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Abstract

As part of the Institut für Solare Energieversorgungstechnik (ISET)e.V. in Kassel, the
Design Center for Modular Supply Technology (DeMoTec) has the facilities for testing a
variety of low-voltage power grid configurations. These configurations consist of decen-
tralized power generation components in the kilowatt range. Transient simulations of com-
ponents and grid configurations with MATLAB/Simulink, ATP-EMTP and SIMPLORER
support research activities in this field. The aim of this work is to add a fourth tool - Pow-
erFactory- which offers additional features for this application. All four simulation tools
have their own specific characteristics which make them most suitable for particular appli-
cations. This work investigates the features ofPowerFactorydeveloped by DIgSILENT.
The investigation uses components for grid configurations which are available in DeMoTec
in order to verify the results of the simulations by measurements.

The island grids which are investigated comprise three components: a bi-directional
battery inverter which is able to form a grid, an asynchronous generatorwhich simulates
the feed-in of wind power, and a load which represents consumers and their consumption
behaviour. In order to allow these components to be used inPowerFactory, this work
presents the following three parts for the implementation of the components’ models:

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 deliver
details for the development of aPowerFactorymodel. For the implementation, the
available models are enhanced to a three phase model and adjusted to the simulation
environment ofPowerFactory.

2. PowerFactorycomprises a model for asynchronous generators. This generic model
is adjusted to the considered asynchronous generator in DeMoTec. Theelectrical
parameters of the analysed asynchronous generator are measured for this adjustment
process and an optimisation process is performed to determine best fitting parameters.

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

The models implemented inPowerFactoryform different configurations of island grids.
Within these island grids,PowerFactorysimulates characteristic load changes. The selected
components enable measurements of the same load changes in the same grid configurations
in DeMoTec. A comparison of the measured and simulated data shows a good congruence
with few deviations.

This thesis uses the power system analysis toolPowerFactoryfrom DIgSILENT for
transient simulations of decentralised power generation components in low-voltage grids
which operate with a variable frequency and a variable voltage. Moreover, this thesis ver-
ifies the simulation results and illustrates their quality by comparing measured data at De-
MoTec with simulated data usingPowerFactory. Finally, one of the advantages of this
simulation tool is presented by simulating a large grid configuration which is not available
in the limited laboratory environment of DeMoTec.
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1 Introduction

At present, there are two main developments in the power sector. On the one hand, people
in developed countries face the beginning of a structural change in the power sector from a
centralized power system with large power plants using fossil and nuclear power to a more
decentralized power system with smaller and dispersed power plants partly driven by renewable
energy resources. On the other hand, there is an increasing demand for power in developing
countries. Especially in remote areas without connection to power grids, an increasing number
of island grids for rural electrification are installed.

In order to comply with the emerging challenges of this restructuring process, ISET (Institut
für Solare Energieversorgungstechnik e.V.) in Kassel performs considerable research in these
topics. For these research activities, a laboratory, called DeMoTec (Design Center for Modu-
lar Systems Technology), is equipped with a large variety ofdifferent low-voltage decentralised
power facilities in the kilowatt range, e.g. diesel generators, wind power simulators, distribution
system simulators for low and medium voltage, photovoltaicinverters, battery inverters, batter-
ies, photovoltaic-battery systems and loads. A crossbar switch cabinet connects these facilities
for power transfer and an Ethernet network enables communication between them.

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

Each of these four simulation tools has its advantages and disadvantages. One feature of
PowerFactoryis the possibility to enlarge grid configurations by additional generic models
of grid components ranging from low-voltage to high-voltage. Moreover, a variety of addi-
tional tools for analysis of power grids are implemented inPowerFactorycomprising power
flows, short circuits, harmonics, reliabilities and stabilities. Together with interfaces for GIS
(geographic information system) and SCADA (supervisory control and data acquisition), this
variety of features establishes a wide range of functionalities implemented inPowerFactory.
However, one disadvantage ofPowerFactoryis the lack of standard generic models for low-
voltage power generation components, e.g. photovoltaic, diesel generators and battery inverters.
Consequently, they have to be developed individually. Different model studies on wind energy
converters improve the functionalities ofPowerFactoryby additional models. Similarly, this
work delivers an additionalPowerFactorymodel for Sunny Island battery inverters.

This thesis assesses the possibilities ofPowerFactoryby the simulation of switching events
in island grid configurations. It uses components for these grid configurations which are avail-
able in DeMoTec in order to verify the simulation results by measurements. The investigated
three-phase island grids comprise a bi-directional battery inverter which forms the grid, an
asynchronous generator which simulates the feed-in of windpower, and different kinds of loads
which represent consumers and their consumption behaviour. With these loads, characteristic
load changes are simulated. A comparison of the data from themeasurement in DeMoTec and
the simulation inPowerFactoryshows the congruency of the simulation to real system behav-
iour.
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This thesis is structured into three main parts. Chapter 2 describes the development of the
models of the battery inverter and the adjustment of the asynchronous generator and the loads
for their implementation inPowerFactory. Simulations of load changes in grid configurations
with these models are described in chapter 3. A comparison between the simulated data and
the measured data in DeMoTec verifies the applicability of the models and the accuracy of
simulations compared to tests in DeMoTec. Finally, chapter4 describes the simulation of a
connection of an asynchronous machine in an enlarged grid configuration, which consists of
more components than available in DeMoTec.
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2 Models

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

2.1 Battery inverter

In the case of a modularly expandable island grid it is necessary that one of the components
is able to guarantee stable power system conditions by keeping the set voltage and frequency
in order to supply different consumers. High power quality is characterised by a sinusoidal
voltage of a certain frequency with low harmonic distortion. One component which is able to
perform this task is a battery inverter. It uses a battery as abuffer to balance the fluctuating
energy generation by solar or wind energy and the fluctuatingenergy demand. Additionally,
the analysed battery inverter is able to manage the demand and the supply side. Therewith, an
optimization of the total system behaviour is possible.

In this thesis the bi-directional battery inverter Sunny Island 4500 from SMA is analysed.
The three phase system analysed is shown in figure 1. It is connected with a 14 kWh battery
bank as storage. The technical specifications of one batteryinverter 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 phase Sunny Island battery
inverters (yellow boxes) are connected to the AC-Bus (red) and to the battery bank at the bottom.
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Table 1: Technical specifications of the Sunny Island 4500 battery inverter fromSMA [SMA04]

Continuous output power 3300 VA
AC output power for 30 min (ambient air temperature 25◦C) 4500 VA
Maximal output power for 20 sec 6600 VA
Maximal efficiency ≥ 90 %
Nominal battery voltage 60 V
Nominal battery current 60 A
Nominal RMS output voltage 230 V
Nominal RMS output current 16 A
Nominal frequency 50 Hz or 60 Hz
Range of RMS output voltage 200 V - 260 V
Range of frequency 48 Hz - 62 Hz
Harmonic distortion in output voltage < 3 %
Voltage ripple < 5 %
Weight 45 kg

The Sunny Island battery inverter has three different operating modes (cf. [SMA04]). These
are the grid-tied mode, the grid-forming mode and the droop mode. In grid tied mode, the Sunny
Island complies with the voltage and frequency which is defined by an additional component
of the island grid that itself forms the grid. In grid-forming mode, in contrast, the Sunny Island
keeps the voltage and the frequency of the grid autonomouslyat a constant level. In this mode,
all other components in the grid have to operate as grid-controlled power generators or con-
sumers. The task of the grid former is the stabilization of the frequency and the voltage of the
grid. A grid former is considered to be a voltage source. In contrast, other grid components op-
erated in parallel or supporting mode are considered to be current sources. However, the focus
of this thesis is on the droop mode which is an advanced grid-forming mode. In droop mode,
the Sunny Island varies the grid’s frequencyf depending on its current active power supply
P (cf. Figure 2), and the grid’s voltageU depending on its current reactive power supplyQ

(cf. Figure 3). In case that the active power supply rises, the frequency is reduced starting
from the nominal frequencyf0. The slope of this droop is a frequency reduction∆f of -2 %
of the nominal frequency or 1 Hz when reaching an active powersupply of the nominal active
powerPN . In case that the reactive power supply rises, the voltage isreduced starting from the
nominal RMS voltageU0. The slope of this droop is a voltage reduction of 6 % of the nominal
RMS voltage with reaching a reactive power supply of the nominal reactive powerQN .

The Sunny Island battery inverter also tries to affect the grid’s frequency according to its
battery state. If the available power on the AC bus of the system is higher than the power de-
manded, all Sunny Islands will charge their batteries and let the idle frequency slightly rise,
analogous to the amount of energy stored in their batteries.The other way around, if the avail-
able power is less than the power demanded, the missing amount will be fed into the AC bus by
the Sunny Islands, slightly reducing the AC frequency.
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Figure 2: Frequency-active power droop [SMA04]

Figure 3: Voltage-reactive power droop [SMA04]
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The droop mode with a frequency droop and a voltage droop allows to connect several Sunny
Islands in parallel each acting as a grid-forming device. Also other grid-forming elements
can be connected if they are capable of automatically synchronizing themselves to the grid
or have a droop characteristic. Therewith, the droop mode enables a simple expandability of
supply systems. Additionally, it is possible to distributethe share of load automatically by using
different slopes for the droops.

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

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

the AC grid is a single phase inverter. This inverter can be operated in the above mentioned
different operation modes. The voltage output of the inverter is controlled by the controller
which is described below. The topology of the inverter is a bridge circuit connected with the
battery centre. Therewith, a supply of unbalanced loads becomes possible. However, it leads to
a unbalanced discharge of the two halves of the battery requiring separate load control. Input
signals, e.g. the temperature of the battery or informationby power line, are used for the
operation control which controls the battery, power generating components and consumers via
relays.

2.1.1 Droop Control

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

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

A coupling of two inverters (cf. [Eng01]) with the voltage phasorsU1 and U2 with an
inductivity L = L1 +L2 (cf. Figure 5) in a grid with a frequency ofω results in an active power
P1 and a reactive powerQ1 of the inverter with the voltage phasorU1 of

P1 = URMS (URMS−∆U)
ωL

sinδ ≈ f(δ) (1)

Q1 =
U2

RMS

ωL
− URMS (URMS−∆U)

ωL
cosδ ≈ f(∆U) . (2)

In these two equation the RMS voltageURMS resulting from the voltage phasorU1 is used as
well as the difference between the RMS voltages of the two voltage sources∆U and the phase
shift δ between the voltage phasorsU1 andU2. For small anglesδ, the active power mainly

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

depends on the angleδ while the reactive power mainly depends on the voltage difference∆U .
This dependence leads to a decoupling which enables a separate influence on active and reactive
power. Assuming standard values for the inductanceL, even small differences in voltage and
phase cause high currents between the inverters which cannot be neglected. Therefore, a fast
control is required. This high sensitivity is the reason forthe impossibility of inverters with
fixed frequency and fixed voltage to operate in parallel because there are always deviations due
to tolerances of the sensors, references, temperature drift, ageing and unequal crystals.

The described approach is appropriate for direct coupling of inverters and in case of a cou-
pling with high voltage cables because in both cases the influence of the resistances is negligible
compared to the influence of the inductivities [AG71, pages 663-672]. However, in low voltage
grids, a coupling with low voltage cables (cf. [Eng01]) results in a main influence of the resis-
tancesR compared to the inductances (cf. figure 6). Resistive coupling results in the equations
for the power

P1 =
U2

RMS

R
− URMS(URMS−∆U)

R
cosδ ≈ f(∆U) (3)

Q1 = URMS (URMS−∆U)
R

sinδ ≈ f(δ) (4)
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Figure 6: Equivalent circuit and phasor diagram of resistive coupled voltage sources [Eng05]

which show an inverted interdependence compared to an inductive coupling. In case of a re-
sistive coupling, for small anglesδ, the active power mainly depends on the voltage difference
∆U while the reactive power mainly depends on the angleδ.

The comparison of the droop concepts for the low voltage level in [Eng05] shows that as-
suming inductive coupling is advantageous compared to resistive coupling because it is com-
patible with the high voltage level, compatible with rotating generators representing traditional
control techniques in the power grid and allows active powerdispatch. Resistive coupling does
not have these advantages of inductive coupling. Thus, it isnot compatible to the public power
grid. Despite of these advantages of inductive coupling, active power consumption results in an
exchange of reactive power depending on the location of extraction. An approach would be to
compensate the low voltage lines in order to achieve a voltage control with lower need for reac-
tive power by reducing the phase shift between inverter voltage and grid voltage. Nevertheless,
droops for inductive coupling should be applied even in low voltage grids because simulations
showed no problems within a distance of several kilometres and no significant influence to the
active power distribution (cf. [Eng01]).

2.1.2 Parallel operation

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

For parallel operation, it is necessary that all inverters have the same frequency and the
voltage as well as the phase differences are very small in order to reduce losses due to power
exchanges and to ensure a stable operation. For stable operation, the three parameters have to
be adjusted to ensure voltage stability, frequency stability and phase angle stability. In order
to achieve parallel operation without the need for communication to synchronize, each inverter
needs an own reference for voltage and frequency, which tendto have tolerances. Additionally,
each inverter has to control its frequency, phase and voltage exactly. Therefore, the inverter
needs information about the time dependent grid voltage andits current.

Figure 7 shows the control approachselfsyncTM . TheselfsyncTM control approach com-
prises the four parts power acquisition, decoupling, droops and voltage reference. First of all,
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Figure 7: Control approachselfsyncTM [Eng01, Eng05]. This approach is divided into four parts. Firstly,
the active and reactive power is acquired from the current and the voltage. Secondly, the values are
decoupled. Thirdly, the droops influence the frequency, phase and voltage amplitude which define in the
last part the voltage reference.

the power acquisition determines the active powerP and the reactive powerQ using the voltage
u and the currenti. These values are decoupled by using first order time lags with the time con-
stantsTmech andTexcite . This decoupling helps the power acquisition to consider even fast and
non linear current changes by smoothing them. These lags areanalogous to the time constant
of the torque of inertiaTmech and the excitation time constantTexcite which occur in rotating
generators. The delayed values of the active and reactive power are the input for the droops.
Each droop is defined by its slope and its rated valued. The frequency droop has a rated value
f0 and the slopest1, the voltage droop has a rated valueu0 and the slopest2, and the phase
control has a slopest′1, which is defined by grid stability considerations. These droops generate
the voltage reference signaluref = |u| × sin(2πft) + ϕ.

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

2.1.3 Sunny Island Model inPowerFactory

One task of this thesis is the development of a model implemented inPowerFactoryfrom DIgSI-
LENT which enables the simulation of a three phase Sunny Island system. For simplification,
the real system components battery, Cuk-converter, and inverter (cf. figure 4) with its pulse
width modulation are considered to generate a sinusoidal ACvoltage. Therefore, the imple-
mented model uses a controlled AC voltage source representing these components of the battery
inverter.

Figure 8 shows the analysed grid inPowerFactory. The elements of the grid are described in
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Figure 8: Analysed grid inPowerFactory. The grid comprises different components which are connected
via the busbar. On the left hand side, there are ohmic, inductive and capacitive loads. In the centre, there
is the Sunny Island battery inverter comprising the AC voltage source and theoutput reactor. On the
right hand side, there is the asynchronous generator.

the following chapters. First of all the Sunny Island battery inverter is described in this chapter.
The controlled voltage of the voltage source is the input to the output reactor of the Sunny
Island which is directly connected to the analysed grid. Themain structure of the Sunny Island
battery inverter model is shown in figure 9. Its purpose is thecontrol of the AC voltage source.
Unfortunately, it is not possible to specify all the parameter values which are used in the model
because they are confidential data of SMA. Thus, they are not publishable.

The main structure of the model (cf. figure 9) is divided into the three phases (A,B,C)
represented by three rows. The first column of the structure shows the current and voltage
measurement of each phase. The points of measurement are theoutput reactor of the Sunny
Island for the current ‘imeas’ [kA] and the AC voltage sourceoutput for the voltage ‘umeas’
[kV]. In the second row these measured signals are the input to calculate the active power
‘Pgrid’ [W] and the reactive power ‘Qgrid’ [VAr]. This calculation is performed within the
block ‘PQdetermination’. Another output signal is the measured current ‘I_Load’ [A]. The
third column of the main structure contains the droop controllers of the Sunny Island, one for
each phase, a master droop controller ‘Droop Master’ for phase A and a slave droop controller
‘Droop Slave’ for phase B and phase C. The master droop controller generates output signals
for the voltage of each phase which result from the droop characteristics. While the generated
voltage for phase A is directly given to the controller, which is visible in the fourth column
of the main structure, the output signals of phase B and phaseC ‘U_syn’ are synchronizing
signals which guarantee the same phase and frequency behaviour for all three phases. The
synchronizing signals are input signals for the slave droopcontrols of phase B and phase C
which generate the respective voltage for their phase. These voltage signals ‘Uinv’ are the
input of the ‘Controller’ in the fourth column. Each controller comprises a voltage controller
and a subordinated current controller for the capacity current of the filter which consists of a
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Figure 9: Main structure of the Sunny Island Model inPowerFactory. The three phases of the AC
voltage source on the right-hand side are controlled by three similar rows representing the respective
phase. In the first column the voltage and current measurement takes place. The measured values are the
input of the ‘PQdetermination’-calculation in the second column which provides the measured power to
the droop elements in the third row. The droop element of the respective phase defines how the output
voltage has to look like. Together with the measured current, the respectivereference voltage is the input
of the controller. The controller controls the voltage and the capacitor current of the included filter. The
output of these controllers define the generated voltage of the AC voltage source.
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capacity and a inductivity. The output signals of these controllers ‘U_A’, ‘U_B’ and ‘U_C’ are
the generated voltages for the AC voltage source. In the following 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. [Bur01]developed a method for this task
based on a ‘verallgemeinerter Integrator’ (VI) developed in [Bur97]. The principal structure is
shown in figure 10 consisting of a proportional elementKU/ωN and two integrators with the
slopeωN in feedback loops. Its resonance frequencyωN can be adjusted to 50 Hz corresponding

Figure 10: Verallgemeinerter Integrator [Bur01] consisting of a proportional element KU/ωN and two
integrators with the slopeωN in feedback loops. The output signals of the integrators areuα anduβ .

