared to 1060 W in table 16) and the simulated activeegpmhkould result in
1000x (234.8/230)* W = 1042 W (compared to 1042 W in table 16). Altogether, the simulatio
as well as the measurement show a good correspondence ethnetical values. The absolute
values fit well with a deviation of less than 1 %. In case of agdi capacitive load to phase B
or phase C, the behaviour is similar with no influence to thpeetve other phases.

Reactive power The influences to the reactive power are described in ch&8p2e2. How-
ever, the RMS voltage of phase B and phase C is not influenceddigga capacitive load at
phase A. According to equation 38 in chapter 2.3, after aglthe capacitive load at phase A,
the measured reactive power of phase A should® x (236.1/230)? x (49.41/50) VAr =
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1041 VAr (compared to 1047 VAr in table 16) and the simulation ddotesult in 1000 x
(234.8/230)% x (49.72/50) VAr = 1036 VAr (compared to 1040 VAr in table 16). The sim-
ulation shows a good correspondence to the theoreticagsalith a deviation of less than 1
%. In case of adding a capacitive load to phase B or phase Cetie/iour is similar with no
influence to the respective other phases.

Disconnecting behaviour of the current Figure 32 shows the comparison between the mea-
sured and the simulated transient current in case of a digotion of the 1 kVAr capacitive
load at phase A in connection with the battery inverter andlanic base load of 3 kW. The
simulated current shows a similar behaviour to the measia&lwith little deviations. A dis-
connection at phase B or C shows the same behaviour (cf. figuirethe Appendix).
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Figure 32: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase and a 1 kVAr capacitive load at phase A. The capacitive loddhae is disconnected at the time
t = 0 ms. Comparison between the measured (meas.) values in darker cAl®)) @nd the simulated
(sim.) values in brighter colours (D,E,F).

3.3 Battery inverter connected with asynchronous generator and loads

In this chapter the Sunny Island battery inverter is coraatd the asynchronous generator
which has a fixed target torque. Without additional comptséme asynchronous generator
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feeds an active power of 1268 W per phase into the grid. Wighgbwer, the asynchronous
generator loads the battery of the battery inverter and/elslithe power consumption of the
battery inverter. However, it needs a reactive power of 180per phase. The asynchronous
generator operates below its rated operation point. Thexgthe power factor is 0.61 which is
below the rated power factor 0.83 given in table 2.

3.3.1 Balanced change in ohmic load
The Sunny Island battery inverter forms the grid. It opesateconnection with the asynchro-
nous generator. At the time= 0 ms a 3 kW balanced ohmic load is connected to the system.

Transient currents Figure 33 shows the transient currents of the three phas&ahd C
of the battery inverter measured at the point of measurefoéntigure 20). This figure (with
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Figure 33: Transient currentg of the battery inverter in connection with the asynchronous generator
which is connected at the tinte= 0 ms to a 3 kW ohmic load. Comparison between the measured (meas.)

values in darker colours (A,B,C) and the simulated (sim.) values in brightenrso{D,E,F).

asynchronous generator) shows a different measureddrdargirrent signal compared to the
one displayed in figure 21 (without asynchronous generaifing jagged signal is more smooth
and results from a harmonic with a lower frequency. Addiilbn the signal is more deformed
than without the asynchronous generator. In contrast,ithelated signal of the transient cur-
rents is an ideal sine wave which results from the assumpfian ideal voltage source for the



3.3 Battery inverter connected with asynchronous genesaaiitoads 73

battery inverter and an ideal asynchronous generator mbld@tever, considering the possibil-
ities of simulation, the simulated data fits sufficiently.eTghase of the simulated data complies
guantitatively, while the amplitude and the signal progi@s at the transition from no load to
the 3 kW ohmic load complies qualitatively with the measudath.

However, some peaks of the sine waves to not fit well becaesa#ximum value deviates
up to 3 A between the measured and simulated data. One reasloese deviations shows
figure 34 with an example of a steady state situation. Thedigisplays the positive peaks
of the sinusoidal current signals. In this figure, the meaduransient currents of the battery
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Figure 34: Fluctuations of the transient currentof phase A and phase B of the battery inverter in
connection with the asynchronous generator, a balanced 3 kW ohmicrdaa &kVAr inductive load.
The figure displays the positive peaks of the sinusoidal current signals

inverter in connection with the asynchronous generatovdhatuations. The analysis of more
than 60 seconds of the measured current signals showsidesiaif up to 3 A between the
minimum and maximum tops of the transient current’s sineegam steady state situations.

Transient voltages Figure 35 shows the transient voltages of the three phasBsaAd C of
the battery inverter. The voltage progression before atet #ie load change shows a good
correlation between measured and simulated data. In casopato the situation without the
asynchronous generator (cf. figure 22), the measured ¢éransiltage signal shows a harmonic
similar to the harmonic of the transient currents. At theettre= 0 ms, a voltage dip occurs. In
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Figure 35: Transient voltage#/ of the battery inverter in connection with the asynchronous generator

which is connected at the tinie= 0 ms to a 3 kW ohmic load. Comparison between the measured (meas.)

values in darker colours (A,B,C) and the simulated (sim.) values in brightenrso{D ,E,F).

the simulated data it decays more rapidly compared to thesuned data because of the simpli-
fications in the models, e.g. the use of an ideal voltage sdordhe battery inverter.

Table 17 lists the steady state values before and after #tedbange. The values of this
table are those of phase A because a balanced situationysahaPhase B and phase C show
the same values in case of the simulated values. Howeveasi af the measured values, all
phases vary a bit from each other.

Frequency The frequency (cf. table 17) shows a decrease after comgeitte ohmic load.
The active power of the measured data at the time 0 ms is -1268 W. This measured ac-
tive power theoretically results in a frequency deviatidgi = (—1) x (—1268)/3600 Hz =
0.35 Hz from the grid frequency of 50 Hz. Connecting 1 kW ohro&d at each phase results
in a theoretical frequency deviation &ff = (—1) x (—330)/3600 Hz = 0.09 Hz at the time
t > 0 ms. However, the measured frequency is lower because ohtluemnce of the battery
management. The simulated values of the frequency dewiafi6.34 Hz and 0.09 Hz comply
with the theoretical values @k f = —1 x —1260/3600 Hz = 0.35 Hz at the time < 0 ms and
Af =(—1) x (—327)/3600 Hz = 0.09 Hz at the timeé > 0 ms.
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Table 17: Comparison of the data of phase A between the measured and the simulatdd sfghe
battery inverter in connection with the asynchronous generator whichisected at the time=0 ms
to a 3 kW ohmic load.

Signals Measured<0Oms >0 ms$Simulated<O0Oms >0ms
Frequency [Hz] 50.15 49.88 50.34 50.09
RMS voltage [V] 220.6 220.0 222.2 222.1
RMS current [A] 9.30 7.50 9.25 7.50
Active power [W] -1268 -330 -1260 -327
Reactive power [VAr] 1620 1620 1627 1631

RMS voltage The RMS voltage (cf. table 17) shows a small decline by commg¢he bal-
anced 3 kW ohmic load. This behaviour caused by the disatgidrs effect is explained in
chapter 3.2.1. The same reason causes the RMS voltage of #sured values to be lower
than the simulated values.

RMS current The RMS current values in table 17 show similar values in cdseeasured
as well as simulated data before and after the load changeretuction of the RMS current
from 9.3 Ato 7.5 A is caused by adding a balanced 3 kW ohmic toatle system consisting
of the battery inverter and the asynchronous generator.r&efiding the load, the active power
of the asynchronous generator flows to the battery of thetyativerter. After adding the load,
the asynchronous generator additionally supplies theusonad active power of the ohmic load.
This new power flow between the asynchronous generator alddld reduces the power flow
to the battery inverter and, therewith, the current.

Active power The simulated values of the active power flow (cf. table 1T)vieen the asyn-
chronous generator and the battery inverter are adjustibe imeasured values by applying the
respective torque to the asynchronous generator mod&werFactory Therefore, the sim-
ulated as well as the measured values show a good correspandBue to the dependence
of the active power consumption of the ohmic load on the geltahe difference between the
measured and simulated active power before and after theclzange is not 1000 W per phase
but lower because the voltage is significantly lower. Equa8i6 in chapter 2.3 defines that the
active power of the load in case of the measurement should(ex (220/230)> W = 915 W
(compared to-330 + 1268 = 938 W in table 17). In case of the simulation the active power of
the load should result ih000 x (222.1/230)? W = 932 W (compared to-327+ 1260 = 933 W
intable 17). There is a good fit for the simulated values bvéadion of 2.5 % for the measured
values.

Reactive power The reactive power of the simulated data is adjusted to thesared data
by changing the electrical parameters of the asynchronensrgtor model appropriately (cf.



76 3 MODEL VERIFICATION

chapter 2.2). Therefore, the values are similar. There isigiwificant change of the reactive
power due to the load change because it is a pure ohmic load.

Disconnecting behaviour of the current Figure 36 shows the comparison between the mea-
sured and the simulated transient current in case of themisction of the 3 kW ohmic load
in connection with the battery inverter and the asynchrergmnerator. The figure displays that
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Figure 36: Transient currentg of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic load. The 3 kW ohmic load is disconnected at thettim@ ms. Comparison
between the measured (meas.) values in darker colours (A,B,C) and thetsiin{dean.) values in
brighter colours (D,E,F).

the current of all three phases changes not at the same tithe ttext stead state amplitude
but that it tunes. This tuning is illustrated with figure 92the appendix. It shows that the
measured oscillations are not simulated accurately btibibth current signals are tuning and
finally reaching similar current signals. Switch off the doia the simulation is specified by
disconnection at zero-crossing (cf. chapter 3.2.1).

3.3.2 Balanced change in inductive load

The Sunny Island battery inverter forms the grid. It opesateconnection with the asynchro-
nous generator and the balanced 3 kW ohmic load. At the tim® ms, a 3 kVAr balanced
inductive load is connected to the system.
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Transient currents  Figure 37 shows the transient currents of the three phasBsaAd C of
the battery inverter measured at the point of measuremérfigare 20). After the connection
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Figure 37: Transient currentg of the battery inverter in connection with the asynchronous generator
and the balanced 3 kW ohmic load which is connected at the#tim@ ms to a 3 kVAr inductive load.
Comparison between the measured (meas.) values in darker colours (Aygl@)e simulated (sim.)
values in brighter colours (D,E,F).

event, the current has a superposed direct current whicdesaadeviation of the mean value
from zero. This offset decays over some periods of the cuasrlisplayed in figure 38 for
the 150 ms after the load change. The offset characteristiare also in the simulated data.
Altogether, qualitatively, the measured and simulatedesus fit sufficiently. The remaining
deviations between the measured and the simulated valubsnesult from the fluctuations of
the measured current which is described in chapter 3.3.1.

Transient voltages The transient voltages show no particular transient belbaviAddition-
ally, the measured and the simulated voltages show no signifdifference. Therefore, it is not
displayed here but in the appendix in figure 96. However, thasured voltage signal shows a
harmonic as described in chapter 3.3.1.

Table 18 lists the steady state values before and after #tedbange. The values of this
table are those of phase A because a balanced situationysataPhase B and phase C show
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Figure 38: Decay of the transient currenisof the battery inverter in connection with the asynchronous
generator and the balanced 3 kW ohmic load which is connected at the tinems to a 3 kVAr
inductive load. Comparison between the measured (meas.) values in daldars (A,B,C) and the
simulated (sim.) values in brighter colours (D,E,F).

the same values in case of the simulated values. Howeveasm af the measured values, all
phases vary a bit from each other.

Frequency The frequency before and after the connection of the bathimmhuctive load is
equal in the measured data as well as in the simulated datae\éo, the battery management
causes a 0.2 Hz lower level of the frequency of the measuledvaompared to the simulated
ones. The active power of the measured data at thetime) ms is -350 W. This measured
active power theoretically results in a frequency deviatiof = (—1) x (—350)/3600 Hz =
0.10 Hz from the grid frequency of 50 Hz. Connecting 1 kVAr intive load with an ohmic
load of 50 W at each phase results in a theoretical frequergiation of Af = (—1) x
(—355)/3600 Hz = 0.10 Hz at the timeé > 0 ms. However, the measured frequency is lower
because of the influence of the battery management. Theeguiwer of the simulated data at
the timet < 0 ms is -315 W. This simulated active power theoretically ltssa a frequency
deviationAf = (—1) x (—315)/3600 Hz = 0.10 Hz from the grid frequency of 50 Hz. Con-
necting 1 kVAr inductive load with an ohmic load of 50 W at egttase results in a theoretical
frequency deviation oA f = (—1) x (—300)/3600 Hz = 0.09 Hz at the time¢ > 0 ms. The
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Table 18: Comparison of the data of phase A between the measured and the simulatdd sfghe
battery inverter in connection with the asynchronous generator andlténecbd 3 kW ohmic load which
is connected at the time= 0 ms to a 3 kVAr inductive load.

Signals Measured<0Oms >0 ms$Simulated<O0Oms >0ms
Frequency [Hz] 49.88 49.88 50.08 50.08
RMS voltage [V] 220.0 215.2 222.1 217.8
RMS current [A] 7.50 11.45 7.50 11.45
Active power [W] -350 -355 -315 -300
Reactive power [VAr] 1620 2445 1630 2472

simulated values of the frequency comply with the theoa¢tialues.

RMS voltage The RMS voltage (cf. table 18) shows a decline by connectiegriuctive
load. This decline is caused by the droop control as destiibehapter 3.2.2. In case of the
measured values, the supplied reactive power at thettime ms is 1620 VAr resulting in a
voltage deviatiod\U = —6 % x 230 x 1620,/3600 V = - 6.2 V compared to measured - 10.0 V.
Connecting 1 kVAr inductive load at each phase correspondstmpplied reactive power at the
timet > 0 ms of 2445 VAr resulting in a voltage deviatidtl/ = —6 % x 230 x 2445/3600 V
=-9.4V compared to measured - 14.8 V. In case of the simulatkeks, the supplied reactive
power at the time& < 0 ms is 1630 VAr resulting in a voltage deviatidxl/ = —6 % x 230 x
1630/3600 V = - 6.2 V compared to simulated - 7.9 V. Connecting 1 kVAr intilves load at
each phase results in a supplied reactive power at thettime ms of 2472 VAr resulting in a
voltage deviatiomAU = —6 % x 230 x 2472/3600 V = - 9.5 V compared to simulated - 12.2 V.
At least one reason for the additional voltage dip in casé@fmeasured values as well as the
simulated values is the discretisation effect describatienparagraph on the RMS voltage in
chapter 3.2.1. As mentioned there, the effect is strongethiomeasured system than for the
simulated one.

RMS current The RMS current in the example of the connection event of anatiek load
is equal in the measured and the simulated case. This matglods the good representation
of the current values by the simulation.

Active power With the dependencies described in chapter 3.2.2, theegmbwer of the mea-
surement of the battery inverter in connection with the abyonous generator and the balanced
3 kW ohmic load should be 1268 W+ 1000 x (220/230)? W = —353 W (compared to -350 W

in table 18) and the simulation should resultihi260 W + 1000 x (222.1/230)2 W = —327 W
(compared to -315 W in table 18). After adding the inducyiwith an active power of 50 W per
phase at rated conditions, the measurement shoudlBés W + 1050 x (215.2/230)?> W =
—349 W (compared to - 355 W in table 18) and the simulation shousallten —1260 W +
1050 x (217.8/230)*> W = —318 W (compared to -300 W in table 18). Altogether, the mea-
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surement shows a good correspondence to the theoreticasvaln contrast, the simulation
shows a significant deviation from the theoretical valuekis Teviation partly results from
the influence of the frequency and the voltage to the activeepoutput of the asynchronous
generator, which is not considered in this work.

Reactive power The reactive power has three influences which are descmbgthpter 3.2.2.
According to these influences the reactive power after adthe inductive load should be
1620 VAr + 1000 x (215.2/230)2 x (50/49.88) VAr = 2498 VAr (compared to 2445 VAr in ta-
ble 18) and the simulation should resullis80 VAr 41000 x (217.8/230)? x (50/50.08) VAr =
2525 VAr (compared to 2472 VAr in table 18). The influence of thegftency and the voltage
to the reactive power output of the asynchronous geneatasticonsidered in this calculation.
However, both, the measured and the simulated values, avAB®Bwer than the theoretical
values. This additional deviation can be attributed to 8y@mahronous generator whose reactive
power decreases by this load change.

Disconnecting behaviour of the current Figure 39 shows the comparison between the mea-
sured and the simulated transient current in case of a dieotion of the 3 kVAr inductive load

in connection with the battery inverter, the asynchroncersegator and an ohmic base load of
3 kW. The figure shows that the current of all three phasesgdgsanot at the same time to the
next stead state amplitude but that each phase decays withanterruption of its sine wave.
The simulated current shows a similar behaviour as the measiata. However, the measured
current decays more slowly compared to the simulated curren

3.3.3 Balanced change in capacitive load

The Sunny Island battery inverter forms the grid. It opesateconnection with the asynchro-
nous generator and the balanced 3 kW ohmic load. At the tim® ms a 3 kVAr balanced
capacitive load is connected to the system.

Transient currents  Figure 40 shows the transient currents of the three phasBsaAd C of
the battery inverter measured at the point of measuremerfidare 20). After the connection
event, the current oscillates and tunes within 15 ms. Caiadély, the measured and simulated
currents fit well. However, the measured sine wave beforeadiied the transient (0-15 ms)
is more deformed than the measured current signals with@uagsynchronous generator in
figure 26. The transients in figure 40 are difficult to recogniz detail. Therefore, they are
displayed separately in figure 100, figure 101 and figure 1GRerappendix. The deviation
between the simulated and measured values is partly caysbd Buctuations of the measured
current signals (cf. the paragraph on transient currentbapter 3.3.1.

Transient voltages Figure 41 shows the transient voltadé®f the three phases A, B and C
of the battery inverter. The voltage progression beforeadtat the load change shows a good
correlation between measured and simulated data. Howtbeaneasured voltage signal shows
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Figure 39: Transient currentg of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic and a 3 kVAr inductive load. The 3 kVAr inductivedas disconnected at
the timet = 0 ms. Comparison between the measured (meas.) values in darker cAl@)€3)(@nd the
simulated (sim.) values in brighter colours (D,E,F).

a harmonic as described in chapter 3.3.1. The following 2@ftes the connection of the ca-
pacitive load show a behaviour which is similar to the bebawbf the transient currents. The
simulated voltages do not follow the oscillations of the mead voltages exactly but qualita-
tively well. As in the case of the transient current, it is possible to simulate the voltages
accurately because there are many influences which are sabpé of the simulations in this
thesis.

Table 19 lists the steady state values before and after #ttedbange. The values of this
table are those of phase A because a balanced situationysataPhase B and phase C show
the same values in case of the simulated values. Howeveasi af the measured values, all
phases vary a bit from each other.

Frequency The frequency before and after the connection of the bathoapacitive load is
similar in the measured data as well as in the simulated @et@lse no active power is changed.
However, the battery management causes an approx. 0.17ndr level of the frequency of
the measured values compared to the simulated ones.
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Figure 40: Transient currentg of the battery inverter in connection with the asynchronous generator
and the balanced 3 kW ohmic load which is connected at the#im@ ms to a 3 kVAr capacitive load.
Comparison between the measured (meas.) values in darker colours (Asii@)e simulated (sim.)
values in brighter colours (D,E,F).

RMS voltage The voltage (cf. table 19) shows an increase by connectmgdpacitive load
as described in chapter 3.2.3. In case of the measured y#leesupplied reactive power at the
timet < 0 msis 1605 VAr and results in a voltage deviatihty = —6 % x 230 x 1605,/3600 V
=-6.2 V compared to measured - 9.9 V. Connecting 1 kVAr capadibad at each phase causes
a supplied reactive power at the time> 0 ms of 730 VAr and results in a voltage deviation
AU = —6 % x 230 x 730/3600 V = - 2.8 V compared to measured - 4.8 V.

In case of the simulated values, the supplied reactive pattbe timel < 0 msis 1631 VAr
and results in a voltage deviatiadhl/ = —6 % x 230 x 1631/3600 V = - 6.2 V compared to
simulated - 7.9 V. Connecting 1 kVAr capacitive load at eacasghcauses a supplied reactive
power at the time > 0 ms of 719 VAr and results in a voltage deviatio/ = —6 % x 230 x
719/3600 V = - 2.8 V compared to simulated - 3.4 V. The additional vo#tégcrease is at least
partly explainable with the discretisation effect desedlin the paragraph on the RMS voltage
in chapter 3.2.1. As mentioned there, the effect is strofayehe measured system than for the
simulated one.
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Figure 41: Transient voltage#/ of the battery inverter in connection with the asynchronous generator
and the balanced 3 kW ohmic load which is connected at the#in@ ms to a 3 kVAr capacitive load.
Comparison between the measured (meas.) values in darker colours (A/ii@)e simulated (sim.)
values in brighter colours (D,E,F).

RMS current The RMS current in the example of the connection event of aditaload
is similar in the measured and the simulated case.

Active power With the dependencies described in chapter 3.2.2, theegobwer of the mea-
surement of the battery inverter in connection with the akyonous generator and the balanced
3 kW ohmic load should be- 1268 W + 1000 x (220.1/230)> W = —352 W (compared to -
350 W in table 19) and the simulation should resultit260 W + 1000 x (222.1/230)> W =
—327 W (compared to -310 W in table 19). After adding the capacity@ut a resistance, the
measurement should bel268 W + 1000 x (225.2/230)* W = —309 W (compared to - 300 W

in table 19) and the simulation should resultin260 W + 1000 x (226.6/230)? W = —289 W
(compared to -275 W in table 19). Altogether, the measur¢éaewell as the simulation shows
a significant deviation from the theoretical values. Notsidared in this calculation is the influ-
ence of the frequency and the voltage to the active poweubofghe asynchronous generator.

Reactive power The reactive power has three influences which are descmbgthpter 3.2.2.
According to these influences the reactive power after gdthe capacitive load should be
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Table 19: Comparison of the data of phase A between the measured and the simulatdd sfghe
battery inverter in connection with the asynchronous generator andldnecbd 3 kW ohmic load which
is connected at the time= 0 ms to a 3 kVAr capacitive load.