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

The challenge of single phase power measurement is that onlysinusoidal signals of voltage
and current are available over the time, in contrast to phasors that are available in three phase
systems. However, phasors require orthogonal components.This is achieved by using VIs with
additional feedback loops (cf. figure 11). This method generates the orthogonal componentsiα
andiβ for the current phasor as well as the orthogonal componentsuα anduβ for the voltage
phasor. This orthogonality results from a 90◦ phase difference between the output signals of
the two integrators. Further characteristics of this method are a filter characteristic resulting
in an output of the fundamental oscillation and no drift of the integrators resulting from the
feedback loops. Therefore, the integrator gains are adjusted to the grid frequencyωN . The
proportional element determines the damping. In steady state, theα - component is identical
to the fundamental oscillation of the input signal. In case of a constant component of the input
signal, it does not influence theα - component, only theβ - component.

Generally, the apparent power phasor~S is calculated with the equation

~S = P + jQ = 1
2
~u~i⋆ = 1

2
(uα + juβ)(iα − jiβ) . (5)

Therein orthogonal components express the phasors of the voltage and current. The complex re-
sult of the product of voltage and current is separated into areal and imaginary part. Therewith,
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Figure 11: Determination of the active powerP and the reactive powerQ via two VIs from the mea-
surement of the voltageu and the currenti [Bur01].

the real part is assigned to the active power

P = 1
2
(uαiα + uβiβ) (6)

and the imaginary part to the reactive power

Q = 1
2
(uβiα − uαiβ) . (7)

Additionally, this method gives results for the magnitude of the voltage

û = |u| =
√

u2
α + u2

β (8)

and the magnitude of the current

î = |i| =
√

i2α + i2β . (9)

From these magnitudes, the root mean square values of the voltage

Urms = û/
√

2 (10)

and the current

Irms = î/
√

2 (11)
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can be calculated. The determination of the power and the magnitudes is achieved in less
than one time period of the grid frequency. Due to its filter characteristic, this system mainly
determines the values for the fundamental oscillation.

In PowerFactory, this power acquisition displayed in column 2 of figure 9 is implemented
with the block definition ‘MeasurementDeviceUItoPQ.BlkDef’ (cf. figure 11):

Name:

Measurement Device UItoPQ

Output Signals:

Panal,Qanal,imeaskA

Input Signals:

umeas,imeas

State Variables:

x1,x2,x3,x4,x5,x6

Internal Variables:

UVI1,UVI2,UVI3,UVI4,UVI5,UA,UB,IVI1,IVI2,IVI3,IVI4,IVI5,IA,IB,

Umeas,Imeas,PanalkW,QanalkVAr,Urms,Irms,Urms_act,Irms_act

Additional equations:

!Initialization

inc(x1) = 0

inc(x2) = 0

inc(x3) = 0

inc(x4) = 0

inc(x5) = 0

inc(x6) = 0

inc(UA) = 0

inc(UB) = 0

inc(IA) = 0

inc(IB) = 0

inc(Panal) = 0

inc(Qanal) = 0

inc(PanalkW) = 0

inc(QanalkW) = 0

inc(imeaskA) = 0

!Conversion from kV and kA to V and A

Umeas = 1000 * umeas

Imeas = 1000 * imeas

imeaskA = imeas

! Verallgemeinerter Integrator for voltage

UVI1 = Umeas - UA

UVI2 = sqrt(2) * UVI1

UVI3 = UVI2 - UB

UVI4 = 100 * pi() * UVI3
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UVI5 = 100 * pi() * UA

UA = ’\Library\Models\Global_Macros\1/s.BlkDef’(UVI4;x1;;)

UB = ’\Library\Models\Global_Macros\1/s.BlkDef’(UVI5;x2;;)

! Verallgemeinerter Integrator for current

IVI1 = Imeas - IA

IVI2 = sqrt(2) * IVI1

IVI3 = IVI2 - IB

IVI4 = 100 * pi() * IVI3

IVI5 = 100 * pi() * IA

IA = ’\Library\Models\Global_Macros\1/s.BlkDef’(IVI4;x3;;)

IB = ’\Library\Models\Global_Macros\1/s.BlkDef’(IVI5;x4;;)

! Output of active power

Panal = 0.5 * (UA*IA + UB*IB)

PanalkW = Panal / 1000

! Output of reactive power

Qanal = 0.5 * (UB*IA - UA*IB)

QanalkVAr = Qanal / 1000

! Output of RMS voltage

Urms_act = sqrt( (UA*UA + UB*UB) / 2 )

Urms=’\Library\Models\Global_Macros\(1/(1+sT)).BlkDef’

(Urms_act;x5;0.1;)

! Output of RMS current

Irms_act = sqrt( (IA*IA + IB*IB) / 2 )

Irms=’\Library\Models\Global_Macros\(1/(1+sT)).BlkDef’

(Irms_act;x6;0.1;)

After the initialization of the state variables and the signals, the measured values of the voltage
and the current are converted from kV and kA to V and A. Then, the following two blocks
define the VI for the voltage and the VI for the current. Afterwards, the output of the power in
the next two block follows the calculation given in equation6 and 7. Finally, the last two blocks
of the block definition calculate the output of the root mean square 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 concepts
described in chapter 2.1.1 and chapter 2.1.2. Also the ATP-EMTP simulation described in
[Eng03] is taken into account. InPowerFactory, two different droop controllers are used to
represent the Master-Slave concept of the three phase SunnyIsland system. They are displayed
in column three of figure 9. Each droop controller of the respective phase defines the voltage
by the droop characteristic based on the measured reactive power. However, only the Master
defines the phase by the droop characteristic based on the measured active power as well as the
phase. The Master synchronizes the Slave droop controllerswith the phase in order to guarantee
as little deviations of the phases as possible. Therefore, two different block definitions are
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implemented. The block definition for the Master is the ‘Master Droop Controller.BlkDef’:

Name:

Master Droop Controller

Output Signals:

U_A,U_Bsyn,U_Csyn

Input Signals:

Pgrid,Qgrid

State Variables:

x1,x2,x3

Parameters:

Pnom,Qnom,Unom,fnom,Ti,kpf,kqu,kpph,fbat

Internal Variables:

Pfstatic,QUstatic,A0,W0Hz,F0Hzcon,A0cor,Uabs,

Plag,Qlag,Pphstatic

Additional equations:

!Definition of variables:

vardef(Unom) = ’V’; ’Nominal Effective Voltage’

vardef(fnom) = ’Hz’;’Nominal Frequency’

vardef(Pnom) = ’W’;’Nominal Active Power’

vardef(Qnom) = ’VAr’;’Nominal Reactive Power’

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

vardef(kpf) = ’Hz/Pnom’; ’Active Power / Frequency droop’

vardef(kqu) = ’%Unom/Qnom’; ’Reactive Power / Voltage droop’

vardef(kpph) = ’rad/Pnom’; ’Active Power / Phase droop’

vardef(fbat) = ’Hz’; ’Deviation of Frequency by

Battery Management’

!Initialization:

inc(x1)=0

inc(x2)=0

inc(x3)=0

inc(U_A)= Unom / 1000 * sqrt(2) * sin (0*pi()/3)

inc(U_Bsyn)= Unom / 1000 * sqrt(2) * sin (-2*pi()/3)

inc(U_Csyn)= Unom / 1000 * sqrt(2) * sin (-4*pi()/3)

inc(Pgrid) = 0

inc(Qgrid) = 0

!Decoupling:

!First order lag of the active power

Plag = ’\Library\Models\Global_Macros\(1/(1+sT)).BlkDef’

(Pgrid;x2;Ti;)

!First order lag of the reactive power

Qlag = ’\Library\Models\Global_Macros\(1/(1+sT)).BlkDef’
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(Qgrid;x3;Ti;)

!Determination of the droops:

!Active Power / Frequency static

Pfstatic = kpf * Plag / Pnom

!Reactive Power / Voltage static

QUstatic = kqu / 100 * Qlag / Qnom

!Active Power / Phase static

Pphstatic = kpph * Plag / Pnom

!Frequency adjustment:

!Grid frequency control [Hz]

F0Hzcon = fnom + Pfstatic + fbat

!Grid angular frequency [1/s]

W0Hz = 2 * pi() * F0Hzcon

!grid angle [rad]

A0 = ’\Library\Models\Global_Macros\1/s.BlkDef’(W0Hz;x1;;)

!Phase correction

A0cor = A0 + Pphstatic

!Voltage adjustment:

Uabs = (1 + QUstatic)

!Voltage output:

U_A = Uabs / 1000 * Unom * sqrt(2) * sin( A0cor )

U_Bsyn = sin( A0cor - 2*pi()/3 )

U_Csyn = sin( A0cor - 4*pi()/3 )

In this block definition, the calculations performed after the ‘Definition of variables’ and the
‘Initialization’ process correspond to the control approach displayed in figure 7:

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

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

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

ω = 2πf = dα/dt . (12)

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

5. ‘Voltage adjustment’: The voltage droop ‘QUstatic’ determines 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 bythe droop adjustments. The
adjusted magnitude of the voltage ‘Uabs’ given in per unit values is multiplied with the
nominal root mean square value of the voltage ‘Unom’ and a correction factor ‘sqrt(2)’ to
get the magnitude. The magnitude is also downscaled to get voltage values in the kV scale
which is the internal calculation scale ofPowerFactory. Additionally, the adjusted angle
is used in a sinusoidal function. In contrast, the voltage signals of phase B ‘U_Bsyn’
and the voltage signals of phase C ‘U_Csyn’ are the synchronizing signals containing the
synchronized sinusoidal function with the grid angle and a symmetrical phase shift of
120◦ or 2π/3 and 240◦ or 4π/3.

Slave Droop Controller The ‘Slave Droop Controller’ gets the synchronizing signals‘U_syn’
from the ‘Master Droop Controller’ and the signals of the reactive power measurements ‘Qgrid’
of phase B and phase C. Therewith, the ‘Slave Droop Controller’determines the voltage of the
phase ‘U_out’ analogously to the ‘Master Droop Controller’.However, it only requires the
parts for the voltage and reactive power because the frequency is included in the synchronizing
signal. The block definition for the Slave is the ‘Slave DroopController.BlkDef’:

Name:

Slave Droop Controller

Output Signals:

U_out

Input Signals:

U_syn,Qgrid

State Variables:

x

Parameters:

Qnom,Unom,Ti,kqu

Internal Variables:

QUstatic,Uabs,Qlag

Additional equations:

!Definition of variables:

vardef(Unom) = ’V’; ’Nominal Effective Voltage’

vardef(Qnom) = ’VAr’;’Nominal Reactive Power’
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vardef(Ti) = ’s’; ’Time constant of first order lag’

vardef(kqu) = ’%Unom/Qnom’; ’Reactive Power / Voltage droop’

!Initialization:

inc(x)=0

inc(U_out) = U_syn

inc(Qgrid) = 0

!Decoupling:

!First order lag of the reactive power

Qlag = ’\Library\Models\Global_Macros\(1/(1+sT)).BlkDef’

(Qgrid;x;Ti;)

!Determination of the droops:

!Reactive Power / Voltage droop

QUstatic = kqu / 100 * Qlag / Qnom

!Voltage adjustment:

Uabs = (1 + QUstatic) !Grid voltage control of magnitude

!Voltage output:

U_out = Uabs / 1000 * Unom * sqrt(2) * U_syn

Controller and filter For one phase systems, [Eng01] derives an appropriate voltage control
structure based on a ‘verallgemeinerter Integrator’ (VI).This control structure is based on the
field-oriented control but does not need a Park-transformation. Three phase systems can be set
up by three one phase systems which have a phase shift of 120◦. The big advantage of this
control structure is an easy supply of unbalanced loads.

Figure 12 displays the control structure shown in column four of figure 9. This control
structure is implemented inPowerFactorytogether with the block definition ‘Controller/Filter
dis.BlkDef’ which contains the additional equations for theinitialization of the signals and state
variables:

Name:

Controller/Filter dis

Upper Limitation:

Limiting Parameter:

y_max

Lower Limitation:

Limiting Parameter:

y_min

Output Signals:

int1_out,int2_out,Uinv_out

Input Signals:
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Uinv,I_Load,int1_in,int2_in

State Variables:

x1,x2,x3,x4

Parameters:

VI_P1,FilterReactor_L,FilterReactor_R,FilterCapacitor_R,

Current_P,Factor1000,VI_P3a,VI_P3b,uadapt,

FilterCapacitor_C,VI_P2,Inv_Tdelay,y_min,y_max

Internal Variables:

I_C,Iref,U_L,o1,o11,si011,si021,si03,si04,si05,si06,si07,

si08,si09,si10,si11,si12,si13,si14,si15,si16,si18,si19,

si20,si21

Additional equations:

inc(x1)=0

inc(x2)=0

inc(x3)=0

inc(x4)=0

inc(Uinv_out) = Uinv

inc(I_Load) = 0

inc(int1_out) = 0

inc(int1_in) = 0

inc(int2_out) = 0

inc(int2_in) = 0

inc(int3_out) = 0

inc(int3_in) = 0

inc(int4_out) = 0

inc(int4_in) = 0

The proportional element ‘Factor1000’ in figure 12 is neededto scale the units A and V of
the current and voltage to kA and kV and vice versa. This is necessary becausePowerFactory
calculates internally with kA and kV. The input signals ‘Uinv’ from the droop controller and
‘I_Load’ from the current measurement are delivered in kV and kA while this structure is im-
plemented without scaling factors. Because the output signal ‘Uinv_out’ defines the voltage of
the AC voltage source, which is an internalPowerFactorymodel, it is necessary to convert it
into kV.

The voltage controller in the upper left part of the structure enables a precise control of the
amplitude and the phase of the sinusoidal voltage by using a VI which is adjusted by the pro-
portional elements ‘VI_P1’, ‘VI_P3a’ and ‘VI_P3b’ to the grid frequency. The VI is extended
with the proportional element ‘VI_P2’. The real Sunny Island uses Euler integrators in its dis-
cretised control structure. However,PowerFactorydoes not support the use of Euler integrators.
This results from thePowerFactoryconcept that state variables can not be defined for normal
functions so that the recursive behaviour of Euler integrators can not be modelled appropriately.
Nevertheless, in order to model the discrete control implemented in the real Sunny Island, sam-
ple and hold elements are used. This approach is an approximation for the real discretisation.
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Figure 12: Controller and filter structure of the Sunny Island model inPowerFactory. This control
structure comprises a voltage controller on the upper left side as well as a subordinated current controller.
The controlled current is the capacity current of the filter in the lower partof the control structure which
consists of a capacity and a inductivity.
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In order to use these sample and hold elements, the output signals of the integrators ‘int1_out’
and ‘int2_out’ are given to the block definition ‘Discretization.BlkDef’ displayed in figure 13:

Figure 13: Discretisation structure of the Sunny Island Model inPowerFactory. It is used to discretise
the integrators of the VI in figure 12

Name:

Discretization

Output Signals:

Uinv_out_dis
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Input Signals:

Uinv_dis,I_Load_dis

State Variables:

Parameters:

Internal Variables:

cl,int1_in,int1_out,int2_in,int2_out

Additional equations:

inc(I_Load_dis) = 0

inc(Uinv_out_dis) = Uinv_dis

inc(cl) = 0

The block definition for the discretisation is implemented into the main structure of the model in
column four as the block Controller for each of the three phases (cf. figure 9). It consists of two
additional blocks ‘Clock’ and ‘S&H’ which discretise the integrators of the VI in the voltage
controller of figure 12. Therefore, the block definition ‘Controller/Filter dis.BlkDef’ is included
in the block definition for the discretisation. The ‘Clock’ gives the time signal ‘cl’ to the sample
and hold elements ‘S&H’. It defines within which time period the ‘S&H’-element has to hold
the sample value of the beginning of the time period. This behaviour results in a step function.
The two ‘S&H’-elements are used for the respective integrator of the voltage controller. This
additional effort of using discretisation is performed because it results in a behaviour of the
voltage which is not simulated in case of time-continuous integrators. The important behaviour
is the influence of the active power to the voltage. Theoretically, the voltage of the Sunny
Island should not change in case of a change in the active power because the controller does not
consider a behaviour like this. However, an increase of the active power results in a decrease of
the voltage. This behaviour results in the simulation only in case that a discretisation is used,
albeit the influence is not as big in simulation as it is in the measured real situation.