Signals Measured<0Oms >0 msSimulated<0ms >0ms
Frequency [Hz] 49.92 49.90 50.08 50.08
RMS voltage [V] 220.1 225.2 222.1 226.6
RMS current [A] 7.45 3.50 7.50 3.40
Active power [W] -350 -300 -310 -275
Reactive power [VAr] 1605 730 1631 719

1605 VAr —1000 x (225.2/230) x (49.9/50) VAr = 648 VAr (compared to 730 VAr in table 19)
and the simulation should result 631 VAr — 1000 x (226.6/230)% x (50.08/50) VAr =
659 VAr (compared to 719 VAr in table 19). The influence of the freqcy and the voltage to
the reactive power output of the asynchronous generatastisonsidered in this calculation.
However, the measured values are 82 VAr higher than the dtieal values and the simulated
values are 60 VAr higher than the theoretical values. Thitehal deviation can be attributed
to the asynchronous generator whose reactive power iresdgsthis load change. Another
reason are the deficits of the asynchronous generator model.

Disconnecting behaviour of the current Figure 42 shows the comparison between the mea-
sured and the simulated transient current in case of a digotion of the 3 kVAr capacitive
load in connection with the battery inverter, the asynchtmgenerator and an ohmic base load
of 3 kW. The figure shows that the current of all three phasesgés at the same time. While
different influences deform the measured current signa¢ssimulated current signal shows an
ideal sine wave. Therefore, the simulated signal changaplyhat the time of the switching
event in contrast to the measured signal which changes mayetkly. The time until the cur-
rent reaches its new steady state is longer for the measigreisthan for the simulated ones.
Consequently, the simulated current values are higher ttmmeasured current values in the
first 25 ms after the switching event. This tuning to the nésady state is illustrated in more
detail in figure 104 in the appendix. This figure shows thediemt currents for a longer time

3.3.4 Unbalanced change in ohmic load

The Sunny Island battery inverter is connected to the asgnolus generator. At the tinte=

0 msitis connected to a 1 kW ohmic load at one phase. Firstik\& ohmic load is connected
to the battery inverter at phase A. Secondly, a 1 kW ohmic Isatbnnected to the battery
inverter at phase B, and, finally, at phase C.

Transient Currents Figure 43 shows the comparison of the measured and simufatesdent
currents. It displays that phase B and phase C are not sigmifycaffected while the current of
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Figure 42: Transient currentg of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic and a 3 kVAr capacitive load. The 3 kVAr capacithesl is disconnected at
the timet = 0 ms. Comparison between the measured (meas.) values in darker cAl@)€3)(@nd the
simulated (sim.) values in brighter colours (D,E,F).

phase A tunes to the new steady state. The figure shows thalh#éises oscillated independent
on each other. These oscillations occur in case of the medsignals as well as in case of
the simulated signals. However, due to influences which ateonsidered in the simulation,
the oscillations of the measured and simulated values doamply exactly. In the appendix,
figure 105 shows the connection of phase A in the 50 ms aftecdhaection. Additionally,
figures are listed in the appendix illustrating the transeemrents of the measurement and the
simulation in case of a connection of phase B (figure 108 anddifj09) and phase C (figure 110
and figure 111). They show a similar behaviour of the transiernrents. The deviation between
the simulated and measured values is partly caused by thedtions of the measured current
signals (cf. the paragraph on transient currents in ch&pget.

Transient Voltages In case of an unbalanced connection as well as an unbalarsmhdec-
tion of an ohmic load, the transient voltages show no pddrdaehaviour. The simulated values
fit well to the measured ones. An example is given in figure hahe appendix.
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Figure 43: Transient voltage# of the battery inverter which is connected with the asynchronous gen-
erator. At the time = 0 ms a 1 kW ohmic load is connected to phase A. The transients of the following
150 ms are displayed. Comparison between the measured (meas.) valuggircdurs (A,B,C) and

the simulated (sim.) values in brighter colours (D,E,F).

Frequency The frequency shows the expected behaviour similar to teerdeed one in chap-
ter 3.3.1. As mentioned therein, the battery managemeneinfies the measured values so that
a direct comparison with the simulated values is not possibhe values depend on the power
at phase A. In case that ohmic load is connected to the battezster at phase A, the frequency
declines, whereas no dependence is recognizable at phasd Bhase C. This results from
the implemented droop control concept described in ch&ieB. In this concept, the ‘Master
Droop Controller’ adjusts the frequency to the active povigrtese A while the other phases
synchronise to this frequency.

RMS voltage Table 20 lists the steady state values of the RMS voltagesedfhitee phases
(in the columns) for a connection sequence (in the rows) $e cd the measured values and in
case of the simulated values. The steady state values oféhsured RMS voltages show the
same behaviour as described in chapter 3.2.4. Howeverpdhe tisynchronous generator, the
voltage level is generally lower. In contrast, the behavioiuthe simulated RMS voltages is
different to the measured ones.
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Table 20: Comparison of the data between the measured and the simulated RMS voltage sign
the battery inverter connected to the asynchronous generator supphfdatanced ohmic loads. Four
different steady states are considered: open circuit; 1 kW at phas&W: at phase A,B; and 1 kW at
phase A,B,C

RMS voltage at phase A B C A B C
measured [V] simulated [V]

Open circuit 220.6 220.7 221/1222.20 222.20 222.20

1 kW at phase A 220.1 220.4 221.@22.05 222.30 222.10

1 kW at phase A,B 220.1 219.8 220.221.95 222.20 222.20

1 kW at phase A,B,C 220.1 219.9 220.222.10 222.10 222.10

RMS current The RMS current shows the same behaviour as described inecH&3t1.
However, in the unbalanced case the value is reached onheiphase where a 1 kW ohmic
load is connected to while the other phases are not influesigadicantly.

Active power The measured values of the active power are similar to theseritbed in chap-
ter 3.2.1. However, in the case of unbalanced loads, onglesphases are considered.

Reactive power The reactive power shows the same behaviour as describéadjmer 3.3.1.
This results from the independence of the reactive powenarhanic load.

Disconnecting behaviour of the current The disconnecting behaviour is similar to the be-
haviour described in chapter 3.3.1. However, it only takesgfor one phase instead of all

three phases. The respective transient currents causedlisgannection of ohmic loads at

single phases are illustrated in the appendix for phase Ar@idg12 and figure 113), phase B
(figure 114 and figure 115) and phase C (figure 116 and figure 117)

3.3.5 Unbalanced change in inductive load

The Sunny Island battery inverter is connected to the aggnolus generator. At the tinte=
0 ms itis connected to a 1 kVAr inductive load at one phase.

Transient Currents  Figure 44 shows the comparison of the measured and simuiatesient
currents in case of a connection of a 1 kVAr inductive loadretge A. It displays that phase B
and phase C are not affected while phase A shows the sameidhai/the transient current
as described in chapter 3.3.2. The decay of the offset &iiddted by figure 119 (cf. Appendix).
This behaviour is similar in case of a connection of an ingeclbad at phase B as well as
phase C because of the symmetric characteristics (cf. €@hdja.5).
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Figure 44: Transient currentsg of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase. At the timeéd ms, a 1 kVAr inductive load is
connected to phase A. Comparison between the measured (meas.) valagsircdlours (A,B,C) and

the simulated (sim.) values in brighter colours (D,E,F).

Transient Voltages In case of an unbalanced connection as well as an unbalarsmhdec-
tion of an ohmic load, the transient voltages show no pddrdoehaviour (cf. figure 96 in the
appendix). The simulated values fit well to the measured.ones

Table 21 lists the steady state values before and after #tedbange. The values of this
table are those of phase A. Phase B and phase C show no sighifitzange caused by the load
change. Only the measured values are a little asymmetnisileBivalues occur in case of the
connection of a 1 kVAr inductive load at phase B or phase C.igdhse, the respective other
values show no change.

Frequency The frequency before and after the connection of the bathimmhuctive load is
equal in the measured data as well as in the simulated datae\éo, the battery management
causes a 0.18 Hz lower level of the frequency of the measalees compared to the simulated
ones.
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Table 21: Comparison of the data of phase A between the measured and the simulatdd sfghe
battery inverter which is connected with the asynchronous generatplysupa 3 kW ohmic load. At
the timet = 0 ms, a 1 kVAr inductive load is connected to phase A.

Signals Measured<0Oms >0 msSimulated<0ms >0ms
Frequency [Hz] 49.90 49.90 50.08 50.08
RMS voltage [V] 220.0 216.5 222.0 218.3
RMS current [A] 7.50 10.40 7.50 11.00
Active power [W] -350 -375 -315 -320
Reactive power [VAr] 1610 2220 1630 2375

RMS voltage In table 21, the RMS voltage of phase A shows a decline by caimgethe
inductive load. This decline is caused by the droop contndl i is the same as described in
chapter 3.2.2. The supplied reactive power results in aré¢tieal voltage deviation oAU =
—6 % x 230 x 2220/3600 V = - 8.5V (compared to - 13.5 V in table 21) for the measuredesl
and a voltage deviation dkU = —6 % x 230 x 2375/3600 V =- 9.1V (compared to - 11.7 V
in table 21) for the simulated values. The additional vadtaip is at least partly explainable
with the discretisation effect described in the paragrapthe RMS voltage in chapter 3.2.1.
As mentioned there, the effect is stronger for the measwsigs than for the simulated one.
The described behaviour is similar in case of adding thedtigelload to phase B or phase C.

RMS current The RMS current in the example of the connection event of anatink load
is similar in the measured and the simulated case for thegttate before the switching event.
However, after the switching event, the measured RMS cuotdn.4 A is lower than the
simulated RMS current of 11.0 A. Similar values are measuneldsanulated in case of adding
the inductive load to phase B or phase C.

Active power With the dependencies described in chapter 3.2.1, theegutiwer of the mea-
surement of the battery inverter in connection with the alyonous generator and a 1 kW
ohmic load at phase A should bel268 W + 1000 x (220/230)* W = —353 W (compared to
-350 W in table 21) and the simulation should resultit260 W + 1000 x (222.0/230)> W =
—328 W (compared to -315 W in table 21). After adding the indutyiwvith an active power
of 50 W at rated conditions, the measurement should 18 W + 1050 x (216.5/230)? W =
—338 W (compared to - 375 W in table 21) and the simulation shousailten —1260 W +
1050 x (218.3/230)* W = —314 W (compared to -320 W in table 21). Altogether, the mea-
surement as well as the simulation shows a significant demidtom the theoretical values.
The influence of the frequency and the voltage to the activeepoutput of the asynchronous
generator is not considered in this calculation.

Reactive power The reactive power has three influences which are descmbgthpter 3.2.2.
According to these influences the reactive power after @dthe inductive load should be
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1610 VAr + 1000 x (216.5/230)? x (50/49.9) VAr = 2497 VAr (compared to 2220 VAr in ta-
ble 21) and the simulation should resullisB0 VAr 41000 x (218.3/230)? x (50/50.08) VAr =
2529 VAr (compared to 2472 VAr in table 21). The influence of thegfsrency and the voltage
to the reactive power output of the asynchronous generatooti considered in this calcula-
tion. However, both, the measured and the simulated vaaressignificantly lower than the
theoretical values. This additional deviation can be laitad to the asynchronous generator
whose reactive power decreases by this load change. Anathson are the deficits of the
asynchronous generator model.

Disconnecting behaviour of the current Figure 45 shows the comparison between the mea-
sured and the simulated transient current in case of a diection of the 1 kVAr inductive
load at phase A in connection with the battery inverter, tegnahronous generator and an
ohmic base load of 3 kW. The simulated current shows a sirbédwaviour to the measured
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Figure 45: Transient current$ of the battery inverter which is connected with the asynchronous gener-
ator supplying a 1 kW ohmic load at each phase and a 1 kVAr inductive koglaisae A. The inductive
load at phase A is disconnected at the tin¥e0 ms. Comparison between the measured (meas.) values
in darker colours (A,B,C) and the simulated (sim.) values in brighter coloys, .

data. This behaviour is similar in case of the other phases.
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3.3.6 Unbalanced change in capacitive load

The Sunny Island battery inverter forms the grid. It opesateconnection with the asynchro-
nous generator and the balanced 3 kW ohmic load. At the tim® ms it is connected to a
1 kVAr capacitive load at one phase.

Transient Currents Figure 46 shows the comparison of the measured and simufatesdent
currents in case of a connection of a 1 kVAr capacitive logahatse A. It displays that phase B
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Figure 46: Transient current$ of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase. At the timé& ms, a 1 kVAr capacitive load is
connected to phase A. Comparison between the measured (meas.) valag®ircdlours (A,B,C) and

the simulated (sim.) values in brighter colours (D,E,F).

and phase C are not affected while phase A shows the sametahaithe transient current as
described in chapter 3.3.3. This behaviour also occurssa ofan capacitive load connection
at phase B and phase C because of the symmetric characteristi

Disconnecting behaviour of the current Figure 47 shows the comparison between the mea-
sured and the simulated transient currents in case of ardisction of the 1 kAr capacitive
load at phase A in connection with the battery inverter, tegnahronous generator and an
ohmic base load of 3 kW. The simulated current shows a sirbgdwaviour to the measured
data. This behaviour is similar in case of the other phases.
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Figure 47: Transient current$ of the battery inverter which is connected with the asynchronous gener-
ator supplying a 1 kW ohmic load at each phase and a 1 kVAr capacitivatqathse A. The capacitive
load at phase A is disconnected at the tin¥e0 ms. Comparison between the measured (meas.) values
in darker colours (A,B,C) and the simulated (sim.) values in brighter coloys, .

Transient Voltages Figure 123 in the appendix shows the comparison of the medsand
simulated transient currents in case of a connection of aAr kepacitive load at phase A. It
displays that phase B and phase C are not affected while ghakews the same behaviour
of the transient voltage as described in chapter 3.3.3. Bélviour also occurs in case of
an capacitive load connection at phase B and phase C bechtise symmetric characteris-
tics. Additionally, figure 125 in the appendix shows the dratection of the capacitive load at
phase A. The figure illustrates a behaviour of the measurédensimulated transient voltages
with less disturbances compared to the case of the load cbone

Table 22 lists the steady state values before and after #tedbange. The values of this
table are those of phase A. Phase B and phase C show no chahgtéomeasured values are
a little asymmetric) caused by the load change. Similaregahccur in case of the connection
of a 1 kVAr capacitive load at phase B or phase C. In this casags$pective other values show
no change.
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Table 22: Comparison of the data of phase A between the measured and the simulatdd sfghe
battery inverter which is connected with the asynchronous generatolysupa 3 kW ohmic load which
is connected at the time= 0 ms to a 1 kVAr capacitive load at phase A.

Signals Measured<0Oms >0 msSimulated<0ms >0ms
Frequency [Hz] 49.91 49.89 50.08 50.08
RMS voltage [V] 220.1 223.8 222.1 226.0
RMS current [A] 7.45 4.50 7.50 3.85
Active power [W] -350 -305 -310 -250
Reactive power [VAr] 1600 975 1630 830

Frequency The frequency before and after the connection of the capaditad is similar in
the measured data as well as in the simulated data becaustveqawer is changed. However,
the battery management causes an approximately 0.18 Hz lewet of the frequency of the
measured values compared to the simulated ones.

RMS voltage The voltage (cf. table 22) shows an increase by connectmgdbacitive load
as described in chapter 3.3.3. In case of the measured ytleesupplied reactive power at the
timet < 0 ms is 1600 VAr resulting in a voltage deviatidx{/ = —6 % x 230 x 1600/3600 V
=-6.1V compared to measured - 9.9 V. Connecting 1 kVAr capadibad at phase A results
in a supplied reactive power at the time> 0 ms of 975 VAr causing a voltage deviation
AU = —6 % x 230 x 975/3600 V = - 3.7 V compared to measured - 6.2 V.

In case of the simulated values, the supplied reactive pattée timet < 0 msis 1630 VAr
resulting in a voltage deviationUU = —6 % x 230 x 1630/3600 V = - 6.2 V compared to
simulated - 7.9 V. Connecting 1 kAr capacitive load at phas@g\uits in a supplied reactive
power at the timg > 0 ms of 830 VAr causing a voltage deviatiadhU = —6 % x 230 x
830/3600 V = - 3.2 V compared to simulated - 4.0 V.

The additional voltage increase is at least partly expldaavith the discretisation effect
described in the paragraph on the RMS voltage in chapter.32.inentioned there, the effect
is stronger for the measured system than for the simulated on

RMS current The RMS current in the example of the connection event of adiaaload
at phase A in the measured case deviates from the simuladed This deviation results from
the asynchronous generator which is not simulated acduydalescribed in chapter 2.2.

Active power With the dependencies described in chapter 3.2.2, theegutiwer of the mea-
surement of the battery inverter in connection with the abyonous generator and the balanced
3 kW ohmic load is similar as described in chapter 3.3.5. vadtiling the capacity without a re-
sistance, the measurement shouldi€68 W-+1000 x (223.8/230)* W = —321 W (compared

to - 305 W in table 22) and the simulation should resultir260 W+1000 x (226.0/230)* W =



94 3 MODEL VERIFICATION

—294 W (compared to -250 W in table 22). Altogether, the measurgme well as the simula-
tion shows a significant deviation from the theoretical ealuNot considered in this calculation
is the influence of the frequency and the voltage to the agtbweer output of the asynchro-
nous generator. Another reason for the deviation are theitsedif the asynchronous generator
model.

Reactive power The reactive power has three influences which are descrnibathpter 3.2.2.
According to these influences the reactive power after adthe capacitive load should be
1600 VAr — 1000 x (223.8/230)% x (49.89/50.00) VAr = 648 VAr (compared to 975 VAr in
table 22) and the simulation should result #80 VAr —1000 x (226,/230) x (50.08/50) VAr =
662 VAr (compared to 830 VAr in table 22). The influence of the freqcy and the voltage to
the reactive power output of the asynchronous generatastisonsidered in this calculation.
However, the measured values are 327 VAr higher than thedtieal values and the simulated
values are 168 VAr higher than the theoretical values. Caresgty, this additional deviation
can be attributed to the asynchronous generator whoseve@ciwer increases by this load
change. However, the deviation between the difference @f\8% in the measured values
and the difference of 168 VAr in the simulated values reduitsh the asynchronous generator
which is not simulated accurately as described in chapger 2.

3.4 Enlarged grid configuration with two battery inverters and a load

This chapter describes the behaviour of two three-phasaySstand battery inverters which
are operated parallel in droop mode. An 18 kW ohmic load isneoted to the two battery
inverters. As described in chapter 2.1.2, the slope of tbemldefines the distribution of the
power supply by the generating components. Three diffgpardmeter settings are chosen in
this chapter. Table 23 lists the different frequency drdopes of the two parallel Sunny Island
battery inverters. The following paragraphs analyse tdrent droop ratios.

Table 23: Analysed frequency droop slopes.

Battery inverter  Sunny Island 1 Sunny Island 2
Droopratio1l:1 -1Hz/3600W -1Hz/3600W
Droopratio2:1 -1Hz/3600W -0.5Hz/3600W
Droopratio3:1 -1Hz/3600W -0.33Hz/3600W

3.4.1 Droop ratio 1:1

With a droop ratio of 1:1, the active power should be distellsymmetrically between the two
battery inverters.
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Transient currents and voltages Figure 48 shows the transients currents of the battery in-
verter Sunny Island 1 which operates in parallel with thedratinverter Sunny Island 2 at the
time of the connection of the 18 kW ohmic load. It shows the sdm@haviour as the one de-
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Figure 48: Transient current$ of the battery inverter Sunny Island 1 which operates in parallel with
battery inverter Sunny Island 2 with a droop ratio of 1:1. They are cdedext the timg¢ = 0 ms to a

18 kW ohmic load. Comparison between the measured (meas.) values indzdwes (A,B,C) and the
simulated (sim.) values in brighter colours (D,E,F).

scribed in chapter 3.2.1. Due to the symmetries in case obapdratio of 1:1, the transients
currents of the battery inverter Sunny Island 2 show the dashaviour (cf. figure 127 in the
appendix). This similarity also occurs in case of the tranmsioltages (cf. figure 127 and
figure 129 in the appendix).

RMS currents and voltages Table 24 lists the RMS current and the RMS voltage of the
battery inverters after the connection of the 18 kW ohmiclloghe whole system is assumed
to be purely ohmic because a deviation between the voltagjégh@ncurrent signal of 1°8s so
small that it is not necessary to consider in the followingnparison. With this simplification,
the active power listed in the last row of table 24 is caledads the product of the RMS current
and the RMS voltage. The active power shows a deviation betteesimulated and measured
values of 1.2 % in case of Sunny Island 1 and 0.2 % in case of\Slahend 2. Because of
the discretisation effect described in chapter 3.2.1, tltage of the measurement is lower.
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Table 24: Average steady state of one phase after the load change in case opaalio of 1:1

Battery inverter Sunny Island 1 Sunny Island 2
simulated measured simulated measured
RMS current [A] 13.0 13.3 13.0 13.2
RMS voltage [V] 229.2 226.7 229.2 226.2
Active power [W] 2980 3015 2980 2986

Consequently, the current has to increase in order to be@blgply the same load. Therefore,
the measured current is slightly higher and the measuredgmlis slightly lower than the
simulated ones.

3.4.2 Droop ratio 2:1

With a droop ratio of 2:1, the active power supply should trdiuted between the two battery
inverters, so that the battery inverter Sunny Island 1 seppine third of the active power while
the battery inverter Sunny Island 2 supplies two thirds.

Transient currents and voltages Figure 130 and figure 133 in the appendix show the tran-
sients currents of the two parallel battery inverters wiiatie the same behaviour as described
in chapter 3.2.1. However, the active power distributionasyet achieved in the first millisec-
onds after the load change. This distribution tunes asaispl in figure 131, which shows the
decline of the current values of Sunny Island 1, and figure ¥84ch shows the increase of
the current values of Sunny Island 2 (cf. appendix). A congparof the transient currents
of phase A between the two battery inverters Sunny Islandll) @d Sunny Island 2 (S12)
shows figure 49. The comparison shows the decline of theruwatues of Sunny Island 1 and
the increase of the current values of Sunny Island 2. Theatlewi between the measured and
simulated current values is explained in the next paragvdpbh describes the RMS voltages
and currents as well as the steady state after this tuning.tréhsient voltages (cf. figure 132
and figure 135 in the appendix) show he same behaviour aslies$an chapter 3.2.1.