In order to improve the speed of the controller in figure 12, a subordinate control of the ca-
pacitor current ‘I_C’ with the proportional element ‘Current_P’ is implemented. The upper part
of figure 12 displays the cascaded control with a subordinatecontrol of the capacitor current.
This corresponds to a subordinate control of the voltage which lags 5 ms behind the current.
Two advantages of this cascaded control are reasons for its application. On the one hand, the
control of the LC-filter as a second order system, which is displayed in the lower part of fig-
ure 12, is simplified by controlling the capacitor current ‘I_C’ resulting in a first order system.
On the other hand, the use of the capacitor current instead ofthe voltage increases the speed
by the actual time lag of 5 ms and enables therewith a fast reaction to a change of the output
voltage. The model of the filter capacitor in the lower left part of figure 12 comprises a capacity
‘FilterCapacitor_C’ and a resistivity ‘FilterCapacitor_R’. In the lower right part of figure 12,
the model of filter reactor consists of an inductivity ‘FilterReactor_L’ and a resistivity ‘Filter-
Reactor_R’. The voltage signal is delayed for the lag ‘Inv_Tdelay’ and limited by the upper
value ‘y_max’ and the lower value ‘y_min’.
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2.1.4 Assumptions for thePowerFactory model

Because of the scope of this thesis, several assumptions simplify the model of the battery in-
verter. The aim of the thesis is not to accomplish a model which is as accurate as possible
but to develop a model which is able to simulate the characteristic behaviour of the battery in-
verter. Therefore, the approach is not a simulation of everyelectrical constituent of the battery
inverter. This is not possible because there is a variety of influence factors to the constituents
and tolerances of the constituents which go far beyond the scope of this thesis. The following
simplifications outline the scope of the implementedPowerFactorymodel.

Voltage source The real system components of the Sunny Island battery inverter the battery,
the Cuk-converter, and the inverter (cf. figure 4) are considered to generate a sinusoidal AC
voltage. Therefore, the implemented model uses a controlled AC voltage source representing
these components of the battery inverter. This simplification is not reducing the accuracy in an
improper way because modern power electronics in these components generate a sinusoidal AC
voltage signal which has only little deviations from the ideal curve. The remaining deviations
are interesting for power quality analyses, which are beyond the scope of this thesis. Therefore,
they are not considered in the simulations performed in the following chapters.

Sinusoidal synchronizing signals Since the ‘Master Droop Controller’ defines the grid angle
and therewith the frequency and phase for all three phases, the ‘Slave Droop Controller’ only
adjusts the magnitude of the voltage to the phase-dependentreactive power supply. In reality,
the synchronizing signals are signals defining the zero-crossing of the voltage curve. However,
in this thesis, the synchronizing signals are sinusoidal signals which are identical for each phase.
The use of sinusoidal signals simplifies the model without loosing 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 because the voltage generated with the droop
controller block definitions is a sinusoidal wave without anoffset. In real systems, this offset
results from the pulse width modulation where the voltage drops at the power electronic com-
ponents [Wue95, pages 319-320]. The voltage offset controller reduces these inevitable voltage
drifts. However, thePowerFactorymodel of the battery inverter does not include the pulse
width modulation of the inverter. Consequently, the voltageoffset controller is not required.
Moreover, the time constant of the voltage offset controller in the 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 of the Sunny Island. This battery man-
agement influences the frequency with a deviation from the droop controlled frequency of up
to 0.5 Hz which is 50 % of the droop controlled deviation of 1 Hzat rated active power. In the
scope of this thesis, it is not reasonable to simulate this battery management because it depends
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on the loads as well as on the state of the battery determined by the battery management. Since
the battery bank of the analysed Sunny Islands is used only sporadically, the battery manage-
ment is not optimised to determine the state of the battery properly. Because of this uncertainty,
the battery management is not implemented in the model. Nevertheless, the parameter ’Devia-
tion of Frequency by Battery Management’ in the ’Master DroopController’ is used to adjust
the simulation manually to the measurements. Indeed, it is not possible to simulate several
large load changes with one deviation parameter because theinfluence of the battery manage-
ment is significant in these cases. However, for smaller loadchanges the adjustment parameter
is sufficient because the battery management changes the frequency only in small ranges.

The parameters of the droop controllers are adjusted to the real behaviour of the Sunny
Islands. However, the power supply of the voltage source used in thePowerFactorymodel is
not limited theoretically. Therefore, the user of the modelhas to consider the appropriate size
of the loads connected with the voltage source according to table 1 in order to get reasonable
results.

2.2 Asynchronous Generator

The asynchronous generator analysed in this thesis is manufactured by VEM motors GmbH.
Figure 14 shows the generator on the left side and its asynchronous driving motor on the right
side. The whole machine set is controlled in the control cabinet which is displayed in figure 15.
Table 2 lists the technical data of the asynchronous generator and 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 drive asynchronous
motor on the right side.
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Figure 15: Control cabinet of the analysed machine set containing controls for an asynchronous machine
and a synchronous machine.

Figure 16: Torque speed characteristic of the VEM asynchronous generator given in VEM datasheets.
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Table 2: Technical specifications of the analysed VEM asynchronous generator according to VEM data
sheets.

Manufacturer VEM motors GmbH
Type G21R 160 M4 HW
Induction machine type single fed squirrel-cage machine
Number of pole pairspz 2
Connection star
Rated electrical active powerPe,r 11 kW
Rated electrical apparent powerSr 13.2 kW
Rated mechanical active powerPm,r 12.6 kW
Rated power factorcosϕ 0.83
Rated efficiencyηr 87.6 %
Rated electrical frequencyfr 50 Hz
Rated mechanical speednr 1545 r.p.m.
Rated voltageUr 400 V
Rated currentIr 19 A
Locked rotor current 5.8 p.u.
Maximum current 58.5 A
Rated torqueMr 72.7 Nm
Stalling torqueMs 4.5 p.u.
Locked rotor torque 3.4 p.u.
Maximum torque 184 Nm
Slip at stalling point 0.193
Stator resistanceRs 0.55Ω

Rotor resistanceRrA 0.38Ω

Stator leakage reactanceXs 0.73Ω

Rotor leakage reactanceXrA 0.96Ω

Magnetizing reactanceXm 26.1Ω

Torque of inertiaJ 0.035 kg m2

Weight 92 kg
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2.2.1 PowerFactory Model of the Asynchronous Generator

The genericPowerFactorymodel of a asynchronous machine is basically a classical induction
machine model (cf. [Cra00]). The equivalent circuit diagramis shown in figure 17. This generic
model represents the voltages and currents of the stator as instantaneous phasors in a steady
reference frame. In contrast, voltages and currents of the rotor are represented in a reference
frame which rotates with mechanical frequency. These two reference frames are connected by
a ‘rotating transformer’ without a winding ratio. Therefore, the rotor impedance is referred
to the stator side. Altogether, the stator resistanceRs, the stator leakage reactanceXs, the
magnetizing reactanceXm and the rotor impedanceZrot characterize the model [DIg03].

Figure 17: Equivalent circuit diagram of the induction machine model inPowerFactory[DIg03]

The rotor impedance comprises ohmic and inductive elementswhose configuration depends
on the type of induction machine. The analyzed VEM asynchronous generator has a single fed
single cage rotor. Thus, the rotor impedance given in figure 18 is the applied one. It comprises
the rotor resistanceRrA and the rotor reactanceXrA [DIg03].

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

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

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

With the assumption of a generator model, the apparent poweris the result of the mechanical
active power which drives the generator. Therewith, the losses represented by the efficiencyηr

lead to a higher mechanical active powerPm,r of 12.6 kW compared to the electrical active
power Pe,r of 11 kW. With the assumption of a motor model, the mechanicalpower is the
result of the apparent power used to drive the motor. Therewith, the losses represented by the
efficiency lead to a higher electrical active power of 11 kW compared to the mechanical active
power

Pm,r = Pe,rηr (13)

of 9.6 kW.
In case of a generator model the rated mechanical speednr is 1545 r.p.m. according to

table 2 with a rated slip of 3 %. In contrast, in case that the same machine is considered as a
motor model, a rated slip of 3 % corresponds to a rated mechanical speed of 1455 r.p.m..

The reduction of the rated mechanical active powerPm,r results in a reduction of the rated
mechanical torque

Mr =
Pm,rpz

(1 − sr)ωr

(14)

to 63 Nm. The rated mechanical torque is calculated with the rated slip

sr =
n1 − nr

n1

, (15)

with the rated mechanical speednr and the synchronous speed

n1 =
fr × 60 sec/min

pz

, (16)

the number of pole pairspz and the rated angular velocity

ωr = 2πfr (17)

with the rated frequencyfr. Equation 14 results in a rated mechanical torque of 63 Nm instead
of 72.7 Nm1 given by the manufacturer. Therewith, the stalling torque would be 5.6 p.u. instead
of 4.5 p.u. given in table 2. This complies with the stalling torque of 355 Nm (cf. torque

1The calculation of this value is not unreproducible with thegiven manufacturer’s data. However it is assumed
to be the used value for the p.u. values of the torque parameters.
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characteristics in figure 16). Moreover, the locked rotor torque of 245 Nm given in figure 16
changes from 3.4 p.u. to 3.9 p.u. by use of the rated mechanical torque for a motor model.

Additionally, the input parameters of the resistances and reactances are in p.u. values and
not in Ohm. Therefore, they are related to the rated impedanceZr which results from the rated
voltageUr and the rated apparent powerSr by the equation

Zr = U2
r /Sr = (400 V)2/13200 VA = 12.12 Ω. (18)

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

Table 3: Adapated values of manufacturer’s data which are necessary to comply with the built in motor
model

Parameters Manufacturer data Adapted data for a motor model
Rated mechanical power 12.6 kW 9.6 kW
Stator resistance 0.55Ω 0.0454 p.u.
Rotor resistance 0.38Ω 0.0314 p.u.
Stator leakage reactance 0.73Ω 0.0602 p.u.
Rotor leakage reactance 0.96Ω 0.0792 p.u.
Magnetizing reactance 26.1Ω 2.1533 p.u.
Rated electrical frequency 50 Hz
Rated voltage 400 V
Rotor type single cage
Number of pole pairs 2
Connection star
Torque of inertia 0.035 kg m2

However,PowerFactorycalculates parameters of the generator given in table 2 fromthe
electrical parameters. These calculated parameters deviated from the manufacturer’s data. Ta-
ble 4 shows that there are quite significant differences. Especially, the torque characteristic
represented by the stalling torque and the locked rotor torque does not correspond to the manu-
facturers data.

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

In respect of such discrepancy, the electrical parameters of the VEM asynchronous generator
are measured in DeMoTec following the tests illustrated in [Zwi02]. These three tests comprise
a direct measurement of the stator resistance, locked rotor(corresponding to a short circuit) and
unlocked rotor (corresponding to an open circuit) tests. The measurements are not exact because
they are based on several simplifications, e.g. no consideration of temperature dependent or
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Table 4: Comparison of the data of the analyzed VEM asynchronous generator given by the manufacturer
(column 2) and calculated byPowerFactory(column 3) with the usage of the input parameters given in
table 3.

Parameters Manufacturer Data Calculated byPowerFactorywith
adapted data for motor model

Rated electrical apparent power 13.2 kW 12.2 kW
Rated power factor (cosϕ) 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. 1.5 p.u.
Stalling torque 5.6 p.u. 3.1 p.u.
Slip at stalling point 0.193 0.215

speed dependent characteristics. However, they are performed in 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 the three windings at the terminal box.
For this measurement, the generator is switched off. The results are 0.498 Ohm for winding U,
0.498 Ohm for winding V and 0.504 Ohm for winding W. With the arithmetic average the stator
resistivity is assumed to be

Rs = 0.5 Ω . (19)

The Thomson-Bridge seems to work precisely because it measures standard 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 a slip s = 1 which
corresponds to a mechanical speedn = 0. This situation occurs in the moment of starting.
Locking the rotor simulates this state of the machine. In this condition of the machine, the
current at rated voltage is 5.8 times higher than the rated current (cf. table 2). A measurement
at a lower voltage reduces the risk of overloading. Therefore, the asynchronous machine is
connected to the public grid via a variable transformer. Thetransformer increases the voltage
from zero up to a value which generates the nominal current. Agrid analyser EURO-QUANT
manufactured by HAAG Elektronische Messgeräte GmbH measures the RMS voltage, the RMS
current and the active power which are the input of the asynchronous motor with a locked rotor
at its stator side. The measured data are given in table 5. In case of a locked rotor, the equivalent
circuit diagram in figure 17 is simplified by the assumption that the magnetizing reactanceXm

is negligible because it is more than ten times bigger than the rotor impedanceZrot which is
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Table 5: RMS Voltage, RMS current and active power measured for the three phases at the stator side of
the analysed asynchronous machine with a locked rotor. Additionally, the average value is calculated.

Phase L1 L2 L3 Arithmetic average
RMS voltageUsc [V] 42.8 43.2 43.5 43.2
RMS currentIsc [A] 18.3 19.5 19.1 19.0
Active powerPsc [W] 360 400 400 390

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

Rsc = Rs + RrA (20)

and the reactance is

Xsc = Xs + XrA . (21)

Equation 20 determines the rotor resistance

RrA = Rsc − Rs (22)

with the short circuit resistance

Rsc = Psc/I
2
sc (23)

which results from the situation that the active power is directly converted within the resistances.
The values of the arithmetic average in table 5 determine therotor resistance to be

RrA = Psc/I
2
sc − Rs = 390 W/(19 A)2 − 0.5Ω = 0.58Ω . (24)

Equation 20 and 21 determine the complex impedance~Zsc = Rsc + jXsc of the asynchronous
motor with a locked rotor. The magnitude of the impedance

Zsc = Usc/Isc (25)

uses the arithmetic average values of table 5. Therewith, the reactance of the asynchronous
motor is determined by

Xsc =
√

(Z2
sc − R2

sc (26)

=
√

(Usc/Isc)2 − R2
sc (27)

=
√

(Usc/Isc)2 − (Psc/I2
sc)

2 (28)

=
√

(43.2 V/19 A)2 − (390 W/(19 A)2)2 = 2 Ω . (29)

With the assumption that the reactanceXsc is distributed equal to its two components the stator
leakage reactanceXs and the rotor leakage reactanceXrA so that

Xs = 1 Ω (30)

and

XrA = 1 Ω . (31)



2.2 Asynchronous Generator 37

Open circuit test The ‘unlocked rotor’ or ‘open circuit’ test is performed fora slip s = 0

which corresponds to a mechanical speed that is identical tothe synchronous speed. How-
ever, due to losses, e.g. resulting from friction, the mechanical speed is a bit smaller than the
synchronous speed. The measurement device Braun MOBIPORT C156.61 measures the me-
chanical speed with an optical reflection probe. It displaysa value of the mechanical speed of
1499.3 rpm at a grid frequency of 50 Hz. Therewith it is slightly lower than the ideal value of
1500 r.p.m. for open circuit operation. During the measurement, the asynchronous motor has
no load so that the rotor can rotate freely. The grid analyserEURO-QUANT measures the RMS
voltage and the RMS current which are the input of the asynchronous motor in open circuit
operation at its stator side. Table 6 lists the measured data. In case of a asynchronous machine

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

Phase L1 L2 L3 Arithmetic average
RMS voltageUoc [V] 230.6 232.7 232.8 232.0
RMS currentIoc [A] 6.0 7.0 7.3 6.8

in open circuit operation, the equivalent circuit diagram in figure 17 is simplified by the as-
sumption that the rotor impedanceZrot is negligible because the current in the windings of the
rotor are small compared to the currents through the stator windings. Moreover, it is assumed
that the resistanceRs and the reactanceXs of the stator winding are negligible compared to
the magnetizing reactanceXm because the magnetizing reactance is more than ten times bigger
than the stator impedance (cf. table 2). With these assumptions, the magnetizing reactance can
be calculated on basis of Ohm’s law to be

Xm = Uoc/Ioc = 232 V/6.8 A = 34.1 Ω (32)

with the arithmetic average values of table 6.
The results of these measurements are presented in table 7. This table shows that the mea-

Table 7: Electrical parameters from the measurement compared to the manufacturer’s data.

Parameters Manufacturer data Measured data
Stator resistance 0.55Ω 0.50Ω

Rotor resistance 0.38Ω 0.58Ω

Stator leakage reactance 0.73Ω 1.00Ω

Rotor leakage reactance 0.96Ω 1.00Ω

Magnetizing reactance 26.1Ω 34.1Ω

sured values of the stator resistance and the rotor leakage reactance are similar to the manufac-
turer’s data. In contrast, the rotor resistance, the statorleakage reactance and the magnetizing
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reactance differ significantly from the manufacturer’s data. Using these values as input pa-
rameters for thePowerFactorymodel of the asynchronous generator leads to the calculated
parameters in table 8. This table shows that the discrepancybetween the manufacturer and the

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

Parameters Manufacturer Data Calculated byPowerFactorywith
measured electrical parameters

Rated electrical apparent power 13.2 kW 11.9 kW
Rated power factor (cosϕ) 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. 5.4 p.u.
Locked rotor torque 3.9 p.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, the stalling torque and the slip at stalling point
is not significantly better compared to table 4 resulting from the manufacturer’s data.

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

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

Table 9: Electrical parameters from the adjustment process compared to the manufacturer’s data.

Parameters Manufacturer data Measured data
Stator resistance 0.55Ω 0.99Ω

Rotor resistance 0.38Ω 0.38Ω

Stator leakage reactance 0.73Ω 0.73Ω

Rotor leakage reactance 0.96Ω 0.96Ω

Magnetizing reactance 26.1Ω 12.1Ω

improved. The other parameters of the asynchronous generator calculated byPowerFactory
on the basis of the adjusted electrical parameters are listed in table 10. This table shows that
the locked rotor current, the stalling torque and the slip atstalling point are adjusted to the
manufacturer’s data. However, it is not possible to improvethe locked rotor torque without
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Table 10: Comparison of the data of the analysed VEM asynchronous generator given by the manu-
facturer (column 2) and calculated byPowerFactory(column 3) with the usage of the adjusted input
parameters given in table 9.

Parameters Manufacturer Data Calculated byPowerFactoryad-
justed to torque speed characteristics

Rated electrical apparent power 13.2 kW 28.4 kW
Rated power factor (cosϕ) 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 3.9 p.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 stalling point. Consequently, it is not possible to
adjust the electrical parameters to the torque speed characteristic given in figure 16. Moreover,
the calculated parameters for the rated electrical apparent power and the rated power factor have
a deviation from the manufacturer’s data which is not acceptable.

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

The result of each of the three approaches using manufacturer’s data, using self-measured data,
or using electrical parameters which are adjusted to the torque speed characteristic is not satisfy-
ing. Consequently a pragmatical approach is applied. This fourth approach adjusts the electrical
parameters of the manufacturer so that the measured data of the asynchronous generator in con-
nection with the Sunny Island battery inverter and loads correspond to the simulated data of
the same configuration in a way that the active and reactive power are as similar as possible.
Within this adjustment process, only the magnetizing reactance is changed from 26.1Ω to 28.7
Ω. This change influences the calculated parameters in columnthree of table 4 only marginally
so that the rated apparent power is 12.0 kW instead of 12.2 kW and the rated power factor is
0.87 instead of 0.85.

2.3 Loads

Besides the Sunny Island battery inverter and the VEM asynchronous generator the model com-
prises different kinds of loads. The loads used in DeMoTec are displayed in figure 19. It shows
cabinets for ohmic, inductive and capacitive three phase load. With jumpers it is possible to set
different values between 50 VA and 11550 VA for the loads. In case of the inductive load the
measurements show that a inductive load of 1000 VAr has an ohmic load 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 ohmicloads and
the cabinet on the right side shows an inductive load on the left and a capacitive load on the right.

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

~S = 3 × ~U · ~I (33)

defined by the voltage~U and the current~I together with the ohmic law

~U = ~Z · ~I (34)

defined by the impedance~Z and the current~I results in the equation for the apparent power

~S = 3
~U2

~Z
(35)

which shows a proportionality between the power and the squared voltage as well as a reciprocal
proportionality between the power and the impedance. In case of an ohmic impedance~Z = R,
the active power

P = 3U2/R ∝ U2 (36)

is proportional to the squared voltage because the resistance is constant. The proportionality of
the power to the squared voltage is expressed inPowerFactorywith the value ‘2’ for the voltage
dependence. In case of an inductivityL or a capacityC, the impedance~Z in equation 35 shows
a dependence on the frequencyf for the reactive powerQ. The reactive power of an inductivity
is

Q = 3
U2

2πfL
∝ U2

f
(37)
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while the reactive power of a capacity is

Q = −3U22πf C ∝ U2f . (38)

These dependencies are transfered to the model inPowerFactoryby a value ‘-1’ for the fre-
quency dependence of the reactive power in case of an inductive load and by a value ‘1’ in case
of a capacitive load. The time constant for this characteristic is assumed to be ‘0 s’ because
of very low time constantsL/R andR/C of less than 1 ms. Moreover, the influence of these
voltage and frequency dependencies on the power is only of few percentage points at maximum.

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

This chapter compares measured data of real grid configurations in DeMoTec and results of
simulations performed withPowerFactoryusing the models described in chapter 2. The com-
parison shows the quality of the simulations. Chapter 3.2 describes this comparison for the case
of the Sunny Island battery inverter (cf. chapter 2.1) connected with loads (cf. chapter 2.3).
In this first configuration, the investigation focusses on different kinds of ohmic, inductive and
capacitive load changes in balanced and unbalanced connection. Chapter 3.3 compares the
measured data with the simulated data in grid configurationsenlarged with the asynchronous
generator desribed in chapter 2.2. Figure 20 shows the investigated grid configuration compris-
ing the different kinds of loads on the left hand side and the Sunny Island battery inverter as well
as the asynchronous generator on the right hand side. These components are connected with
switches (black squares at the busbar) which connect and disconnect the respective component
at the specified time. The data of the measurement as well as the data of the simulation are
the respective signals measured or calculated at the point of measurement which considers the
output signals of the battery inverter.

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

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

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

Measurement The grid analyser EURO-QUANT manufactured by HAAG Elektronische Mess-
geräte GmbH records the signals at the point of measurement.The resolution of the signals
measured by the EURO-QUANT is 16 Bit with a sampling rate of 51.2 kHz for standard mea-
surements and 12 Bit with a sampling rate of 1 - 100 kHz for transient measurements [HAA03].
In the performed measurements the transients of voltage andcurrent are recorded every 0.1 ms,
while the frequency, the RMS voltage, the RMS current, the active power and the reactive power
are recorded every second. The EURO-QUANT uses a symmetrical differential amplifier for
the measurement of voltage signals and Rogowski coils for themeasurement of current signals.

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

1. Thebasic functionuses a symmetrical steady-state network model for mid-termand long-
term transients under balanced network conditions. It calculates electromechanical tran-
sients with root mean square values.

2. A three phase functionextends the basic function by considering unbalanced network
conditions.

3. The electromagnetic transient functionuses a dynamic network model. It enables to
calculate short-term electromagnetical transients besides the electromechanical transients
in balanced and unbalanced network conditions.

Resulting from the short-term scope of this thesis, the following simulations use the electro-
magnetic transient function with the simulation option ‘Instantaneous Values (Electromagnetic
Transients)’.PowerFactoryuses a Newton-Raphson based iteration of network and dynamic
model equations combined with a non-linear representationof electromechanical models. The
integration step size for the calculation is set to a fixed value of 0.01 ms. With

• a ‘Maximum Error of the State Equations’ of 0.1 % ,

• a ‘Maximum Number of Successive State Iterations’ of 10, and

• a ‘Damping Factor (EMT)’ of 0.9,

the control of the integration is accomplished. The iteration is controlled by

• a ‘Maximum Iteration Error of Nodal Equations’ of 1 VA,

• a ‘Maximum Error of Model Equations’ of 0.1 % ,

• a ‘Maximum Number of Iterations’ of 25, and

• a ‘Iteration Limit to Recompute Jacobian Matrix’ of 5.
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Comparison The resolution of time in the simulation (0.01 ms) differs from the resolution
of time in the measurements (1 s or 0.1 ms). Thus, a comparisonbetween the data of different
resolutions needs an adjustment. The comparison of the datain the following chapters shows
two types of adjustments.

On the one hand, thefiguresshow the comparison between transients of voltage and current
in a time range of less than 0.2 s with the highest resolutionsof both types of data.

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

• the frequency are rounded to 0.01 Hz,

• the RMS voltage are rounded to 0.1 V,

• 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 measured and simulated data for
different types of load changes in the grid. The types of loadchanges are

• a balanced change of an ohmic load,

• a balanced change of an inductive load,

• a balanced change of a capacitive load,

• an unbalanced change of an ohmic load,

• an unbalanced change of an inductive load, and

• an unbalanced change of a capacitive load.

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

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

The comparison between the measured data and the simulated data shows how well the signals
fit together. This illustrates the quality of the simulation. As this chapter compares the data
for the three basic types of load changes, namely ohmic, inductive and capacitive load changes,
a good fit verifies the model for load changes which consist of amix of ohmic, inductive and
capacitive loads. Additionally, the analysis of balanced and unbalanced load changes verifies
the model for load changes which occur asymmetrically distributed over the three phases.

Generally, the measured values show variations between each phase, even in balanced situa-
tions. This asymmetric behaviour results from tolerances of real system components, measure-
ment errors and influences which are not considered in this work. Consequently, there is always
a small deviation between the measured and simulated values. This deviation results from the
battery inverter model with simplifications of constituents and influences.

These simplifications are, for instance, the reason for a faster recovery of the simulated volt-
age signal from voltage drops compared to the measured voltage signal. This results from the
assumption of an ideal voltage source which adjusts rapidly. However, the real power electron-
ics control needs longer to control disturbances. Another influence, which is not considered
in the model, is the battery management. The battery management causes a lower level of the
frequency of the measured values compared to the simulated ones. An overview of the simpli-
fications of the model is presented in chapter 2.1.4.

The following paragraphs highlight certain configurations, components, effects and switch-
ing events. They do not exclude each other but can be combined. There is no overall structure
but each paragraph describes an important issue which occurs once 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 and ajagged signal of 2450 Hz with an
amplitude of 0.1 A. In contrast, the simulated data of transient currents show a smoothed signal
and no offset resulting from an ideal sine wave. However, considering the possibilities and the
scope of the simulation, the simulated transient current fits sufficiently.

Battery inverter connected with asynchronous generator andloads Without additional
components, the asynchronous generator feeds an active power of 1268 W per phase into the
grid. With this power, the asynchronous generator loads thebattery of the battery inverter and
delivers the power consumption of the battery inverter. However, it needs a reactive power
of 1630 VAr per phase. The asynchronous generator operates below its rated operation point.
Therefore, the power factor is 0.61 which is below the rated power factor 0.83 given in table 2.

The jagged transient current signal is more smooth and results from a harmonic with a lower
frequency compared to the configuration without an asynchronous generator. Additionally, the
current signal is more deformed than without the asynchronous generator. One reason for this
deformation is the operation of the asynchronous generatorbelow its rated operation point. In
contrast, the simulated signal of the transient currents isan ideal sine wave which results from
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the assumption of an ideal voltage source for the battery inverter and an ideal asynchronous
generator model. However, considering the possibilities of simulation, the simulated data fits
sufficiently to the measured data. Nevertheless, some peaksof the sine waves do not fit well
because the maximum value deviates up to 3 A between the measured and simulated data.
One reason of these deviations is that the measured transient currents of the battery inverter in
connection with the asynchronous generator show fluctuations. The analysis of more than 60
seconds of the measured current signals shows deviations ofup to 3 A between the minimum
and maximum tops of the transient current’s sine waves in steady state situations.

The current of all three phases changes not at the same time tothe next steady state am-
plitude, but it tunes due to the inertia of the asynchronous generator. However, the measured
current decays more slowly compared to the simulated current. The measured oscillations are
not simulated accurately but both current signals are tuning and finally reaching similar current
signals.

The voltage progression before and after the load change shows a good fit. In contrast to
the situation without the asynchronous generator, the measured transient voltage signal shows
an harmonic similar to the harmonic of the transient currents.

The simulated values of the active as well as the reactive power flow between the asyn-
chronous generator and the battery inverter are adjusted tothe measured values by applying
the respective torque to the asynchronous generator model in PowerFactory. Therefore, the
simulated as well as the measured values show a good correspondence in case of an opera-
tion without additional components. In case of additional components, deviations occur which
partly results from the influence of the frequency and the voltage to the active power output of
the asynchronous generator. However these influences are not modelled appropriately as the
asynchronous generator model is not an accurate representation of the real asynchronous gen-
erator (cf. chapter 2.2). Therefore, the comparison of the measured and simulated data in case
of the connection of unbalanced inductive or capacitive loads shows significant deviations.

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

Inductive Loads After the connection event, the transient currents have a superposed direct
current which causes a deviation of the mean value from zero.This offset decays over some
time periods of the current. In the simulation, this offset occurs similarly because it is character-
istic for the connection of inductivities. Altogether, qualitatively, the measured and simulated
currents fit well.

The RMS voltage shows a decline after connecting an inductiveload. This decline is caused
by the droop control described in chapter 2.1.3 which changes the grid voltage depending on
the supplied reactive power. The additional voltage reduction results at least partly from the
discretisation effect.
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Capacitive Loads After the connection event, the current oscillates and tunes within 20 ms.
Qualitatively, the measured and simulated currents fit well.

The voltage progression before and after the load change shows a good fit. The following
20 ms after the connection of the capacitive load show an oscillation and tuning which is similar
to the behaviour of the transient currents. The simulated voltages do not follow the oscillations
of the measured voltages exactly but qualitatively well. Asin the case of the transient current, it
is not possible to simulate the oscillations accurately because there are many influences which
are out of scope of the simulations in this thesis.

The RMS voltage shows an increase by connecting a capacitive load. This increase is caused
by the droop control described in chapter 2.1.3. The additional voltage increase is at least partly
explainable with the discretisation effect.

Unbalanced Loads A connection as well as a disconnection at phase A shows the same be-
haviour of the transient current and the transient voltage as in the balanced case. However,
phase B and phase C are not affected. A connection or disconnection at phase B or phase C
shows the respective behaviour of the transient currents and transient voltages at the respective
phase, while the respective other phases are not affected.

The frequency in case of unbalanced load changes shows the same behaviour as in balanced
load changes. The battery management influences the measured values so that a direct compar-
ison with the simulated values is not possible. The values depend on the power at phase A. In
case that an ohmic load is connected to the battery inverter at phase A, the frequency declines,
whereas no dependence is recognizable at phase B and phase C. This results from the imple-
mented droop control concept described in chapter 2.1.3. Inthis concept, the ‘Master Droop
Controller’ adjusts the frequency to the active power at phase A while the other phases are
not considered in the control concept. Consequently, the change of the active power supply at
phase B or phase C does not result in a change of the frequency by the ‘Master Droop Con-
troller’.

The behaviour of RMS voltage, active power and reactive powerbefore and after a con-
nection or disconnection of unbalanced loads is similar to the behaviour of balanced loads.
However, only the phase where the load changes shows the respective behaviour.

Discretisation effect [Wil99] describes a characteristic dependence between an increase of
the load and a decline of the output voltage. The slope of thisdependency is influenced by the
resolution of the digital controller. The lower the resolution the steeper the slope. However, the
slope in the simulation is less than the measured one. Without the discretisation, the voltage
does not change in case of active power changes. The effect isstronger for the measured sys-
tem than for the simulated one because the implemented discretisation 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 ohmicload in the
grid and the other influence is the voltage dependence described in equation 36 in chapter 2.3.
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Altogether, the simulation shows a good correspondence to the theoretical values. The deviation
of the measured and the simulated values from the theoretical values is less than 3% and mostly
around 1 %. However, the inaccuracy of the asynchronous generator model results in significant
higher deviations in case of unbalanced load changes.

Reactive power The reactive power has three influences. Its first influence isthe reactive load
in the grid, its second influence is the voltage dependence and its third influence is the frequency
dependence. The last two influence factors for inductivities are described in equation 37 and for
capacities in equation 38 in chapter 2.3. A comparison of thesimulation and the measurement
shows a good correspondence to the theoretical values. The deviation is less than 3% and mostly
around 1 %. However, the inaccuracy of the asynchronous generator model results in significant
higher deviations in case of unbalanced load changes.

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

This behaviour results from the extinction characteristicof the arc which is created at the
moment of separating the contacts. The extinction of the arceventuates in the zero-crossing of
the current because the arc is then without energy and collapses. An arc extinguishes in case
that the voltage, which is applied to the contacts, is equal to or lower than the voltage over the
arc. In this case, no current flows in the arc which causes a collapse of the ionisation channel of
the arc.

In case of an ohmic load, the applied voltage is the output voltage of the battery inverter
less the voltage over the resistance of the load and the resistance of the arc. Consequently, the
extinction occurs at zero-crossing of the voltage and the current, which are correlated, because
the voltage over the resistance of the arc is not influenced bythe ohmic 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 abrupt current change. Because of
the characteristic of an inductivity, the inductivity reverses its voltage to maintain the current
and drives the current through the arc. Due to the reverse voltage at the inductivity, the applied
voltage is even higher than in case of an ohmic load. This reverse voltage even sustains the arc.
Consequently, the extinction occurs at zero-crossing of thecurrent.