RMS currents and voltages Table 25 lists the RMS current, the RMS voltage and the active
power of the battery inverters after the connection of th&a8ohmic load. The active power
shows a deviation between the simulated and measured \afl@e3 % in case of Sunny Is-
land 1 and 2.6 % in case of Sunny Island 2. Because of the dsatieh effect described in
chapter 3.2.1, the voltage of the measurement is lower. Qoesdly, the current has to increase
in order to be able to supply the same load. Therefore, thesumed current is slightly higher
and the measured voltage is slightly lower than the simdlatees. The active power supply of
the two battery inverters shows a ratio39fl4 /1972 = 2/1 in case of the simulated values or a
ratio of4047/1967 = 2.06/1 in case of the measured values. These ratios representsvtiee p
distribution defined by the droop ratio of 2:1.
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Figure 49: Comparison of the transient curredt®f phase A between the two battery inverters Sunny
Island 1 (SI1) and Sunny Island 2 (S12) which operate with a droop cht®l. They are connected at
the timet = 0 ms to a 18 kW ohmic load. Comparison between the measured (meas.) valagsein d
colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F).

3.4.3 Droop ratio 3:1

With a droop ratio of 3:1, the active power supply should strdiuted between the two battery
inverters, so that the battery inverter Sunny Island 1 sepmne fourth of the active power
while the battery inverter Sunny Island 2 supplies threetfeu

Transient currents and voltages Figure 136 and figure 139 in the appendix show the tran-
sients currents of the two parallel battery inverters winate the same behaviour as described
in chapter 3.2.1. However, the active power distributionasyet achieved in the first millisec-
onds after the load change. This distribution tunes asalysgl in the appendix in figure 137,
which shows the decline of the current values of Sunny Islgraohd in figure 140, which shows
the increase of the current values of Sunny Island 2. Theestbphe described increase and
decline is steeper for a droop ratio of 3:1 because the aptiweer is distributed more unbal-
anced. A comparison of the transient currents of phase Admiwhe two battery inverters
Sunny Island 1 (SI1) and Sunny Island 2 (S12) shows figure 3@ domparison shows the
decline of the current values of Sunny Island 1 and the imer@&the current values of Sunny
Island 2. The deviation between the measured and simulateeint values is explained in the
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Table 25: Average steady state of one phase after the load change in case opaalio of 2:1

Battery inverter Sunny Island 1 Sunny Island 2
simulated measured simulated measured
RMS current [A] 8.6 8.7 17.2 17.9
RMS voltage [V] 229.3 226.1 229.3 226.1
Active power [W] 1972 1967 3944 4047

next paragraph which describes the RMS voltages and cument®ll as the steady state after
this tuning. Additionally, the simulated transient cuietune not as fast as the measured tran-
sient currents. The transient voltages (cf. figure 138 anddid41 in the appendix) show he
same behaviour as described in chapter 3.2.1.

RMS currents and voltages Table 26 lists the RMS current, the RMS voltage and the active
power of the battery inverters after the connection of th&a8ohmic load. The active power

Table 26: Average steady state of one phase after the load change in case opaahio of 3:1

Battery inverter Sunny Island 1 Sunny Island 2
simulated measured simulated measured
RMS current [A] 6.5 6.6 19.3 20.2
RMS voltage [V] 229.3 225.6 229.3 226.0
Active power [W] 1490 1489 4425 4565

shows a deviation between the simulated and measured wafues % in case of Sunny Is-
land 1 and 3.2 % in case of Sunny Island 2. Because of the dsatieh effect described in
chapter 3.2.1, the voltage of the measurement is lower. Qoesdly, the current has to increase

in order to be able to supply the same load. Therefore, thesumed current is slightly higher

and the measured voltage is slightly lower than the simdlatees. The active power supply of
the two battery inverters shows a ratio4af25/1513 = 2.97/1 in case of the simulated values

or a ratio 0f4565/1489 = 3.07/1 in case of the measured values. These ratios represents the
power distribution defined by the droop ratio of 3:1.

3.4.4 Stability of parallel battery inverters

The last chapter on parallel operation analyses the phogderation of two battery inverters
with a difference of their target frequency and a different¢heir target voltage. These dif-
ferences result from tolerances of the constituents of #itety inverters. The two battery
inverters are connected via a low-voltage cable which hassanmed resistance of 2Xnand
an assumed reactance of 2.62mAdditional to the two battery inverters and the low-vokag
cable, no other components are considered in this pargléhtion.
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Figure 50: Comparison of the transient curredt®f phase A between the two battery inverters Sunny
Island 1 (SI1) and Sunny Island 2 (S12) which operate with a droop chtBl. They are connected at
the timet = 0 ms to a 18 kW ohmic load. Comparison between the measured (meas.) valagsein d
colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F).

Frequency difference The target frequency of Sunny Island 1 is set to 50 Hz whilgdiget
frequency of Sunny Island 2 is set to 50.3 Hz. The simulatioows that the operation is
stable and that a constant active power of 540 W per phase filomsSunny Island 2 to Sunny
Island 1. This active power flow results from the phase diffiee which is caused by the
frequency difference according to equation 1. The steaale grid frequency is the mean
frequency 50.15 Hz resulting from the two target frequesicie

Voltage difference The target voltage of Sunny Island 1 is set to 230 V while thgatvvoltage
of Sunny Island 2 is set to 231 V. The simulation shows thabieration is stable and that a
constant reactive power of 100 VAr per phase flows from Susignt 2 to Sunny Island 1.
This reactive power flow results from the voltage differemd¢ech according to equation 2.

Voltage and frequency difference The target voltage of Sunny Island 1 is set to 230 V while
the target voltage of Sunny Island 2 is set to 231 V. Additignthe target frequency of Sunny
Island 1 is set to 50 Hz while the target frequency of Sunngnidl2 is set to 50.3 Hz. The
simulation shows that the operation is stable and that at@ohieactive power of 100 VAr per
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phase flows from Sunny Island 2 to Sunny Island 1 as well as staonactive power of 540 W
per phase from Sunny Island 2 to Sunny Island 1. This behawsuwlts from the superposition
law which is applicable for these independent dependencies

These three simulations show that the battery inverter& imquarallel without loosing their
stability even in case that the target values of frequendyaitage have small differences.

As summarised in the synopsis of this chapter, the compaon$dhe simulation and the
measurement shows a good correlation. Consequently, thpacmon verifies the models.
After this verification the models are used in larger gridfgurations. A case study in the
following chapter demonstrates the application of thefiegtibattery inverter model.
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4 Case Study: Simulation of an enlarged grid configuration

The Sunny Island battery inverter is a central componenslahd grids because it can form
such grids and controls the power flow. Those island grids;atled Microgrids, comprise
power generation components, e.g. photovoltaic generatcesel generators and small-scale
wind energy converters. One example is the remote powerysopKythnos as illustrated in
figure 51. The first approach for the case study is the sinmuadi the island grids on Kythnos.

PV-Generator

PV-Generator

Battery PV Diesel

MORE

Figure 51: Modular island grids on Kythnos [SMA].

However, several approaches to simulate photovoltaic rgéors and diesel generators with
simple models fail. Because of the scope of this work the nsoded not developed, however,
it is recommended to develop them in future works in orderg@ble to simulate island grids.
Nevertheless, the case study analyses a fictitious isladdaggthout active power generation
components. It is assumed that the time of simulation isgittrwhen photovoltaic modules do
not generate power and that the synchronous generatordv@dgad for maintenance.

4.1 Description of the grid configuration

This chapter describes the transient behaviour after asztimm of an asynchronous machine in
a grid configuration which can not be verified in DeMoTec withactual available components.
Figure 52 shows the analysed grid configuration. The gridprases four busbars. Three of
these four busbars (‘SI 1, ‘SI 2" and ‘Sl 3’) are controlleg three phase Sunny Island battery
inverters, in contrast to busbar ‘Remote 4’. The loads and@asypnous machines in figure 52
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Figure 52: Load flow in case study grid before the connection of the asynchromackine at busbar
‘Remote 4’. Each busbar ‘SI 1’, ‘S| 2’ and 'Sl 3’ presents one ttphase Sunny Island battery inverter
(the battery inverter itself is not displayed). Additionally, the busbar ‘Rerbfresents a grid node
without a battery inverter. The box on the left side shows the amplitude ofditege at the respective
busbar. These four busbars are connected via low-voltage cal@achAtusbar, asynchronous machines
and loads present consumers. The boxes at the respective grid memgpshow the active power, the
reactive power and the magnitude of the positive sequence current.
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represent standardised consumers. All these component®@anected via low-voltage cables
of different length between the busbars.

Sunny Island battery inverters This grid configuration uses the same model for the battery
inverter as described in previous chapters. Table 27 l&tgitoop slopes of the three Sunny
Island battery inverters. The battery inverter ‘Sunnyridla’ has only half the slope of the other

Table 27: Droop slopes of the three Sunny Island battery inverters.

Battery inverter f/P-Droop U/Q-Droop

Sunnylsland 1: -0.5Hz/3600W -3 9%,.}J.; / 3600 VAr
Sunny lsland 2: -1Hz/3600W -6 %,J.;/ 3600 VAr
Sunny lisland 3: -1Hz/3600W -6 %,J.;/ 3600 VAr

two battery inverters because it is assumed to have a bigdgemp which allows to control a
higher power flow compared to the other two.

Cables All busbars are connected via low-voltage cables with axcsestion of 25 mim The
rated voltage of these cables is 400 V and the rated currdtGsA. They are used in an AC
power grid with a rated frequency of 50 Hz. The assumed maatalrpeters of this type of line
lists table 28. In addition, figure 52 shows the lengths ofcthigles.

Table 28: Model parameters of the low-voltage cable

Parameter Value
Cable/Overhead line: Non-armoured cable
Phases: 3

Number of Neutrals: 1

Resistance per Length R’ (1,2-Sequence):  0£08n
Reactance per Length X' (1,2-Sequence):  0.0&Mm
Resistance per Length RO’ (0O-Sequence): 2.884an
Reactance per Length X0’ (0O-Sequence): 0.84lam
Resistance per Length Rn’ (Neutral): 0.70&m
Reactance per Length Xn’ (Neutral): 0.087m
Capacitance per Length C’ (1,2-Sequence): @.Bkm
Capacitance per Length CO’ (0-Sequence):  0.21R&m
Capacitance per Length Cn’ (Neutral): 0.pE/km

Loads Generally, the loads in this grid configuration have a vatdgpendence on the active
power of 1.6, while the voltage dependence on the reactmepis 1.8. Moreover, the reactive
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power is mixed capacitive and inductive reactive power. Tdt® of the mixture is 200 %
inductive reactive power over capacitive reactive powdis Tonsidered reactive power results
from an inductive power factor of 0.95, which defines eacllloa

At busbar ‘Sl 1’, an unbalanced load is connected to the tyaitteerter ‘Sunny Island 1'.
Phase A of this load consumes an active power of 500 W, phasedBtave power of 1000 W,
and phase C an active power of 1500 W. In contrast, the lodolgshiar ‘Sl 2’ and ‘Remote 4
are balanced loads with an active power consumption of 1 kW.

Asynchronous machines Two different types of asynchronous machines are connéatie
grid. The four asynchronous machines at the busbars ‘SBE12* and ‘Sl 3’ are of the same
1.5 kW type which is described in table 29. They consume 1 kiiVepower and are connected
to the grid over the whole simulation time. At busbar ‘Remotetide 15 kW asynchronous
machine is of a different type which is described in table 30.

Table 29: Technical specifications of the 1.5 kW asynchronous machine.