In case of an capacitive load, the capacity allows no abrupt voltage change. Because of this
characteristic, in the first moment, the capacity stores a voltage which is similar to the voltage
which is applied in the moment before the switching event. Consequently, a similar voltage is
applied on both sides of the arc which results in a low voltageover the arc. This low voltage is
not able to drive current through the arc. Therefore, the arcextinguishes immediately.
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The real disconnection characteristic of the switch is not simulated by the generic switch
models ofPowerFactory. The only discrimination available in the switch model is between an
extinction at zero-crossing or an immediate extinction. For the simulation of a disconnection of
an ohmic or an inductive load, the option ‘extinction at zero-crossing’ is selected. In contrast,
for the simulation of a disconnection of a capacitive load, the option ‘immediately’ is selected.
The simulated current shows a similar behaviour to the measured data. However, the measured
current is a bit faster at zero compared to the simulated current and the measured current is
partly deformed. These differences occur because the switching characteristics of the load
switches are not considered in detail inPowerFactory. As PowerFactorydoes not model the
arc characteristic in its switch models, the different behaviours of the extinction of the arc have
to be defined manually for different loads. This is possible in case of pure loads but not for
mixed loads. However, mixed loads which do not have mainly capacities 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 betweenthe two battery inverters shows a
similar behaviour in case of the measurement as well as the simulation. The active power
supply deviates between 0.2 % and 3.2 % between the simulation and the measurement.

An unbalanced droop ratio results in a transient behaviour in the time after the connection
of the ohmic load. The transient behaviour shows an equal distribution of the active power in
the moment after the connection. However, over the following hundreds of milliseconds, the
distribution tunes to the target droop ratio. The measurement and the simulation show the same
behaviour, but the simulation needs a bit longer for the tuning.

After this synopsis of simulation results, the following chapters present a more detailed com-
parison between the measurement and the simulation. The good quality of their correspondence
results in a verification of the models implemented inPowerFactory.

3.2 Battery inverter connected with loads

In the grid configuration considered in this chapter, the Sunny Island battery inverter forms
the grid and supplies the power for the connected loads by converting the stored energy in the
batteries. The asynchronous generator is not considered inthis chapter.

3.2.1 Balanced change in ohmic load

The Sunny Island battery inverter forms the grid in open circuit. At 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 phases A,B and C of
the battery inverter measured at the point of measurement (cf. figure 20). This figure displays
the main differences between the measured data and the simulated data. The measured data
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Figure 21: Transient currentsI of the battery inverter in open circuit which is connected at the timet =
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 brighter colours (D,E,F).

show an offset and a jagged signal, which has a frequency of 2450 Hz and an amplitude of
0.1 A. In contrast, the simulated data show a smoothed signaland no offset resulting from an
ideal sine wave. Due to these two main differences, there is always a small deviation between
the measured and simulated values. This deviation results from the scope of the battery in-
verter model which has simplifications of constituents and influences causing these deviations.
However, considering the possibilities and the scope of thesimulation, the simulated data fits
sufficiently. The amplitude and the phase of the simulated data comply quantitatively, while the
signal progression at the transition from no load to the 3 kW ohmic load complies qualitatively
with the measured data.

Transient voltages Figure 22 shows the transient voltages of the three phases A,B and C of
the battery inverter. The voltage progression before and after the load change shows a good
correlation between measured and simulated data. At the time t = 0 ms, a voltage drop occurs.
In the simulated data, it decays rapidly in far less than 1 ms in contrast to the measured data
which needs more than 1 ms for its decay. This deficit in the simulation causes the current
deviation in the 2 ms after the switching event (cf. figure 21)which shows a lower value for
the measured current compared to the simulated one. The deficit in the simulation results from
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Figure 22: Transient voltagesU of the battery inverter in open circuit which is connected at the timet =
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 brighter colours (D,E,F).

the assumption of an ideal voltage source which adjusts rapidly. A change of the simulation
time step shows that the voltage drop decreases with increasing time steps and the recovery
time increases. Nevertheless, the real power electronics control needs longer to control the dis-
turbance but the voltage drop is not as big as in the simulation. In comparison, the simulation
sampling rate is 100 kHz while the frequency of the pulse-width modulation is approximately
16 kHz. The reason for this voltage drop is the subordinated voltage control which is described
in paragraph ‘Controller and filter’ in chapter 2.1.3.

Table 11 lists the steady state values before and after the load change. The values of this
table are those of phase A because a balanced situation is analysed. Phase B and phase C show
the same values in case of the simulated values. However, in case of the measured values, all
phases vary a bit from each other.

Frequency The frequency (cf. table 11) shows a decline by connecting the ohmic load. This
decline is caused by the ‘Master Droop Controller’ (cf. chapter 2.1.3) which changes the grid
frequency of 50 Hz by the frequency deviation

∆f = −1 Hz× P/Pnom (39)
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Table 11: Comparison of the data of phase A between the measured and the simulated signals of the
battery inverter in open circuit which is connected at the timet = 0 ms to a 3 kW ohmic load.

Signals Measured < 0 ms > 0 msSimulated < 0 ms > 0 ms
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 powerP and the rated active powerPnom = 3600 W. The supplied
active power at the timet < 0 ms is assumed to be 0 W resulting in a frequency deviation
∆f = 0 Hz. Connecting 1 kW ohmic load at each phase results in a theoretical frequency
deviation of∆f = −1 × 1000/3600 Hz = - 0.28 Hz. This behaviour is given for the simulated
frequency which changes from 50 Hz to 49.72 Hz. The measured frequency does not comply
with these values because of the influence of the battery management, which is not modelled.
This battery management additionally reduces the frequency with 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 connecting the balanced
3 kW ohmic load. This behaviour can not be explained by the droop control because the voltage
only changes in case of reactive power changes. [Wil99] describes a characteristic dependence
between an increase of the load and a decline of the output voltage. The slope of this dependency
is influenced by the resolution of the digital controller. The lower the resolution the steeper the
slope. In the model of the Sunny Island battery inverter the voltage controller is discretised
to simulate this behaviour (cf. chapter 2.1.3). Nevertheless, the slope in the simulation is less
than the measured one. Without the discretisation, the voltage does not change in case of active
power changes. This discretisation requires with 0.01 ms a high resolution of the simulation
so that the implementation of this dependency can take effect because the frequency of digital
controller is 8.33 kHz. However, if the described effect is not relevant, the discretisation can
be substituted by a dynamic model. Additionally, the simulation step size of 0.01 ms can be
changed to 0.2 ms which reduces the time for the simulation significantly.

RMS current In the open circuit operation of the battery inverter, the measured current (cf.
table 11) is higher than the expected value of 0 A. This results from a direct current which
fluctuates between -1 A and 1 A with a time period of more than a second in the measured data.
The mean value is the listed 0.1 A. One reason of this current in open circuit is the sensitivity
of the measurement equipment which is calibrated for measurements in tens of amperes. The
simulation does not consider this offset. Consequently, thesimulated value is 0 A. In connection
with the balanced 3 kW ohmic load, the RMS current has similar values in the measured and
the simulated case.
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Active power The active power (cf. table 11) in open circuit operation hasa theoretical
value of 0 W. However, a low active power is measured. The active power has the voltage
dependence described in equation 36 in chapter 2.3. With this dependency, the active power
of the measurement of the battery inverter in connection with a balanced 3 kW load should be
1000× (226.7/230)2 W = 972 W (compared to 1000 W in table 11) and the simulation should
result in1000 × (229.9/230)2 W = 999 W (compared to 999 W in table 11).

Reactive power The measured reactive power has a mean value of 70 VAr (cf. table 11)
which results from a stochastically fluctuating measurement of 0 - 200 VAr. The expected value
of 0 VAr shows the simulation data in open circuit situation.By adding the ohmic load, the
reactive power in the simulation is slightly negative. There is no significant change between the
two considered steady states because a pure ohmic load is added.

Disconnecting behaviour of the current Figure 23 shows the comparison between the mea-
sured and the simulated transient current in case of a disconnection of a 3 kW ohmic load which
is the only connected load. The figure shows that the current of all three phases is not zero at the
same time but that each phase follows its respective sine wave until it crosses zero. This is the
characteristic disconnecting behaviour of the used load switch in case of an ohmic load. There-
fore, switching off the load in the simulation is specified bydisconnection at zero-crossing.

This behaviour results from the extinction characteristicof the arc which is created at the
moment of separating the contacts. The extinction of the arceventuates in the zero-crossing of
the current because the arc is then without energy and collapses. An arc extinguishes in case
that the voltage, which is applied to the contacts, is equal to or lower than the voltage over the
arc. In this case, no current flows in the arc which causes a collapse of the ionisation channel of
the arc. Due to this behaviour, the arc can be represented by an assumed resistance.

In case of an ohmic load, the applied voltage is the output voltage of the battery inverter
less the voltage over the resistance of the load and the resistance of the arc. Consequently, the
extinction occurs at zero-crossing of the voltage or ratherthe current because the voltage over
the resistance of the arc is not influenced by the ohmic load ina way that it gets negative.

However, the real characteristic is not simulated by the generic switch models ofPower-
Factory. The only discrimination available in the switch model is between an extinction at
zero-crossing or an immediate extinction. For the described simulation, the option ‘extinction
at zero-crossing’ is selected. The simulated current showsa similar behaviour to the measured
data. However, the measured current of phase B and phase C is abit faster at zero compared to
the simulated current. Additionally, the measured currentof phase B has a lower peak compared
to the simulated one. These differences occur because the switching characteristics of the load
switches are not considered in detail but assumed to be zero-crossing.
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Figure 23: Transient currentsI 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 colours (A,B,C) 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 connection with a balanced 3 kW ohmic
load. At the timet = 0 ms the battery inverter is connected to a 3 kVAr balanced inductive load.

Transient currents Figure 24 shows the transient currents of the three phases A,B and C of
the battery inverter measured at the point of measurement (cf. figure 20). After the connection
event, the current has a superposed direct current which causes a deviation of the mean value
from zero. This offset decays over some time periods of the current. This offset characteristic
occurs also in the simulated data because it is characteristic for the connection of inductivities.
Altogether, qualitatively, the measured and simulated currents fit well. However, the measured
current shows a signal deformation in the first two periods, especially phase A and phase B,
which is not part of the simulation signals. Consequently, the deformation results from addi-
tional influences which are not considered. Additionally, the simulated transient currents of the
first two peaks of the sine waves after the load change are up to30 % lower than the measured
ones.
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Figure 24: Transient currentsI 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 (meas.) values in
darker colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F).

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

Table 12 lists the steady state values before and after the load change. The values of this
table are those of phase A because a balanced situation is analysed. Phase B and phase C show
the same values in case of the simulated values. However, in case of the measured values, all
phases vary a bit from each other.

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

RMS voltage The RMS voltage listed in table 12 shows a decline after connecting the induc-
tive load. This decline is caused by the droop control which changes the grid voltage of 230 V
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Table 12: Comparison of the data of phase A between the measured and the simulated signals of the
battery inverter supplying a 3 kW ohmic load which is connected at the timet = 0 ms to a 3 kVAr
inductive load.

Signals Measured < 0 ms > 0 msSimulated < 0 ms > 0 ms
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

∆U = −6 %× Unom × Q/Qnom (40)

with the supplied reactive powerQ, the rated reactive powerQnom = 3600 VAr and the rated
RMS voltageUnom = 230 V. The connection of a 1 kW inductive load at each phase results in
a theoretical voltage deviation of∆U = −6 %× 230× 965/3600 V = - 3.7 V for the measured
values and a voltage deviation of∆U = −6 %×230×1012/3600 V = - 3.9 V for the simulated
values. However, this is neither the case for the measured data, which changes by 5.7 V from
227.2 V to 221.5 V, nor the case for the simulated data, which changes by 4.6 V from 229.8 V to
225.2 V. The additional voltage dip of 2.0 V in case of the measured values and 0.7 V in case of
the simulated values is explainable with the discretisation effect described in the paragraph on
the RMS voltage in chapter 3.2.1. As mentioned there, the effect is stronger for the measured
system than for the simulated one.

RMS current The RMS current in the example of the connection event of an inductive load
is equal in the measured and the simulated case. This match supports the good representation
of the current values by the simulation.

Active power The active power has two influences. One influence is the ohmicload in the grid
and the other influence is the voltage dependence described in equation 36 in chapter 2.3. With
these dependencies, the active power of the measurement of the battery inverter in connection
with a balanced 3 kW load should be1000 × (227.2/230)2 W = 975 W (compared to 985 W
in table 12) and the simulation should result in1000× (229.8/230)2 W = 998 W (compared to
1000 W in table 12). After adding the inductivity with an active power of 50 W per phase at rated
conditions, the measurement should be1050× (221.5/230)2 W = 973 W (compared to 987 W
in table 12) and the simulation should result in1050×(225.2/230)2 W = 1007 W (compared to
1012 W in table 12). Altogether, the simulation shows a good correspondence to the theoretical
values. In contrast, the measurement shows a higher deviation from the theoretical values and
the adding of the inductive load results in an increase instead of a decrease of the active power.
The deviation of the measured values from the theoretical values is approximately 1 % .
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Reactive power The reactive power has three influences. Its first influence isthe inductive
load in the grid, its second influence is the voltage dependence and its third influence is the fre-
quency dependence. The last two influence factors for inductivities are described in equation 37
in chapter 2.3. According to these influences the reactive power after adding the inductive load
should be1000×(221.5/230)2×(50/49.45) VAr = 938 VAr (compared to 965 VAr in table 12)
and the simulation should result in1000 × (225.2/230)2 × (50/49.72) VAr = 964 VAr (com-
pared to 961 VAr in table 12). The simulation shows a good correspondence to the theoretical
values. However, the measured ones show a deviation of approximately 3 %.

Disconnecting behaviour of the current Figure 25 shows the comparison between the mea-
sured and the simulated transient current in case of a disconnection of the 3 kVAr inductive load
in connection with the battery inverter and an ohmic base load of 3 kW. The figure shows that
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Figure 25: Transient currentsI of the battery inverter supplying a 3 kW ohmic and a 3 kVAr inductive
load. The 3 kVAr inductive load is disconnected at the timet = 0 ms. Comparison between the measured
(meas.) values in darker colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F).

the current of all three phases changes not at the same time tothe next steady state amplitude but
that each phase follows its respective sine wave until the current of the inductive load crosses
zero. This is the characteristic disconnecting behaviour of the used load switch in case of an
inductive load (cf. the disconnecting of an ohmic load described in chapter 3.2.1). Therefore,
the disconnection of the load in the simulation is specified by a zero-crossing of the current of
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the inductive load.
This behaviour results from the extinction characteristicof the arc which is created at the

moment of separating the contacts. In case of an inductive load, the inductivity allows no
abrupt current change. Because of the characteristic of an inductivity, the inductivity reverses
its voltage to maintain the current and drives the current through the arc. Due to the reverse
voltage at the inductivity, the applied voltage is even higher than in case of an ohmic load. This
reverse voltage even sustains the arc. Consequently, the extinction occurs at zero-crossing of
the current.

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

3.2.3 Balanced change in capacitive load

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

Transient currents Figure 26 shows the transient currents of the three phases A,B and C of
the battery inverter measured at the point of measurement (cf. figure 20). After the connection
event, the current oscillates and tunes within 20 ms. Qualitatively, the measured and simulated
currents fit well. The transients in figure 26 are difficult to recognize in detail. Therefore, they
are displayed separately in figure 65, figure 66 and figure 67 inthe appendix.

Transient voltages Figure 27 shows the transient voltages of the three phases A,B and C of
the battery inverter. The voltage progression before and after the load change shows a good cor-
relation between measured and simulated data. The following 20 ms after the connection of the
capacitive load show an oscillation and tuning which is similar to the behaviour of the transient
currents. The simulated voltages do not follow the oscillations of the measured voltages exactly
but qualitatively well. As in the case of the transient current, it is not possible to simulate the
voltages accurately because there are many influences whichare out of scope of the simulations
in this thesis.

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

Frequency The frequency before and after the connection of the balanced capacitive load is
similar in the measured data as well as in the simulated data because no active power is changed.
However, the battery management causes an approximately 0.3 Hz lower level of the frequency
of the measured values compared to the simulated ones.
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Figure 26: Transient currentsI 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 (meas.) values in
darker colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F).

RMS voltage The RMS voltage in table 13 shows an increase by connecting thecapacitive
load. This increase is caused by the droop control describedin chapter 3.2.2. Connecting
1 kVAr capacitive load at each phase results in a theoreticalvoltage deviation of∆U = −6 %×
230 × (−1055)/3600 V = + 4.0 V with the actual reactive power of -1055 VAr. Theoretically,
the droop control changes the voltage then from 230 V to 234 V but it changes to 236.1 V (cf.
table 13). In case of the simulated values, the connection of1 kVAr capacitive load at each
phase results in a theoretical voltage deviation of∆U = −6 %× 230 × (−1040)/3600 V = +
4.0 V with the actual reactive power of -1040 VAr. Theoretically, the droop control changes the
voltage then from 230 V to 234 V but it changes to 234.8 V (cf. table 13). The additional voltage
increase is at least partly explainable with the discretisation effect described in the paragraph on
the RMS voltage in chapter 3.2.1. As mentioned there, the effect is stronger for the measured
system than for the simulated one.

RMS current The RMS current in the example of the connection event of an inductive load
is similar in the measured and the simulated case. This matchsupports the good representation
of the current values by the simulation.
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Figure 27: Transient voltagesU 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 (meas.) values in
darker colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F).

Active power The active power has two influences. One influence is the ohmicload in
the grid and the other influence is the voltage dependence described in equation 36 in chap-
ter 2.3. With these dependencies, the active power of the measurement of the battery inverter
in connection with a balanced 3 kW load should be1000 × (227.2/230)2 W = 975 W (com-
pared to 980 W in table 13) and the simulation should result in1000 × (229.8/230)2 W =

998 W (compared to 1000 W in table 13). After adding the capacitive load with an active
power of 0 W per phase at rated conditions, the active power ofthe measurement should be
1000 × (236.1/230)2 W = 1054 W (compared to 1044 W in table 13). The simulation should
result in1000 × (234.8/230)2 W = 1042 W (compared to 1042 W in table 13). Altogether, the
simulation as well as the measurement show a good correspondence to the theoretical values.
The measurement has a deviation of less than 1 % to the theoretical values calculated on basis
of the voltage dependence of the active power.

Reactive power The reactive power has three influences. Its first influence isthe inductive
load in the grid, its second influence is the voltage dependence and its third influence is the
frequency dependence. The last two influence factors are described in equation 38 in chap-
ter 2.3. According to these influences the reactive power after adding the capacitive load should
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Table 13: Comparison of the data of phase A between the measured and the simulated signals of the
battery inverter supplying a 3 kW ohmic load which is connected at the timet = 0 ms to a 3 kVAr
capacitive load.

Signals Measured < 0 ms > 0 msSimulated < 0 ms > 0 ms
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× (236.1/230)2× (49.4/50) VAr = −1041 VAr (compared to - 1055 VAr in table 13)
and the simulation should result in−1000 × (234.8/230)2 × (49.71/50) VAr = −1036 VAr
(compared to - 1040 VAr in table 13). The simulation shows a good correspondence 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 disconnection of the 3 kVAr capacitive
load in connection with the battery inverter and an ohmic base load of 3 kW. The simulated
current shows a similar behaviour to the measured data with little deviations. The figure shows
that the current of all three phases changes at the same time to the next stead state amplitude.
This behaviour is in contrast to the analysed cases of the disconnection of an ohmic (cf. chap-
ter 3.2.1) and an inductive (cf. chapter 3.2.2) load. In the latter cases, each phase follows its
respective sine wave until it crosses zero. In contrast, switching off the capacitive load in the
simulation is specified by an immediate disconnection of thecurrent of the capacitive load.

This behaviour results from the extinction characteristicof the arc which is created at the
moment of separating the contacts. In case of an capacitive load, the capacitive allows no abrupt
voltage change. Because of this characteristic of a capacity, the capacity applies a voltage to the
arc which is similar to the voltage which is applied in the moment before the switching event.
The loaded capacity stores this voltage in the first moment. Consequently, a similar voltage is
applied on both sides of the arc which results in a low voltageover the arc. This low voltage is
not able to drive current through the arc. Therefore, the arcextinguishes immediately.

However,PowerFactorydoes not model the arc characteristic in its switch models sothat the
different behaviours of the extinction of the arc have to be defined manually for different loads.
This is possible in case of pure loads but not for mixed loads.However, mixed loads which
do not have mainly capacities can be assumed to be switched with zero-crossing of the current.
The simulated current shows a similar behaviour to the measured data with little deviations.
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Figure 28: Transient currentsI of the battery inverter supplying a 3 kW ohmic and a 3 kVAr capacitive
load. The 3 kVAr capacitive load is disconnected at the timet = 0 ms. Comparison between the measured
(meas.) values in darker colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F).

3.2.4 Unbalanced change in ohmic load

The Sunny Island battery inverter forms the grid in open circuit. At the time t = 0 ms it is
connected to a 1 kW ohmic load at one phase. Firstly, a 1 kW ohmic load is connected to the
battery inverter at phase A. Secondly, a 1 kW ohmic load is connected to the battery inverter at
phase B, and, finally, at phase C.

Transient Currents Figure 29 shows the comparison of the measured and simulatedtransient
currents. It displays that phase B and phase C are not affected while phase A shows the same
behaviour of the transient current as described in chapter 3.2.1. Figure 71 shows the connection
of phase B and figure 72 shows the connection of phase C (cf. Appendix). They also show the
same behaviour of the transient currents.

Transient Voltages In case of an unbalanced connection as well as an unbalanced disconnec-
tion of an ohmic load, the transient voltages show no particular behaviour. It is similar to the
behaviour displayed in figure 22 in chapter 3.2.1. The simulated values fit well to the measured
ones. Therefore, there is no need to display them in this work.
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Figure 29: Transient currentsI of the battery inverter in open circuit which is connected at the time
t = 0 ms to a 1 kW ohmic load at phase A. Comparison between the measured (meas.)values 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 the described one in chap-
ter 3.2.1. As mentioned therein, the battery management influences the measured values so that
a direct comparison with the simulated values is not possible. The values depend on the power
at phase A. In case that an ohmic load is connected to the battery inverter at phase A, the fre-
quency declines, whereas no dependence is recognizable at phase B and phase C. This results
from the implemented droop control concept described in chapter 2.1.3. In this concept, the
‘Master Droop Controller’ adjusts the frequency to the active power at phase A while the other
phases are not considered in the control concept. Consequently, the change of the active power
supply at phase B or phase C does not result in a change of the frequency by the ‘Master Droop
Controller’.

RMS voltage Table 14 lists the steady state values of the RMS voltages of the three phases (in
the columns) for a connection sequence (in the rows) in case of the measured values and in case
of the simulated values. The connection sequence starts with the open circuit where no load
is connected to the battery inverter. The measured values show a little asymmetry whereas the
simulated ones are all 230.1 V. By adding unbalanced ohmic loads in the following connection
sequence, the discretisation effect described in chapter 3.2.1 causes the voltage to decline. This
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Table 14: Comparison of the data between the measured and the simulated RMS voltage signals of the
battery inverter in connection with unbalanced ohmic loads. Four differentsteady 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 227.2 228.4 228.5229.85 230.05 230.05
1 kW at phase A,B 227.2 226.5 228.4229.85 229.85 230.05
1 kW at phase A,B,C 227.3 226.4 226.4229.85 229.85 229.85

decline is larger in case of the measured values compared to the simulated ones. A connection of
a 1 kW ohmic load at phase A causes the voltage at all phases to decline. However, the voltage
of phase A has a larger decline compared to the voltage of phase B and phase C. The voltage
of phase A stays at this value even in the next sequence steps.By adding a 1 kW ohmic load
at phase B, only the voltage of phase B declines. The same happens in case of adding a 1 kW
ohmic load at phase C. In this case, only the voltage of phase C declines. While the simulated
values show a symmetrical behaviour at the balanced situation in the end, the measured values
of phase B and phase C deviate from phase A. The influence of this asymmetric behaviour of
the measured values is not included in the models of this thesis. The declining characteristic
is equal in the measured as well as in the simulated case. However, the absolute values of the
decline are different. This behaviour is at least partly explainable with the discretisation effect
described in the paragraph on the RMS voltage in chapter 3.2.1. As mentioned there, the effect
is stronger for the measured system than for the simulated one.

RMS current The RMS current shows the same behaviour as described in chapter 3.2.1.
Only the measured RMS current after the load connection is 4.30 - 4.35 A at the respective
phase instead of 4.40 A at each phase. This value is reached incase that a 1 kW ohmic load is
connected at the respective phase.

Active power The simulated values of the active power are similar to thosedescribed in chap-
ter 3.2.1. However, the measured values are in the range of 975 - 995 W which is considerable
lower than the measured values in case of a balanced ohmic load.

Reactive power The reactive power shows the same behaviour as described in chapter 3.2.1.
This results from the independence of the reactive power on an ohmic load.

Disconnecting behaviour of the current The disconnecting behaviour is similar to the be-
haviour described in chapter 3.2.1. However, it only takes place for one phase instead of all
three phases. The respective transient currents caused by adisconnection of ohmic loads at
single phases are illustrated in the appendix in figure 73, figure 74 and figure 75.
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3.2.5 Unbalanced change in inductive load

The Sunny Island battery inverter forms the grid in connection with 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 simulatedtransient
currents in case of a connection of a 1 kVAr inductive load at phase A. It displays that phase B
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Figure 30: Transient currentsI of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timet = 0 ms to a 1 kVAr inductive load at phase A.
Comparison between the measured (meas.) values in darker colours (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 same behaviour of the transient current
as described in chapter 3.2.2. The decay of the offset is illustrated by figure 77 (cf. Appendix).
Figure 78 (cf. Appendix) shows the connection of phase B which displays a similar behaviour.
Consequently, this behaviour also occurs in case of an inductive load 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 unbalanced discon-
nection of an ohmic load, the transient voltages show no particular behaviour. It is similar to
the behaviour described in chapter 3.2.2. The simulated values fit well to the measured ones.
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Therefore, there is no need to display them in this work.

Table 15 lists the steady state values before and after the load change. The values of this

Table 15: Comparison of the data of phase A between the measured and the simulated signals of the
battery inverter supplying a 3 kW ohmic load which is connected at the timet = 0 ms to a 1 kVAr
inductive load at phase A.

Signals Measured < 0 ms > 0 msSimulated < 0 ms > 0 ms
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 change caused by the load change at
phase A. Similar values occur in case of the connection of a 1 kVAr inductive load at phase B or
phase C. In this case, the respective other values show no change. Nevertheless, the measured
values are a little asymmetric.

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

RMS voltage In table 15, the RMS voltage of phase A shows a decline by connecting the
inductive load. This decline is caused by the droop control and it is the same as described
in chapter 3.2.2. Connecting 1 kW inductive load at phase A results in a theoretical voltage
deviation of∆U = −6 %× 230× 970/3600 V = - 3.7 V for the measured values and a voltage
deviation of∆U = −6 %× 230 × 1012/3600 V = - 3.9 V for the simulated values. However,
this is neither the case for the measured data, which changesby 5.7 V from 227.3 V to 221.6
V, nor the case for the simulated data, which changes by 4.7 V from 229.9 V to 225.2 V. The
additional voltage dip of 2.0 V in case of the measured valuesand 0.8 V in case of the simulated
values is at least partly explainable with the discretisation effect described in the paragraph on
the RMS voltage in chapter 3.2.1. As mentioned there, the effect is stronger for the measured
system than for the simulated one. The described behaviour is similar 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 an inductive load
is similar in the measured and the simulated case. Similar values are 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 chapter 3.2.1. The active
power of the measurement of the battery inverter in connection with a balanced 3 kW load
should be1000×(227.3/230)2 W = 976 W (compared to 980 W in table 15) and the simulation
should result in1000 × (229.9/230)2 W = 999 W (compared to 1000 W in table 15). After
adding the inductive load at phase A with an active power of 50W at rated conditions, the
measurement should be1050 × (221.6/230)2 W = 974 W (compared to 970 W in table 15)
and the simulation should result in1050× (225.2/230)2 W = 1007 W (compared to 1012 W in
table 15). Altogether, the measurement as well as the simulation show a good correspondence
to the theoretical values. The connection of the inductive load results in an increase of the
active power in case of the simulation instead of a decrease of the active power in case of the
measurement. However, the deviation is in the range of acceptable 1 %.

Reactive power The influences to the reactive power are described in chapter3.2.2. Accord-
ing to these influences, after adding the inductive load, thereactive power should be1000 ×
(221.6/230)2 × (50/49.44) VAr = 938 VAr (compared to 955 VAr in table 15) and the simula-
tion should result in1000× (225.2/230)2 × (50/49.72) VAr = 964 VAr (compared to 961 VAr
in table 15). The simulation shows a good correspondence to the theoretical 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 concerns only one phase. Figure 79 in the
appendix shows the comparison between the measured and the simulated transient current in
case of a disconnection of the 1 kVAr inductive load at phase Ain connection with the battery
inverter and an ohmic base load of 3 kW. Additionally, figure 80 in the appendix shows that a
disconnection of a 1 kVAr inductive load at phase B has a similar behaviour as well as a similar
match of the measured and the simulated values. The behaviour of phase 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 connection with 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 simulatedtransient
currents in case of a connection of a 1 kVAr capacitive load atphase A. It displays that phase B
and phase C are not affected while phase A shows the same behaviour of the transient current
as described in chapter 3.2.3. Figure 83 (cf. Appendix) shows the connection of phase B which
displays a similar behaviour. Consequently, this behaviouralso occurs in case of an capacitive
load connection at phase C because of the symmetric characteristics.

Transient Voltages Figure 82 in the appendix shows the comparison of the measured and
simulated transient voltages in case of a connection of a 1 kVAr capacitive load at phase A. It
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Figure 31: Transient currentsI of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timet = 0 ms to a 1 kVAr capacitive load at phase A.
Comparison between the measured (meas.) values in darker colours (A,B,C)and the simulated (sim.)
values in brighter colours (D,E,F).

displays that phase B and phase C are not affected while phaseA shows the same behaviour of
the transient voltage as described in chapter 3.2.3. Figure84 in the appendix shows the connec-
tion of phase B which displays a similar behaviour. Consequently, this behaviour also occurs
in case of a capacitive load connection at phase C because of the symmetric characteristics.
Additionally, the appendix shows in figure 86 and figure 88 thedisconnection of the capacitive
load at phase A as well as phase B. These figures show a behaviourof the measured and the
simulated transient voltages with less disturbances compared to the case of the load connection.

Table 16 lists the steady state values before and after the load change. The values of this
table are those of phase A. Phase B and phase C show no change (only the measured values are
a little asymmetric) caused by the load change. Similar values occur in case of the connection
of a 1 kVAr inductive load at phase B or phase C. In this case, therespective other values show
no change.

Frequency The frequency before and after the connection of the balanced capacitive load is
similar in the measured data as well as in the simulated data because no active power is changed.
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Table 16: Comparison of the data of phase A between the measured and the simulated signals of the
battery inverter supplying a 3 kW ohmic load which is connected at the timet = 0 ms to a 1 kVAr
capacitive load at phase A.

Signals Measured < 0 ms > 0 msSimulated < 0 ms > 0 ms
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 approximately 0.3 Hz lower 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 behaviour as the
voltage of phase A listed in table 13 commented in chapter 3.2.3. However, the RMS voltage
of phase B and phase C is not influenced by adding a capacitive load at phase A. The described
behaviour is similar in case of adding the capacitive load tophase 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 an capacitive load
at phase A is similar in the measured and the simulated case. The respective 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 chapter 3.2.1. However, the
RMS voltage of phase B and phase C is not influenced by adding a capacitive load at phase A.
The active power of the measurement of the battery inverter in connection with a balanced
3 kW load should be1000 × (227.2/230)2 W = 975 W (compared to 977 W in table 16) and
the active power of the simulation should result in1000× (229.8/230)2 W = 998 W (compared
to 1000 W in table 16). After adding the capacitive load with an active power of 0 W per
phase at rated conditions, the measured active power shouldbe 1000 × (236.1/230)2 W =

1054 W (compared to 1060 W in table 16) and the simulated active power should result in
1000×(234.8/230)2 W = 1042 W (compared to 1042 W in table 16). Altogether, the simulation
as well as the measurement show a good correspondence to the theoretical values. The absolute
values fit well with a deviation of less than 1 %. In case of adding a capacitive load to phase B
or phase C, the behaviour is similar with no influence to the respective other phases.

Reactive power The influences to the reactive power are described in chapter3.2.2. How-
ever, the RMS voltage of phase B and phase C is not influenced by adding a capacitive load at
phase A. According to equation 38 in chapter 2.3, after adding the capacitive load at phase A,
the measured reactive power of phase A should be1000 × (236.1/230)2 × (49.41/50) VAr =
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1041 VAr (compared to 1047 VAr in table 16) and the simulation should result in 1000 ×
(234.8/230)2 × (49.72/50) VAr = 1036 VAr (compared to 1040 VAr in table 16). The sim-
ulation shows a good correspondence to the theoretical values with a deviation of less than 1
%. In case of adding a capacitive load to phase B or phase C, the behaviour 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 disconnection of the 1 kVAr capacitive
load at phase A in connection with the battery inverter and anohmic base load of 3 kW. The
simulated current shows a similar behaviour to the measureddata with little deviations. A dis-
connection at phase B or C shows the same behaviour (cf. figure87 in the Appendix).
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Figure 32: Transient currentsI 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 load at phase A is disconnected at the time
t = 0 ms. Comparison between the measured (meas.) values in darker colours (A,B,C) and 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 connected to the asynchronous generator
which has a fixed target torque. Without additional components the asynchronous generator
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feeds an active power of 1268 W per phase into the grid. With this power, the asynchronous
generator loads the battery of the battery inverter and delivers the power consumption of the
battery inverter. However, it needs a reactive power of 1630VAr per phase. The asynchronous
generator operates below its rated operation point. Therefore, the 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 operates in connection with the asynchro-
nous generator. At the timet = 0 ms a 3 kW balanced ohmic load is connected to the system.

Transient currents Figure 33 shows the transient currents of the three phases A,B and C
of the battery inverter measured at the point of measurement(cf. figure 20). This figure (with
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Figure 33: Transient currentsI of the battery inverter in connection with the asynchronous generator
which is connected at the timet = 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 brighter colours (D,E,F).

asynchronous generator) shows a different measured transient current signal compared to the
one displayed in figure 21 (without asynchronous generator). The jagged signal is more smooth
and results from a harmonic with a lower frequency. Additionally, the signal is more deformed
than without the asynchronous generator. In contrast, the simulated signal of the transient cur-
rents is an ideal sine wave which results from the assumptionof an ideal voltage source for the
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battery inverter and an ideal asynchronous generator model. However, considering the possibil-
ities of simulation, the simulated data fits sufficiently. The phase of the simulated data complies
quantitatively, while the amplitude and the signal progression at the transition from no load to
the 3 kW ohmic load complies qualitatively with the measureddata.