Number of pole pairg. 2
Connection star
Rated mechanical active powgy, , 1.5 kW
Rated electrical apparent powgr 2.44 kW

Rated power factotosy 0.82

Rated electrical frequency. 50 Hz
Rated mechanical speed 1405 r.p.m.
Rated voltagé/, 400V
Locked rotor current 4.9 p.u.
Stalling torquel/, 2.6 p.u.
Locked rotor torque 2.2 p.u.
Acceleration time constant 0.0505 s

4.2 Description of the transient simulation of the connection event

The 15 kW asynchronous machine is connected at the #ime) s consuming 15 kW active
power.

Load flow analysis Figure 53 shows the analysed grid configuration after th@ecion of
the asynchronous machine ‘AM 4 15kW’ to the busbar ‘Remote 4isTigure illustrates the
difference to the load flow situation before the connectieméwhich is displayed in figure 52.
Before the connection event, there is no significant load fleiwben the busbars with the
exception of approximately 1 kW active power and 0.3 kVArcteae power which flow from
busbar ‘Sl 3’ over busbar ‘Sl 2’ to busbar ‘Remote 4’. This poWlew supplies the load
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Table 30: Technical specifications of the 15 kW asynchronous machine.

Number of pole pairg. 2
Connection star
Rated mechanical active powgy, , 15 kW
Rated electrical apparent powgr  19.83 kW

Rated power factotosy 0.85

Rated electrical frequency. 50 Hz
Rated mechanical speed 1455 r.p.m.
Rated voltagé/, 400V
Locked rotor current 7.7 p.u.
Stalling torquel/, 3.2p.u.
Locked rotor torque 2.8 p.u.
Acceleration time constant 0.1083 s

‘Load 4 1kW'’. The amplitudes of the voltage at the respectiushiars shows similar values
around 320 V because the fall of voltage at the cables is latdsmall power flows.

The connection of the asynchronous machine ‘AM 4 15kW’ chartges situation signifi-
cantly. After the connection, the additional power constiompof the connected asynchronous
machine, besides the power consumption of the load at btRbarote 4’ and the losses from
the cables, increases the power flows to busbar ‘Remote 4'thfée battery inverters share the
power supply according to the setting of their droop slofgsiny Island 1 supplies 7.9 kW to
the other busbars, while Sunny Island 2 supplies 5.6 kW. Guresgly, Sunny Island 2 supplies
18.3 kW - 7.8 kW - 5.6 kW = 4.9 kW to busbar ‘Remote 4'. These bigigoflows result in
bigger voltage drops at the cables. Due to the increasetivegower supply, the voltage at the
busbars is more than 10 V smaller than before the connectiemt.eEspecially, the amplitude
of the voltage of busbar ‘Remote 4’ drops from 319 V to 285 V oabproximately 11 %.

Frequency The frequency of the grid has the same steady state valuetabeabar. Before
the connection event, the frequency is 49.83 Hz. After theneation event, the frequency
decreases to 49.43 Hz because of the additional active myppty for the asynchronous ma-
chine.

Transient currents Figure 54 shows the transient currents of the battery iave&Stnny Is-
land 1. The figure illustrates the supply of the unbalancemhtl 1 3kW’ which results in
unbalanced current amplitudes. Phase A has the lowesttangland phase C has the high-
est amplitude according to the unbalanced load which hasoWest power consumption at
phase A and the highest power consumption at phase C. Due tzathiel operation of the
three battery inverters, the other two also supply a partisfunbalanced power. This can be
derived from figure 143 and figure 144 in the appendix. Howeterdistance over cables leads
to a damping of their contribution.
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Figure 53: Load flow in case study grid after the connection of the asynchronoukineaat busbar
‘Remote 4’. Each busbar ‘SI 1’, ‘S| 2’ and 'Sl 3’ presents one ttphase Sunny Island battery inverter
(the battery inverter itself is not displayed). Additionally, the busbar ‘Rembfresents a grid node
without a battery inverter. The box on the left side shows the amplitude ofditege at the respective
busbar. These four busbars are connected via low-voltage cal@achAtusbar, asynchronous machines
and loads present consumers. The boxes at the respective grid memgpshow the active power, the
reactive power and the magnitude of the positive sequence current.
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Figure 54: Transient currentg of the battery inverter Sunny Island 1 (SI1). The connection of the
15 kW asynchronous machine is at the titre0 ms.

Moreover, these figures of the transient currents show thevieur of the starting of the
asynchronous machine with higher currents at the begirfoliyved by a decay until the cur-
rent reaches its steady state. A comparison of figure 142¢fitd3 and figure 144 shows that
the starting currents of the battery inverters are dampetthdygables. This causes battery in-
verter ‘Sunny Island 2’ to have the highest starting cusentich are four times higher than
the steady state values. In comparison, ‘Sunny Island 3ttasecond highest starting cur-
rents which are three times higher than the steady statesakecause ‘Sunny Island 3’ has an
additional cable distance of 200 m. Consequently, ‘Sunrani$ll’ with an additional cable
distance of 400 m has the lowest starting currents which ahe tovo times higher than the
steady state values.

A comparison between the transient currents of phase A dhtiee battery inverters shows
figure 55. The respective comparison of the other two phasdsplayed in figure 146 and
figure 147 in the appendix. Two different effects are illagéd by these figures. On the one
hand, the figures show that the amplitudes of Sunny Islandv& H#& double value of the
amplitudes of the other two battery inverters in steadyessituation. This results from the
droop slope settings which defines a power distribution ab$unny Island 1 supplies 200 %
of the power of the other two battery inverters. On the ottardh the figures show that Sunny
Island 2 supplies the biggest part to the power supply in tis€30 ms, while Sunny Island 1



108 4 CASE STUDY: SIMULATION OF AN ENLARGED GRID CONFIGURATION

100 - T - T - T ; T

C: SI3 Phase A

502- n

A: SI1 Phase A

B: SI2 Phase A
-100 : :

-100 0 100 200 300 400
t [ms]

Figure 55: Comparison of the transient curredtsf phase A of the three battery inverters Sl1, SI2 and
SI3. The connection of the 15 kW asynchronous machine is at the tinflems.

supplies the smallest part. This delayed power supply tefudm the damping of the cables
so that battery inverters in greater distance react moegddl However, the effect only occurs
in the first 50 ms after the connection event. Afterwards piveer distribution tunes to values
defined by the droop slopes of the battery inverters.

Transient voltages Figure 56 shows the transient voltages of the battery iave&Stnny Is-
land 1. Additionally, figure 149 and figure 150 in the apperdisplay the transient voltages
of the other two battery inverters. The figures of the tramsieltages show in the first mil-
liseconds after the connection event small disturbanc#seafieal sinusoidal wave form. This
behaviour is similar in case of all three battery inverters.

RMS voltages Figure 57 shows the RMS voltages of the battery inverter Sislapd 1. The
figures displays a voltage drop after the connection of tga@sonous machine. This voltage
drop decays over the following second until the voltagemeadts new steady state. In contrast
to figure 152 and figure 153 in the appendix, which display #maesbehaviour for the other
two battery inverters, figure 57 illustrates the unbalarsigzply of the unbalanced load because
the voltage of the three phases has different values acgptdithe reactive power supply of
‘Load 1 3kW'. Moreover, a comparison of these three figuresvshibiat the minimum of the



4.2 Description of the transient simulation of the conretgvent 109

voltage drop is different, the farther the respective bbgiteverter is away from the load change,
the smaller the voltage drop due to the described dampiegtsff
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Figure 56: Transient voltage$#’ of the battery inverter Sunny Island 1 (SI1). The connection of the
15 kW asynchronous machine is at the titrreO ms.
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Figure 57: RMS voltagedJ of the battery inverter Sunny Island 1 (SI1). The connection of the 15 kW
asynchronous machine is at the time 0 ms.
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Additionally, figure 154, figure 155 and figure 156 in the apfirrshow a comparison of
the RMS voltages of the three battery inverters for one phéisey illustrate the same voltage
drop and the different voltages of the three battery inveréecording to the cables between
them.

4.3 Conclusions of the case study

This case study shows that the model of the battery investebe used iPowerFactorysimu-
lations of larger grid configurations. The analysed gridfiamation uses more than two battery
inverters and comprises additional components of gemeneerFactorymodels. Analyses of
simulation results give a better comprehension of the behawf the grid. The analysis of
the case study grid, for instance, shows that the applicati@ 15 kW asynchronous machine
in the remote grid area results in a voltage drop of 11 % at dmmection point and losses of
1.8 kW due to the low-voltage cable. Options to reduce thegative effects are the substitu-
tion of the 800 m cable by one with a larger cross section orpamation of the asynchronous
machine closer to the Sunny Island battery inverters.

Moreover, the connection of the asynchronous machine hasitial transient behaviour.
The transient voltage stabilises rapidly within 3 ms andithesient current within 300 ms.
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5 Conclusions

The aim of this thesis is to implement and verify models ofetalised power generation
components in the simulation environment of the power syst@alysis toolPowerFactory
from DIgSILENT. These models are used for transient sinutatin low-voltage grids. The
analysed components are a bi-directional battery inyeateasynchronous generator and loads.
These components operate with variable frequency andblanaltage which are controlled
by the battery inverter.

Chapter 2 develops a model of a three-phase Sunny Islandybatterter. This model en-
hances available single-phase models in MATLAB/Simulind &P-EMTP and adapts them
to the simulation environment ¢fowerFactory Moreover, the chapter shows the adjustment
of the parameters of the available asynchronous generatoelnm PowerFactoryto the asyn-
chronous generator in DeMoTec. For this adjustment, thetredal parameters are measured
and an optimisation process is performed. Finally, thelabvkd load model irPowerFactoryis
adjusted to the loads used in DeMoTec.

Simulations of load changes in grid configurations with éhtgee models are described
in chapter 3. The comparison between simulated daRoimerFactoryand measured data in
DeMoTec shows a good fit of the short-term transient simuteti In the scope of these simula-
tions, thePowerFactorymodels are verified, especially the model of the batteryrievavhich
is the main contribution of this work. Changes in active arattige power in the analysed
power grid result in changes of frequency and voltage accgitd the droop slopes of the con-
nected battery inverters. The analysed power flows of thalations fit well with the measured
data because the active and reactive power as well as the RM&htsuhave a good correla-
tion. Additionally, unbalanced load changes are simulatel with the implemented battery
inverter model. This achievement enables to connect asynoadeohmic, inductive, capacitive
loads or a mixture of them to the battery inverter. These eotion events are simulated well
by the PowerFactorymodels. The transient signals after load changes matchadgaguely
well. Quantitatively, it is not possible to get an accuraieelation because there are many in-
fluences which are not considered in the model. Altogethercharacteristic behaviour of the
droop mode of three-phase Sunny Island battery inverteepr®duced well. Even the parallel
operation with different droop slopes shows the expectédieur of power sharing between
the battery inverters. However, two main deficits of the dahans have to be considered:

¢ On the one hand, the battery management, which is not mddebeises the frequency
to deviate between the measurement and the simulation.

e On the other hand, the discretisation effect causes the RM&geoto deviate between
the measurement and the simulation. This effect results thee digital controller of the
Sunny Island which influences the amplitude of the voltagae B time limitations in
this thesis, the discretisation is modelled with simpltiimas so that the discretisation
effect in the simulation is smaller than in the measurement.