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

inverter in connection with the asynchronous generator show fluctuations. The analysis of more
than 60 seconds of the measured current signals shows deviations of up to 3 A between the
minimum and maximum tops of the transient current’s sine waves in steady state situations.

Transient voltages Figure 35 shows the transient voltages of the three phases A,B and C of
the battery inverter. The voltage progression before and after the load change shows a good
correlation between measured and simulated data. In comparison to the situation without the
asynchronous generator (cf. figure 22), the measured transient voltage signal shows a harmonic
similar to the harmonic of the transient currents. At the time t = 0 ms, a voltage dip occurs. In
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Figure 35: Transient voltagesU of the battery inverter in connection with the asynchronous generator
which is connected at the timet = 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 brighter colours (D,E,F).

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

Table 17 lists the steady state values before and after the load change. The values of this
table are those of phase A because a balanced situation is analysed. Phase B and phase C show
the same values in case of the simulated values. However, in case of the measured values, all
phases vary a bit from each other.

Frequency The frequency (cf. table 17) shows a decrease after connecting the ohmic load.
The active power of the measured data at the timet < 0 ms is -1268 W. This measured ac-
tive power theoretically results in a frequency deviation∆f = (−1) × (−1268)/3600 Hz =
0.35 Hz from the grid frequency of 50 Hz. Connecting 1 kW ohmic load at each phase results
in a theoretical frequency deviation of∆f = (−1) × (−330)/3600 Hz = 0.09 Hz at the time
t > 0 ms. However, the measured frequency is lower because of the influence of the battery
management. The simulated values of the frequency deviation of 0.34 Hz and 0.09 Hz comply
with the theoretical values of∆f = −1 ×−1260/3600 Hz = 0.35 Hz at the timet < 0 ms and
∆f = (−1) × (−327)/3600 Hz = 0.09 Hz at the timet > 0 ms.
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Table 17: Comparison of the data of phase A between the measured and the simulated signals of the
battery inverter in connection with the asynchronous generator which is connected at the timet = 0 ms
to a 3 kW ohmic load.

Signals Measured < 0 ms > 0 msSimulated < 0 ms > 0 ms
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 connecting the bal-
anced 3 kW ohmic load. This behaviour caused by the discretisation effect is explained in
chapter 3.2.1. The same reason causes the RMS voltage of the measured values to be lower
than the simulated values.

RMS current The RMS current values in table 17 show similar values in case of measured
as well as simulated data before and after the load change. The reduction of the RMS current
from 9.3 A to 7.5 A is caused by adding a balanced 3 kW ohmic loadto the system consisting
of the battery inverter and the asynchronous generator. Before adding the load, the active power
of the asynchronous generator flows to the battery of the battery inverter. After adding the load,
the asynchronous generator additionally supplies the consumed active power of the ohmic load.
This new power flow between the asynchronous generator and the load reduces the power flow
to the battery inverter and, therewith, the current.

Active power The simulated values of the active power flow (cf. table 17) between the asyn-
chronous generator and the battery inverter are adjusted tothe measured values by applying the
respective torque to the asynchronous generator model inPowerFactory. Therefore, the sim-
ulated as well as the measured values show a good correspondence. Due to the dependence
of the active power consumption of the ohmic load on the voltage, the difference between the
measured and simulated active power before and after the load change is not 1000 W per phase
but lower because the voltage is significantly lower. Equation 36 in chapter 2.3 defines that the
active power of the load in case of the measurement should be1000× (220/230)2 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 in1000×(222.1/230)2 W = 932 W (compared to−327+1260 = 933 W
in table 17). There is a good fit for the simulated values but a deviation of 2.5 % for the measured
values.

Reactive power The reactive power of the simulated data is adjusted to the measured data
by changing the electrical parameters of the asynchronous generator model appropriately (cf.
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chapter 2.2). Therefore, the values are similar. There is nosignificant 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 the disconnection of the 3 kW ohmic load
in connection with the battery inverter and the asynchronous generator. The figure displays that
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Figure 36: Transient currentsI of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic load. The 3 kW ohmic load is disconnected at the timet = 0 ms. Comparison
between the measured (meas.) values in darker colours (A,B,C) and the simulated (sim.) values in
brighter colours (D,E,F).

the current of all three phases changes not at the same time tothe next stead state amplitude
but that it tunes. This tuning is illustrated with figure 92 inthe appendix. It shows that the
measured oscillations are not simulated accurately but that both current signals are tuning and
finally reaching similar current signals. Switch off the load in 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 operates in connection with the asynchro-
nous generator and the balanced 3 kW ohmic load. At the timet = 0 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 phases A,B and C of
the battery inverter measured at the point of measurement (cf. figure 20). After the connection
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Figure 37: Transient currentsI of the battery inverter in connection with the asynchronous generator
and the balanced 3 kW ohmic load which is connected at the timet = 0 ms to a 3 kVAr inductive load.
Comparison between the measured (meas.) values in darker colours (A,B,C)and the simulated (sim.)
values in brighter colours (D,E,F).

event, the current has a superposed direct current which causes a deviation of the mean value
from zero. This offset decays over some periods of the current as displayed in figure 38 for
the 150 ms after the load change. The offset characteristic occurs also in the simulated data.
Altogether, qualitatively, the measured and simulated currents fit sufficiently. The remaining
deviations between the measured and the simulated values partly result from the fluctuations of
the measured current which is described in chapter 3.3.1.

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

Table 18 lists the steady state values before and after the load change. The values of this
table are those of phase A because a balanced situation is analysed. Phase B and phase C show
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Figure 38: Decay of the transient currentsI of the battery inverter in connection with the asynchronous
generator and the balanced 3 kW ohmic load which is connected at the timet = 0 ms to a 3 kVAr
inductive load. Comparison between the measured (meas.) values in darkercolours (A,B,C) and the
simulated (sim.) values in brighter colours (D,E,F).

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

Frequency The frequency before and after the connection of the balanced inductive load is
equal in the measured data as well as in the simulated data. However, the battery management
causes a 0.2 Hz lower level of the frequency of the measured values compared to the simulated
ones. The active power of the measured data at the timet < 0 ms is -350 W. This measured
active power theoretically results in a frequency deviation ∆f = (−1) × (−350)/3600 Hz =
0.10 Hz from the grid frequency of 50 Hz. Connecting 1 kVAr inductive load with an ohmic
load of 50 W at each phase results in a theoretical frequency deviation of ∆f = (−1) ×
(−355)/3600 Hz = 0.10 Hz at the timet > 0 ms. However, the measured frequency is lower
because of the influence of the battery management. The active power of the simulated data at
the timet < 0 ms is -315 W. This simulated active power theoretically results in a frequency
deviation∆f = (−1) × (−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 eachphase results in a theoretical
frequency deviation of∆f = (−1) × (−300)/3600 Hz = 0.09 Hz at the timet > 0 ms. The
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Table 18: Comparison of the data of phase A between the measured and the simulated signals of the
battery inverter in connection with the asynchronous generator and the balanced 3 kW ohmic load which
is connected at the timet = 0 ms to a 3 kVAr inductive load.

Signals Measured < 0 ms > 0 msSimulated < 0 ms > 0 ms
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 theoretical values.

RMS voltage The RMS voltage (cf. table 18) shows a decline by connecting the inductive
load. This decline is caused by the droop control as described in chapter 3.2.2. In case of the
measured values, the supplied reactive power at the timet < 0 ms is 1620 VAr resulting in a
voltage deviation∆U = −6 %×230×1620/3600 V = - 6.2 V compared to measured - 10.0 V.
Connecting 1 kVAr inductive load at each phase corresponds toa supplied reactive power at the
time t > 0 ms of 2445 VAr resulting in a voltage deviation∆U = −6 %× 230× 2445/3600 V
= - 9.4 V compared to measured - 14.8 V. In case of the simulatedvalues, the supplied reactive
power at the timet < 0 ms is 1630 VAr resulting in a voltage deviation∆U = −6 %× 230 ×
1630/3600 V = - 6.2 V compared to simulated - 7.9 V. Connecting 1 kVAr inductive load at
each phase results in a supplied reactive power at the timet > 0 ms of 2472 VAr resulting in a
voltage deviation∆U = −6 %×230×2472/3600 V = - 9.5 V compared to simulated - 12.2 V.
At least one reason for the additional voltage dip in case of the measured values as well as the
simulated values is the discretisation effect described inthe paragraph on the RMS voltage in
chapter 3.2.1. As mentioned there, the effect is stronger for the measured system than for the
simulated one.

RMS current The RMS current in the example of the connection event of an inductive load
is equal in the measured and the simulated case. This match supports the good representation
of the current values by the simulation.

Active power With the dependencies described in chapter 3.2.2, the active power of the mea-
surement of the battery inverter in connection with the asynchronous generator and the balanced
3 kW ohmic load should be−1268 W+1000×(220/230)2 W = −353 W (compared to -350 W
in table 18) and the simulation should result in−1260 W+1000× (222.1/230)2 W = −327 W
(compared to -315 W in table 18). After adding the inductivity with an active power of 50 W per
phase at rated conditions, the measurement should be−1268 W + 1050 × (215.2/230)2 W =

−349 W (compared to - 355 W in table 18) and the simulation should result in −1260 W +

1050 × (217.8/230)2 W = −318 W (compared to -300 W in table 18). Altogether, the mea-
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surement shows a good correspondence to the theoretical values. In contrast, the simulation
shows a significant deviation from the theoretical values. This deviation partly results from
the influence of the frequency and the voltage to the active power output of the asynchronous
generator, which is not considered in this work.

Reactive power The reactive power has three influences which are described in chapter 3.2.2.
According to these influences the reactive power after adding the inductive load should be
1620 VAr + 1000× (215.2/230)2 × (50/49.88) VAr = 2498 VAr (compared to 2445 VAr in ta-
ble 18) and the simulation should result in1630 VAr +1000×(217.8/230)2×(50/50.08) VAr =

2525 VAr (compared to 2472 VAr in table 18). The influence of the frequency and the voltage
to the reactive power output of the asynchronous generator is not considered in this calculation.
However, both, the measured and the simulated values, are 53VAr lower than the theoretical
values. This additional deviation can be attributed to the asynchronous 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 disconnection of the 3 kVAr inductive load
in connection with the battery inverter, the asynchronous generator and an ohmic base load of
3 kW. The figure shows that the current of all three phases changes not at the same time to the
next stead state amplitude but that each phase decays without an interruption of its sine wave.
The simulated current shows a similar behaviour as the measured data. However, the measured
current decays more slowly compared to the simulated current.

3.3.3 Balanced change in capacitive load

The Sunny Island battery inverter forms the grid. It operates in connection with the asynchro-
nous generator and the balanced 3 kW ohmic load. At the timet = 0 ms a 3 kVAr balanced
capacitive load is connected to the system.

Transient currents Figure 40 shows the transient currents of the three phases A,B and C of
the battery inverter measured at the point of measurement (cf. figure 20). After the connection
event, the current oscillates and tunes within 15 ms. Qualitatively, the measured and simulated
currents fit well. However, the measured sine wave before andafter the transient (0-15 ms)
is more deformed than the measured current signals without the asynchronous generator in
figure 26. The transients in figure 40 are difficult to recognize in detail. Therefore, they are
displayed separately in figure 100, figure 101 and figure 102 inthe appendix. The deviation
between the simulated and measured values is partly caused by the fluctuations of the measured
current signals (cf. the paragraph on transient currents inchapter 3.3.1.

Transient voltages Figure 41 shows the transient voltagesU of the three phases A, B and C
of the battery inverter. The voltage progression before andafter the load change shows a good
correlation between measured and simulated data. However,the measured voltage signal shows
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Figure 39: Transient currentsI of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic and a 3 kVAr inductive load. The 3 kVAr inductive load is disconnected at
the timet = 0 ms. Comparison between the measured (meas.) values in darker colours (A,B,C) and the
simulated (sim.) values in brighter colours (D,E,F).

a harmonic as described in chapter 3.3.1. The following 20 msafter the connection of the ca-
pacitive load show a behaviour which is similar to the behaviour of the transient currents. The
simulated voltages do not follow the oscillations of the measured voltages exactly but qualita-
tively well. As in the case of the transient current, it is notpossible to simulate the voltages
accurately because there are many influences which are out ofscope of the simulations in this
thesis.

Table 19 lists the steady state values before and after the load change. The values of this
table are those of phase A because a balanced situation is analysed. Phase B and phase C show
the same values in case of the simulated values. However, in case of the measured values, all
phases vary a bit from each other.

Frequency The frequency before and after the connection of the balanced capacitive load is
similar in the measured data as well as in the simulated data because no active power is changed.
However, the battery management causes an approx. 0.17 Hz lower level of the frequency of
the measured values compared to the simulated ones.
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Figure 40: Transient currentsI of the battery inverter in connection with the asynchronous generator
and the balanced 3 kW ohmic load which is connected at the timet = 0 ms to a 3 kVAr capacitive load.
Comparison between the measured (meas.) values in darker colours (A,B,C)and the simulated (sim.)
values in brighter colours (D,E,F).

RMS voltage The voltage (cf. table 19) shows an increase by connecting the capacitive load
as described in chapter 3.2.3. In case of the measured values, the supplied reactive power at the
time t < 0 ms is 1605 VAr and results in a voltage deviation∆U = −6 %×230×1605/3600 V
= - 6.2 V compared to measured - 9.9 V. Connecting 1 kVAr capacitive load at each phase causes
a supplied reactive power at the timet > 0 ms of 730 VAr and results in a voltage deviation
∆U = −6 %× 230 × 730/3600 V = - 2.8 V compared to measured - 4.8 V.

In case of the simulated values, the supplied reactive powerat the timet < 0 ms is 1631 VAr
and results in a voltage deviation∆U = −6 % × 230 × 1631/3600 V = - 6.2 V compared to
simulated - 7.9 V. Connecting 1 kVAr capacitive load at each phase causes a supplied reactive
power at the timet > 0 ms of 719 VAr and results in a voltage deviation∆U = −6 %× 230×
719/3600 V = - 2.8 V compared to simulated - 3.4 V. The additional voltage increase is at least
partly explainable with the discretisation effect described in the paragraph on the RMS voltage
in chapter 3.2.1. As mentioned there, the effect is strongerfor the measured system than for the
simulated one.
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Figure 41: Transient voltagesU of the battery inverter in connection with the asynchronous generator
and the balanced 3 kW ohmic load which is connected at the timet = 0 ms to a 3 kVAr capacitive load.
Comparison between the measured (meas.) values in darker colours (A,B,C)and the simulated (sim.)
values in brighter colours (D,E,F).

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

Active power With the dependencies described in chapter 3.2.2, the active power of the mea-
surement of the battery inverter in connection with the asynchronous generator and the balanced
3 kW ohmic load should be−1268 W + 1000 × (220.1/230)2 W = −352 W (compared to -
350 W in table 19) and the simulation should result in−1260 W + 1000 × (222.1/230)2 W =

−327 W (compared to -310 W in table 19). After adding the capacity without a resistance, the
measurement should be−1268 W +1000× (225.2/230)2 W = −309 W (compared to - 300 W
in table 19) and the simulation should result in−1260 W+1000× (226.6/230)2 W = −289 W
(compared to -275 W in table 19). Altogether, the measurement as well as the simulation shows
a significant deviation from the theoretical values. Not considered in this calculation is the influ-
ence of the frequency and the voltage to the active power output of the asynchronous generator.

Reactive power The reactive power has three influences which are described in chapter 3.2.2.
According to these influences the reactive power after adding the capacitive load should be
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Table 19: Comparison of the data of phase A between the measured and the simulated signals of the
battery inverter in connection with the asynchronous generator and the balanced 3 kW ohmic load which
is connected at the timet = 0 ms to a 3 kVAr capacitive load.

Signals Measured < 0 ms > 0 msSimulated < 0 ms > 0 ms
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×(225.2/230)2×(49.9/50) VAr = 648 VAr (compared to 730 VAr in table 19)
and the simulation should result in1631 VAr − 1000 × (226.6/230)2 × (50.08/50) VAr =

659 VAr (compared to 719 VAr in table 19). The influence of the frequency and the voltage to
the reactive power output of the asynchronous generator is not considered in this calculation.
However, the measured values are 82 VAr higher than the theoretical values and the simulated
values are 60 VAr higher than the theoretical values. This additional deviation can be attributed
to the asynchronous generator whose reactive power increases by this 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 disconnection of the 3 kVAr capacitive
load in connection with the battery inverter, the asynchronous generator and an ohmic base load
of 3 kW. The figure shows that the current of all three phases changes at the same time. While
different influences deform the measured current signals, the simulated current signal shows an
ideal sine wave. Therefore, the simulated signal changes sharply at the time of the switching
event in contrast to the measured signal which changes more smoothly. The time until the cur-
rent reaches its new steady state is longer for the measured signals than for the simulated ones.
Consequently, the simulated current values are higher than the measured current values in the
first 25 ms after the switching event. This tuning to the next steady state is illustrated in more
detail in figure 104 in the appendix. This figure shows the transient currents for a longer timet.