Finally, chapter 4 describes the simulation of a conneatioain asynchronous machine in
an enlarged grid configuration with three battery invertergarallel operation, asynchronous
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machines, loads and cables. This simulation shows an erdomgn application of the battery
inverter model. The load flow analysis shows the loading efdbmponents, especially cables,
and the transient signals show the dynamic behaviour ofrtldeog this exemplary connection
of an asynchronous generator. With this case study, thecagiph of a parallel operation of
three battery inverters as well as analysis featuréXuoferFactoryare demonstrated.

This work shows thaPowerFactoryfrom DIgSILENT is an appropriate power system
analysis tool for transient simulations of decentralised/gr generation components in low-
voltage grids. For transient simulations in low-voltagelgrwith decentralised components,
PowerFactorydelivers an extensive simulation environment with a vgrt functionalities.
Three main achievements of the thesis can be derived fromgtsts.

1. A battery inverter model is developed and successfullified for electromagnetic tran-
sients of load changes.

2. Challenges in the determination of accurate parametensdaction generator models
are shown by the application of several approaches.

3. The applicability of the developed battery inverter mdde studies in island grids is
demonstrated with a case study.

For future improvements of the simulation possibilitiedPomwerFactory two tasks for fu-
ture works are recommended.

e The available battery inverter model is recommended to beneed by the inclusion
of short-circuit behaviour, which changes the battery iteremodel from a controlled
voltage source to a current source supplying a fixed currecase of too high currents.
This additional functionality enables short-circuit arsas which are out of scope of the
present contribution.

e However, until now, one disadvantageRdwerFactoryis the lack of generic models of
decentralised power generation components. Consequdrdlyhave to be developed
individually. In case that models for photovoltaic generat diesel generators and small-
scale wind energy converters are available, a large vaoieisiand grid configurations
can be analysed in detail. Until now, only a battery investdrich forms the island grid, is
developed. Therefore, itis recommended to add models dbpblbaic generators, diesel
generators and small-scale wind energy convertelPoteerFactoryin further works.
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A Comparison of the measured and simulated data

The figures in appendix A show the comparison between theunsgmeas.) values in darker
colours (A,B,C) and the simulated (sim.) values in brightdoers (D,E,F). Some of the fig-

ures described in chapter 3 and chapter 4 are reproduced apghendix in order to deliver a
complete overview of the comparison between the measuteamerthe simulation.

A.1 Battery inverter connected with loads

A.1.1 Balanced change in ohmic load
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Figure 58: Transient currents of the battery inverter in open circuit which is connected at the time
0 ms to a 3 kW ohmic load.
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Figure 59: Transient voltage¥& of the battery inverter in open circuit which is connected at the time
0 ms to a 3 kW ohmic load.
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Figure 60: Transient current$ of the battery inverter supplying a 3 kW ohmic which is disconnected at
the timet = 0 ms.
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A.1.2 Balanced change in inductive load
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Figure 61: Transient current$ of the battery inverter supplying a 3 kW ohmic load which is connected
at the timet = 0 ms to a 3 kVAr inductive load.
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Figure 62: Transient voltage¥ of the battery inverter supplying a 3 kW ohmic load which is connected
at the timef = 0 ms to a 3 kVAr inductive load.
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Figure 63: Transient current$ of the battery inverter supplying a 3 kW ohmic and a 3 kVAr inductive
load. The 3 kVAr inductive load is disconnected at the tinve0 ms.

A.1.3 Balanced change in capacitive load
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Figure 64: Transient current$ of the battery inverter supplying a 3 kW ohmic load which is connected
at the timef = 0 ms to a 3 kVAr capacitive load.
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Figure 65: Transient current$ of phase A of the battery inverter supplying a 3 kW ohmic load which is
connected at the time= 0 ms to a 3 kVAr capacitive load.
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Figure 66: Transient currents of phase B of the battery inverter supplying a 3 kW ohmic load which is
connected at the time= 0 ms to a 3 kVAr capacitive load.
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Figure 67: Transient current$ of phase C of the battery inverter supplying a 3 kW ohmic load which is
connected at the time= 0 ms to a 3 kVAr capacitive load.
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Figure 68: Transient voltage¥ of the battery inverter supplying a 3 kW ohmic load which is connected
at the timef = 0 ms to a 3 kVAr capacitive load.



A.1 Battery inverter connected with loads 119

10 T T T T T T T T T T T T

A: Phase A meas.
: Phase A sim.

—rT
-
-
N
.—.“
3
\ }

\ :
: Phase B sim. C: Phase C meas. ]
B: Phase B meas. : Phase C sim.

1 " 1 " 1 " 1

10 20 30 40 50
t [ms]

Figure 69: Transient currents of the battery inverter supplying a 3 kW ohmic and a 3 kVAr capacitive
load. The 3 kVAr capacitive load is disconnected at the timé ms.

A.1.4 Unbalanced change in ohmic load
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Figure 70: Transient current$ of the battery inverter in open circuit which is connected at the time
0 ms to a 1 kW ohmic load at phase A.
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Figure 71: Transient currents of the battery inverter connected to a 1 kW ohmic load at phase A which
is connected at the time= 0 ms to a 1 kW ohmic load at phase B.
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Figure 72: Transient current$ of the battery inverter connected to a 1 kW ohmic load at phase A and a
1 kW ohmic load at phase B which is connected at the tim® ms to a 1 kW ohmic load at phase C.
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Figure 73: Transient currents of the battery inverter connected to 1 kW ohmic loads at all three phases.
The ohmic load of 1 kW at phase A is disconnected at the tim@ ms.
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Figure 74: Transient currentg of the battery inverter connected to 1 kW ohmic loads at phase B and

phase C. The ohmic load of 1 kW at phase B is disconnected at the tiriems.
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Figure 75: Transient current$ of the battery inverter connected to a 1 kW ohmic load at phase C. The
ohmic load is disconnected at the tithe 0 ms.

A.1.5 Unbalanced change in inductive load
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Figure 76: Transient current$ of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the tim@® ms to a 1 kVAr inductive load at phase A.
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Figure 77: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the tim® ms to a 1 kVAr inductive load at phase A. The
enlarged time scale enables to show the decline of the current offset.
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Figure 78: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the tim@® ms to a 1 kVAr inductive load at phase B.
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Figure 79: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase and a 1 kVAr inductive load at phase A. The inductive load aephas disconnected at the time
t=0ms.
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Figure 80: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase and a 1 kVAr inductive load at phase B. The inductive load aepBas disconnected at the time
t=0ms.
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A.1.6 Unbalanced change in capacitive load
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Figure 81: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the tim@ ms to a 1 kVAr capacitive load at phase A.

400 T T T T . . .
| C: Phase C meas. Phase C sim. ]
300 | g 7] /S
=) E \ / "/
200 P / -
100 ’

\ Dﬂ

S AVARY /
200} / )
300 / 9 \ [ N &/

Phase B sim. Phase A sim ]
_400 - B: Phase B meas. | ]
[ A Phase A meas. 1

-500 . 1 . 1 . 1 .
-20 -10 0 10 20

t [ms]

(V]
o
/
_—
-
_—
=

™~
L
1

Figure 82: Transient voltage#’ of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the tim@ ms to a 1 kVAr capacitive load at phase A.
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Figure 83: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the tim@ ms to a 1 kVAr capacitive load at phase B.
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Figure 84: Transient voltage#’ of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the tim@ ms to a 1 kVAr capacitive load at phase B.
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Figure 85: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase and a 1 kVAr capacitive load at phase A. The capacitive loddhae is disconnected at the time
t=0ms.
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Figure 86: Transient voltage#’ of the battery inverter in connection with a 1 kW ohmic load at each
phase and a 1 kVAr capacitive load at phase A. The capacitive loddhae is disconnected at the time
t=0ms.
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Figure 87: Transient currentg of the battery inverter in connection with a 1 kW ohmic load at each
phase and a 1 kVAr capacitive load at phase B. The capacitive lodwhae B is disconnected at the time
t=0ms.
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Figure 88: Transient voltagd/ of the battery inverter in connection with a 1 kW ohmic load at each
phase and a 1 kVAr capacitive load at phase B. The capacitive lodihse B is disconnected at the time
t=0ms.
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A.2 Battery inverter connected with asynchronous generator and loads
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Figure 89: Transient current$ of the battery inverter connected with asynchronous generator which is

connected at the time= 0 ms to a 3 kW ohmic load.
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Figure 90: Transient voltage# of the battery inverter connected with asynchronous generator which is
connected at the time= 0 ms to a 3 kW ohmic load.
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Figure 91: Transient currentg of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic load. The 3 kW ohmic load is disconnected at thettin&ms.
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Figure 92: Transient currentg of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic load. The 3 kW ohmic load is disconnected at thettimé ms. After the
disconnection the currents tune.
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Figure 93: Transient currentg of the battery inverter in connection with the asynchronous generator
which is connected at the tinte= 0 ms to a 3 kVAr inductive load.
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Figure 94: Decay of the transient currenisof the battery inverter in connection with the asynchronous

I[A]
O

A COMPARISON OF THE MEASURED AND SIMULATED DATA

rC: Phase C meas

.

5 /
_5 ‘

A Phase A meas '

- m\/\ ff

l

j \“ M | "
\ [ |
[ l )| /
V ‘\ \J

: Phase A sim.

’\
.1/ /

W
M
\/
\/

o~

"=l

'@M\\;

/ 5
AL

\ \'
1 o / j\ J / ; }
-1 5 1‘} | J ’ [V PJ\‘

-20 : Phase B sim. —
25 _ Phase c S'm B Phase B meas. oy 3
-20 0 20 40 60 80 100 120 140

t [ms]

generator which is connected at the titrre0 ms to a 3 kVAr inductive load.

Figure 95: Fluctuations of the transient currentof phase A and phase B of the battery inverter in
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Figure 96: Transient voltage# of the battery inverter connected with asynchronous generator which is
connected to a 3 kVAr inductive load.
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Figure 97: Transient currentg of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic load and a 3 kVAr inductive load. The 3 kVAr induclbaed is disconnected at
the timet = 0 ms.
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A.2.3 Balanced change in capacitive load
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Figure 98: Transient current$ of the battery inverter connected with asynchronous generator which is
connected at the time= 0 ms to a 3 kVAr capacitive load.
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Figure 99: Transient voltage# of the battery inverter connected with asynchronous generator which is
connected at the time= 0 ms to a 3 kVAr capacitive load.
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Figure 100: Transient current$ of phase A of the battery inverter connected with asynchronous gener-
ator and a 3 kW ohmic load which is connected at the timé ms to a 3 kVAr capacitive load.
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Figure 101: Transient current$ of phase B of the battery inverter connected with asynchronous gener-
ator and a 3 kW ohmic load which is connected at the timé ms to a 3 kVAr capacitive load.
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Figure 102: Transient current$ of phase C of the battery inverter connected with asynchronous gener-
ator and a 3 kW ohmic load which is connected at the timé ms to a 3 kVAr capacitive load.
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Figure 103: Transient current$ of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic and a 3 kVAr capacitive load. The 3 kVAr capacltegl is disconnected at the
timet =0 ms.
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Figure 104: Transient current$ of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic and a 3 kVAr capacitive load. The 3 kVAr capaclteel is disconnected at the
time ¢ = 0 ms. After the disconnection the currents tune.
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Figure 105: Transient currentg of the battery inverter which is connected with the asynchronous gen-
erator. At the time = 0 ms a 1 kW ohmic load is connected to phase A.
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Figure 106: Transient currents of the battery inverter which is connected with the asynchronous gen-
erator. At the time = 0 ms a 1 kW ohmic load is connected to phase A. The transients of the following
150 ms are displayed.
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Figure 107: Transient voltage$/ of the battery inverter which is connected with the asynchronous
generator. At the timé=0 ms a 1 kW ohmic load is connected to phase A.
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Figure 108: Transient currents of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at phase A. At the tiree0 ms a 1 kW ohmic load is connected to
phase B.
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Figure 109: Transient current$ of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at phase A. At the tirve0 ms a 1 kW ohmic load is connected to
phase B. The transients of the following 150 ms are displayed.
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Figure 110: Transient currents of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at phase A and a 1 kW ohmic load at phasglie timet = 0 ms
a 1 kw ohmic load is connected to phase C.
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Figure 111: Transient current$ of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at phase A and a 1 kW ohmic load at phaseige timet = 0 ms
a 1 kW ohmic load is connected to phase C. The transients of the following 1&€endssplayed.
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Figure 112: Transient currents of the battery inverter which is connected with the asynchronous gen-
erator supplying 1 kW ohmic loads at all three phases. At the tim&® ms the 1 kW ohmic load at
phase A is disconnected.

. . — . — . . . .
C: Phase C meas.

My /\f\ ¥ M/ i \\Tm I
— -—r"\ | iy / f‘\ At Bl ]
i Z ' \/ | \; ; {1\ ‘\\f\ | \\\ |

I \\ j :!

15 F
[ [ A: Phase A meas. : Phase A sim.

1 " " " " 1

B: Phase B meas

I JJ%

: Phase B sim. ]

0 50

100

150

t [ms]

Figure 113: Transient current$ of the battery inverter which is connected with the asynchronous gen-
erator supplying 1 kW ohmic loads at all three phases. At the tim® ms the 1 kW ohmic load at
phase A is disconnected. The transients of the following 150 ms are didplaye
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Figure 114: Transient currents of the battery inverter which is connected with the asynchronous gen-
erator supplying 1 kW ohmic loads at phase B and phase C. At the tin@ems the 1 kW ohmic load at
phase B is disconnected.
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Figure 115: Transient current$ of the battery inverter which is connected with the asynchronous gen-
erator supplying 1 kW ohmic loads at phase B and phase C. At the tinems the 1 kW ohmic load at
phase B is disconnected. The transients of the following 150 ms are didplaye
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Figure 116: Transient currents of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at phase C. At the tirzed ms the 1 kW ohmic load at phase C is
disconnected.
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Figure 117: Transient current$ of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at phase C. At the time) ms the 1 kW ohmic load at phase C is
disconnected. The transients of the following 150 ms are displayed.
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A.2.5 Unbalanced change in inductive load

20 X T T T T T T T T T T T T
: Phase A sim.
A: Phase A meas.

f&/

15:

avs

A\

10

S5F

0

| [A]

_5 '/ r‘“ \ -

\ :

-10 \ﬂ\ \\\m/ \m/ \w \\W/f\/ wa ;

-1 5 [~ Phase C sim. C Phase C meas. z y ;

; B: Phase B'meas. | Phase B sim. ]

'20 1 1 1 1 1 | 4
-20 -10 0 10 20 30 40 50

t [ms]

Figure 118: Transient currentg of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase. At the timeé) ms, a 1 kVAr inductive load is

connected to phase A.
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Figure 119: Transient current$ of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase. At the timeé ms, a 1 kVAr inductive load is
connected to phase A. The transients of the following 150 ms are displayed.
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Figure 120: Transient voltage$/ of the battery inverter which is connected with the asynchronous
generator supplying a 1 kW ohmic load at each phase. At theitim@ ms, a 1 kVAr inductive load is
connected to phase A.
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Figure 121: Transient current$ of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase and a 1 kVAr inductidealigahase A. The inductive
load at phase A is disconnected at the tinre0 ms.
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A.2.6 Unbalanced change in capacitive load
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Figure 122: Transient currentg of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase. At the timé& ms, a 1 kVAr capacitive load is
connected to phase A.
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Figure 123: Transient voltage$/ of the battery inverter which is connected with the asynchronous
generator supplying a 1 kW ohmic load at each phase. At theitim@ms, a 1 kVAr capacitive load is
connected to phase A.
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Figure 124: Transient currents of the battery inverter which is connected with the asynchronous gener-
ator supplying a 1 kW ohmic load at each phase and a 1 kVAr capacitivatqathse A. The capacitive
load at phase A is disconnected at the time0 ms.
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Figure 125: Transient voltage$/ of the battery inverter which is connected with the asynchronous
generator supplying a 1 kW ohmic load at each phase and a 1 kVAr capdoiid at phase A. The
capacitive load at phase A is disconnected at the timé ms.
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A.3 Enlarged grid configuration with two battery inverters and a load

A.3.1 Droop ratio 1:1
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Figure 126: Transient currentg of the battery inverter Sunny Island 1 which operates in parallel with
battery inverter Sunny Island 2 with a droop ratio of 1:1. They are cdadeat the timg =0 ms to a
18 kW ohmic load.
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Figure 127: Transient voltage# of the battery inverter Sunny Island 1 which operates in parallel with
battery inverter Sunny Island 2 with a droop ratio of 1:1. They are cdedeat the timg =0 ms to a
18 kW ohmic load.
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Figure 128: Transient currentg of the battery inverter Sunny Island 2 which operates in parallel with
battery inverter Sunny Island 1 with a droop ratio of 1:1. They are cdedeat the timg =0 ms to a
18 kW ohmic load.
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Figure 129: Transient voltage# of the battery inverter Sunny Island 2 which operates in parallel with
battery inverter Sunny Island 1 with a droop ratio of 1:1. They are cdedeat the timg =0 ms to a
18 kW ohmic load.
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Figure 130: Transient currentg of the battery inverter Sunny Island 1 which operates in parallel with
battery inverter Sunny Island 2 with a droop ratio of 2:1. They are cdedeat the timg =0 ms to a
18 kW ohmic load.
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Figure 131: Transient current$ of the battery inverter Sunny Island 1 which operates in parallel with
battery inverter Sunny Island 2 with a droop ratio of 2:1. They are cdedeat the timg =0 ms to a
18 kW ohmic load. The figure shows the decline of the transient currents.
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Figure 132: Transient voltage# of the battery inverter Sunny Island 1 which operates in parallel with
battery inverter Sunny Island 2 with a droop ratio of 2:1. They are cdedeat the timg =0 ms to a
18 kW ohmic load.
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Figure 133: Transient current$ of the battery inverter Sunny Island 2 which operates in parallel with
battery inverter Sunny Island 1 with a droop ratio of 1:2. They are cdedeat the timg =0 ms to a

18 kW ohmic load.
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Figure 134: Transient currentg of the battery inverter Sunny Island 2 which operates in parallel with
battery inverter Sunny Island 1 with a droop ratio of 1:2. They are cdadet the timg = 0 ms to a
18 kW ohmic load. The figure shows the increase of the transient currents
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Figure 135: Transient voltage# of the battery inverter Sunny Island 2 which operates in parallel with
battery inverter Sunny Island 1 with a droop ratio of 1:2. They are cdedeat the timg =0 ms to a
18 kW ohmic load.

A.3.3 Droop ratio 3:1
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Figure 136: Transient currentg of the battery inverter Sunny Island 1 which operates in parallel with
battery inverter Sunny Island 2 with a droop ratio of 3:1. They are cdedeat the timg =0 ms to a
18 kW ohmic load.
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Figure 137: Transient current$ of the battery inverter Sunny Island 1 which operates in parallel with
battery inverter Sunny Island 2 with a droop ratio of 3:1. They are cdedeat the timg =0 ms to a
18 kW ohmic load. The figure shows the decline of the transient currents.
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Figure 138: Transient voltage#’ of the battery inverter Sunny Island 1 which operates in parallel with
battery inverter Sunny Island 2 with a droop ratio of 3:1. They are cdedeat the timg =0 ms to a
18 kW ohmic load.
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Figure 139: Transient currents of the battery inverter Sunny Island 2 which operates in parallel with
battery inverter Sunny Island 1 with a droop ratio of 1:3. They are cdedeat the timg =0 ms to a

18 kW ohmic load.
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Figure 140: Transient currentg of the battery inverter Sunny Island 2 which operates in parallel with
battery inverter Sunny Island 1 with a droop ratio of 1:3. They are cdadet the timg =0 ms to a
18 kW ohmic load. The figure shows the increase of the transient currents
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Figure 141: Transient voltage# of the battery inverter Sunny Island 2 which operates in parallel with
battery inverter Sunny Island 1 with a droop ratio of 1:3. They are cdedeat the timg =0 ms to a
18 kW ohmic load.
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B Figures of Case Study

The figures in appendix B show all simulated voltage and ocarseggnals of the case study
described in chapter 4. Some of the figures in chapter 4 aredaped in the appendix.
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Figure 142: Transient currentg of the battery inverter Sunny Island 1 (SI1). The connection of the
15 kW asynchronous machines is at the tinwe0 ms.
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Figure 144: Transient curren
15 kW asynchronous machines is at the tine0 ms.
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Figure 145: Comparison of the transient currerdtsf phase A of the three battery inverters Sl1, SI2 and
SI3. The connection of the 15 kW asynchronous machines is at the tirflems.
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Figure 146: Comparison of the transient curredtsf phase B of the three battery inverters Sl1, SI2 and
SI3. The connection of the 15 kW asynchronous machines is at the t@ems.
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Figure 147: Comparison of the transient currertsf phase C of the three battery inverters Sl1, SI2 and
SI3. The connection of the 15 kW asynchronous machines is at the tirlems.

400 : : : : : :
r C: Sl1 Phase C .
300 5 B 7
200 ]
B
100 |
SN
5 0 3 c ;
100} N/
200 AN
300 & :
B: SI1 Phase B A: SI1 Phase A
-400 : ' : : : ‘ —
-20 -10 0 10 20
t [ms]

Figure 148: Transient voltage#’ of the battery inverter Sunny Island 1 (SI1). The connection of the
15 kW asynchronous machines is at the tine0 ms.
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Figure 149: Transient voltage#’ of the battery inverter Sunny Island 2 (SI2). The connection of the
15 kW asynchronous machines is at the tinwe0 ms.
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Figure 150: Transient voltage#’ of the battery inverter Sunny Island 3 (SI3). The connection of the
15 kW asynchronous machines is at the tinwe0 ms.
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Figure 151: RMS voltaged/ of the battery inverter Sunny Island 1 (SI1). The connection of the 15 kW
asynchronous machines is at the titre0 ms.
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Figure 152: RMS voltagedJ of the battery inverter Sunny Island 2 (SI2). The connection of the 15 kW
asynchronous machines is at the time0 ms.
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Figure 153: RMS voltaged’ of the battery inverter Sunny Island 3 (SI3). The connection of the 15 kW
asynchronous machines is at the titre0 ms.
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Figure 154: Comparison of the RMS voltagés of phase A of the three battery inverters SI1, SI2 and
SI3. The connection of the 15 kW asynchronous machines is at the t@ems.
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Figure 155: Comparison of the RMS voltagés of phase B of the three battery inverters SI1, SI2 and
SI3. The connection of the 15 kW asynchronous machines is at the tirflems.
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Figure 156: Comparison of the RMS voltagés of phase C of the three battery inverters SI1, SI2 and
SI3. The connection of the 15 kW asynchronous machines is at the t@ems.
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