3.3.4 Unbalanced change in ohmic load

The Sunny Island battery inverter is connected to the asynchronous generator. At the timet =
0 ms it is connected to a 1 kW ohmic load at one phase. Firstly, a1 kW ohmic load is connected
to the battery inverter at phase A. Secondly, a 1 kW ohmic loadis connected to the battery
inverter at phase B, and, finally, at phase C.

Transient Currents Figure 43 shows the comparison of the measured and simulatedtransient
currents. It displays that phase B and phase C are not significantly affected while the current of



3.3 Battery inverter connected with asynchronous generatorand loads 85

-20 -10 0 10 20 30 40 50
-15

-10

-5

0

5

10

15

A

A

A

B

B

B

C C

C

D

D

D

E

E

E

F F

F

I [
A

]

t [ms]

C: Phase C meas. F: Phase C sim.

B: Phase B meas.

E: Phase B sim.
A: Phase A meas.

D: Phase A sim.

Figure 42: Transient currentsI of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic and a 3 kVAr capacitive load. The 3 kVAr capacitiveload is disconnected at
the timet = 0 ms. Comparison between the measured (meas.) values in darker colours (A,B,C) and the
simulated (sim.) values in brighter colours (D,E,F).

phase A tunes to the new steady state. The figure shows that thephases oscillated independent
on each other. These oscillations occur in case of the measured signals as well as in case of
the simulated signals. However, due to influences which are not considered in the simulation,
the oscillations of the measured and simulated values do notcomply exactly. In the appendix,
figure 105 shows the connection of phase A in the 50 ms after theconnection. Additionally,
figures are listed in the appendix illustrating the transient currents of the measurement and the
simulation in case of a connection of phase B (figure 108 and figure 109) and phase C (figure 110
and figure 111). They show a similar behaviour of the transient currents. The deviation between
the simulated and measured values is partly caused by the fluctuations of the measured current
signals (cf. the paragraph on transient currents in chapter3.3.1.

Transient Voltages In case of an unbalanced connection as well as an unbalanced disconnec-
tion of an ohmic load, the transient voltages show no particular behaviour. The simulated values
fit well to the measured ones. An example is given in figure 107 in the appendix.
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Figure 43: Transient voltagesU of the battery inverter which is connected with the asynchronous gen-
erator. At the timet = 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.) values 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 the described one in chap-
ter 3.3.1. As mentioned therein, the battery management influences the measured values so that
a direct comparison with the simulated values is not possible. The values depend on the power
at phase A. In case that ohmic load is connected to the batteryinverter at phase A, the frequency
declines, whereas no dependence is recognizable at phase B and phase C. This results from
the implemented droop control concept described in chapter2.1.3. In this concept, the ‘Master
Droop Controller’ adjusts the frequency to the active power at phase A while the other phases
synchronise to this frequency.

RMS voltage Table 20 lists the steady state values of the RMS voltages of the three phases
(in the columns) for a connection sequence (in the rows) in case of the measured values and in
case of the simulated values. The steady state values of the measured RMS voltages show the
same behaviour as described in chapter 3.2.4. However, due to the asynchronous generator, the
voltage level is generally lower. In contrast, the behaviour of the 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 signals of
the battery inverter connected to the asynchronous generator supplyingunbalanced ohmic loads. Four
different steady 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 220.6 220.7 221.1222.20 222.20 222.20
1 kW at phase A 220.1 220.4 221.0222.05 222.30 222.10
1 kW at phase A,B 220.1 219.8 220.9221.95 222.20 222.20
1 kW at phase A,B,C 220.1 219.9 220.3222.10 222.10 222.10

RMS current The RMS current shows the same behaviour as described in chapter 3.3.1.
However, in the unbalanced case the value is reached only in the phase where a 1 kW ohmic
load is connected to while the other phases are not influencedsignificantly.

Active power The measured values of the active power are similar to those described in chap-
ter 3.2.1. However, in the case of unbalanced loads, only single phases are considered.

Reactive power The reactive power shows the same behaviour as described in chapter 3.3.1.
This results from the independence of the reactive power on an ohmic load.

Disconnecting behaviour of the current The disconnecting behaviour is similar to the be-
haviour described in chapter 3.3.1. However, it only takes place for one phase instead of all
three phases. The respective transient currents caused by adisconnection of ohmic loads at
single phases are illustrated in the appendix for phase A (figure 112 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 asynchronous generator. At the timet =
0 ms it is connected to a 1 kVAr inductive load at one phase.

Transient Currents Figure 44 shows the comparison of the measured and simulatedtransient
currents in case of a connection of a 1 kVAr inductive load at phase A. It displays that phase B
and phase C are not affected while phase A shows the same behaviour of the transient current
as described in chapter 3.3.2. The decay of the offset is illustrated by figure 119 (cf. Appendix).
This behaviour is similar in case of a connection of an inductive load at phase B as well as
phase C because of the symmetric characteristics (cf. chapter 3.2.5).
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Figure 44: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase. At the timet = 0 ms, a 1 kVAr inductive load is
connected to phase A. Comparison between the measured (meas.) values in darker colours (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 unbalanced disconnec-
tion of an ohmic load, the transient voltages show no particular behaviour (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 the load change. The values of this
table are those of phase A. Phase B and phase C show no significant change caused by the load
change. Only the measured values are a little asymmetric. Similar values occur in case of the
connection of a 1 kVAr inductive load at phase B or phase C. In this case, the respective other
values show no change.

Frequency The frequency before and after the connection of the balanced inductive load is
equal in the measured data as well as in the simulated data. However, the battery management
causes a 0.18 Hz lower level of the frequency of the measured values compared to the simulated
ones.
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Table 21: Comparison of the data of phase A between the measured and the simulated signals of the
battery inverter which is connected with the asynchronous generator supplying a 3 kW ohmic load. At
the timet = 0 ms, a 1 kVAr inductive load is connected to phase A.

Signals Measured < 0 ms > 0 msSimulated < 0 ms > 0 ms
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 connecting the
inductive load. This decline is caused by the droop control and it is the same as described in
chapter 3.2.2. The supplied reactive power results in a theoretical voltage deviation of∆U =

−6 %×230×2220/3600 V = - 8.5 V (compared to - 13.5 V in table 21) for the measured values
and a voltage deviation of∆U = −6 %× 230× 2375/3600 V = - 9.1 V (compared to - 11.7 V
in table 21) for the simulated values. The additional voltage dip is at least partly explainable
with the discretisation effect described in the paragraph on the RMS voltage in chapter 3.2.1.
As mentioned there, the effect is stronger for the measured system than for the simulated one.
The described behaviour is similar 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 an inductive load
is similar in the measured and the simulated case for the steady state before the switching event.
However, after the switching event, the measured RMS currentof 10.4 A is lower than the
simulated RMS current of 11.0 A. Similar values are measured and simulated in case of adding
the inductive load to phase B or phase C.

Active power With the dependencies described in chapter 3.2.1, the active power of the mea-
surement of the battery inverter in connection with the asynchronous generator and a 1 kW
ohmic load at phase A should be−1268 W + 1000 × (220/230)2 W = −353 W (compared to
-350 W in table 21) and the simulation should result in−1260 W + 1000 × (222.0/230)2 W =

−328 W (compared to -315 W in table 21). After adding the inductivity with an active power
of 50 W at rated conditions, the measurement should be−1268 W+1050× (216.5/230)2 W =

−338 W (compared to - 375 W in table 21) and the simulation should result in −1260 W +

1050 × (218.3/230)2 W = −314 W (compared to -320 W in table 21). Altogether, the mea-
surement as well as the simulation shows a significant deviation from the theoretical values.
The influence of the frequency and the voltage to the active power output of the asynchronous
generator is not considered in this calculation.

Reactive power The reactive power has three influences which are described in chapter 3.2.2.
According to these influences the reactive power after adding the inductive load should be
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1610 VAr + 1000 × (216.5/230)2 × (50/49.9) VAr = 2497 VAr (compared to 2220 VAr in ta-
ble 21) and the simulation should result in1630 VAr +1000×(218.3/230)2×(50/50.08) VAr =

2529 VAr (compared to 2472 VAr in table 21). The influence of the frequency and the voltage
to the reactive power output of the asynchronous generator is not considered in this calcula-
tion. However, both, the measured and the simulated values,are significantly lower than the
theoretical values. This additional deviation can be attributed to the asynchronous generator
whose reactive power decreases by this load change. Anotherreason 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 disconnection of the 1 kVAr inductive
load at phase A in connection with the battery inverter, the asynchronous generator and an
ohmic base load of 3 kW. The simulated current shows a similarbehaviour to the measured
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Figure 45: Transient currentsI 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 load at phase A. The inductive
load at phase A is disconnected at the timet = 0 ms. Comparison between the measured (meas.) values
in darker colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F).

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 operates in connection with the asynchro-
nous generator and the balanced 3 kW ohmic load. At the timet = 0 ms it is connected to a
1 kVAr capacitive load at one phase.

Transient Currents Figure 46 shows the comparison of the measured and simulatedtransient
currents in case of a connection of a 1 kVAr capacitive load atphase A. It displays that phase B
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Figure 46: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase. At the timet = 0 ms, a 1 kVAr capacitive load is
connected to phase A. Comparison between the measured (meas.) values in darker colours (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 same behaviour of the transient current as
described in chapter 3.3.3. This behaviour also occurs in case of an capacitive load connection
at phase B and phase C because of the symmetric characteristics.

Disconnecting behaviour of the current Figure 47 shows the comparison between the mea-
sured and the simulated transient currents in case of a disconnection of the 1 kAr capacitive
load at phase A in connection with the battery inverter, the asynchronous generator and an
ohmic base load of 3 kW. The simulated current shows a similarbehaviour to the measured
data. This behaviour is similar in case of the other phases.
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Figure 47: Transient currentsI 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 capacitive loadat phase A. The capacitive
load at phase A is disconnected at the timet = 0 ms. Comparison between the measured (meas.) values
in darker colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F).

Transient Voltages Figure 123 in the appendix shows the comparison of the measured and
simulated transient currents in case of a connection of a 1 kVAr capacitive load at phase A. It
displays that phase B and phase C are not affected while phaseA shows the same behaviour
of the transient voltage as described in chapter 3.3.3. Thisbehaviour also occurs in case of
an capacitive load connection at phase B and phase C because of the symmetric characteris-
tics. Additionally, figure 125 in the appendix shows the disconnection of the capacitive load at
phase A. The figure illustrates a behaviour of the measured and the simulated transient voltages
with less disturbances compared to the case of the load connection.

Table 22 lists the steady state values before and after the load change. The values of this
table are those of phase A. Phase B and phase C show no change (only the measured values are
a little asymmetric) caused by the load change. Similar values occur in case of the connection
of a 1 kVAr capacitive load at phase B or phase C. In this case, the respective other values show
no change.
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Table 22: Comparison of the data of phase A between the measured and the simulated signals of the
battery inverter which is connected with the asynchronous generator supplying a 3 kW ohmic load which
is connected at the timet = 0 ms to a 1 kVAr capacitive load at phase A.

Signals Measured < 0 ms > 0 msSimulated < 0 ms > 0 ms
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 capacitive load is similar in
the measured data as well as in the simulated data because no active power is changed. However,
the battery management causes an approximately 0.18 Hz lower level of the frequency of the
measured values compared to the simulated ones.

RMS voltage The voltage (cf. table 22) shows an increase by connecting the capacitive load
as described in chapter 3.3.3. In case of the measured values, the supplied reactive power at the
time t < 0 ms is 1600 VAr resulting in a voltage deviation∆U = −6 %× 230× 1600/3600 V
= - 6.1 V compared to measured - 9.9 V. Connecting 1 kVAr capacitive load at phase A results
in a supplied reactive power at the timet > 0 ms of 975 VAr causing a voltage deviation
∆U = −6 %× 230 × 975/3600 V = - 3.7 V compared to measured - 6.2 V.

In case of the simulated values, the supplied reactive powerat the timet < 0 ms is 1630 VAr
resulting in a voltage deviation∆U = −6 % × 230 × 1630/3600 V = - 6.2 V compared to
simulated - 7.9 V. Connecting 1 kAr capacitive load at phase A results in a supplied reactive
power at the timet > 0 ms of 830 VAr causing a voltage deviation∆U = −6 % × 230 ×
830/3600 V = - 3.2 V compared to simulated - 4.0 V.

The additional voltage increase is at least partly explainable with the discretisation effect
described in the paragraph on the RMS voltage in chapter 3.2.1. As mentioned there, the effect
is stronger for the measured system than for the simulated one.

RMS current The RMS current in the example of the connection event of a capacitive load
at phase A in the measured case deviates from the simulated case. This deviation results from
the asynchronous generator which is not simulated accurately as described in chapter 2.2.

Active power With the dependencies described in chapter 3.2.2, the active power of the mea-
surement of the battery inverter in connection with the asynchronous generator and the balanced
3 kW ohmic load is similar as described in chapter 3.3.5. After adding the capacity without a re-
sistance, the measurement should be−1268 W+1000×(223.8/230)2 W = −321 W (compared
to - 305 W in table 22) and the simulation should result in−1260 W+1000×(226.0/230)2 W =
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−294 W (compared to -250 W in table 22). Altogether, the measurement as well as the simula-
tion shows a significant deviation from the theoretical values. Not considered in this calculation
is the influence of the frequency and the voltage to the activepower output of the asynchro-
nous generator. Another reason for the deviation are the deficits of the asynchronous generator
model.

Reactive power The reactive power has three influences which are described in chapter 3.2.2.
According to these influences the reactive power after adding the capacitive load should be
1600 VAr − 1000 × (223.8/230)2 × (49.89/50.00) VAr = 648 VAr (compared to 975 VAr in
table 22) and the simulation should result in1630 VAr−1000×(226/230)2×(50.08/50) VAr =

662 VAr (compared to 830 VAr in table 22). The influence of the frequency and the voltage to
the reactive power output of the asynchronous generator is not considered in this calculation.
However, the measured values are 327 VAr higher than the theoretical values and the simulated
values are 168 VAr higher than the theoretical values. Consequently, this additional deviation
can be attributed to the asynchronous generator whose reactive power increases by this load
change. However, the deviation between the difference of 327 VAr in the measured values
and the difference of 168 VAr in the simulated values resultsfrom the asynchronous generator
which is not simulated accurately as described in chapter 2.2.

3.4 Enlarged grid configuration with two battery inverters and a load

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

Table 23: Analysed frequency droop slopes.

Battery inverter Sunny Island 1 Sunny Island 2
Droop ratio 1:1 - 1 Hz / 3600 W - 1 Hz / 3600 W
Droop ratio 2:1 - 1 Hz / 3600 W - 0.5 Hz / 3600 W
Droop ratio 3:1 - 1 Hz / 3600 W - 0.33 Hz / 3600 W

3.4.1 Droop ratio 1:1

With a droop ratio of 1:1, the active power should be distributed symmetrically 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 the battery inverter Sunny Island 2 at the
time of the connection of the 18 kW ohmic load. It shows the same behaviour as the one de-
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Figure 48: Transient currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load. Comparison between the measured (meas.) values in darkercolours (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 of a droop ratio of 1:1, the transients
currents of the battery inverter Sunny Island 2 show the samebehaviour (cf. figure 127 in the
appendix). This similarity also occurs in case of the transient voltages (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 ohmic load. The whole system is assumed
to be purely ohmic because a deviation between the voltage and the current signal of 1.8◦ is so
small that it is not necessary to consider in the following comparison. With this simplification,
the active power listed in the last row of table 24 is calculated as the product of the RMS current
and the RMS voltage. The active power shows a deviation between the simulated and measured
values of 1.2 % in case of Sunny Island 1 and 0.2 % in case of Sunny Island 2. Because of
the discretisation effect described in chapter 3.2.1, the voltage of the measurement is lower.
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Table 24: Average steady state of one phase after the load change in case of a droop ratio 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 able to supply the same load. Therefore,
the measured current is slightly higher and the measured voltage is 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 be distributed between the two battery
inverters, so that the battery inverter Sunny Island 1 supplies one 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 whichhave the same behaviour as described
in chapter 3.2.1. However, the active power distribution isnot yet achieved in the first millisec-
onds after the load change. This distribution tunes as displayed in figure 131, which shows the
decline of the current values of Sunny Island 1, and figure 134, which shows the increase of
the current values of Sunny Island 2 (cf. appendix). A comparison of the transient currents
of phase A between the two battery inverters Sunny Island 1 (SI1) and Sunny Island 2 (SI2)
shows figure 49. The comparison shows the decline of the current values of Sunny Island 1 and
the increase of the current values of Sunny Island 2. The deviation between the measured and
simulated current values is explained in the next paragraphwhich describes the RMS voltages
and currents as well as the steady state after this tuning. The transient voltages (cf. figure 132
and figure 135 in the appendix) show he same behaviour as described in 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 the 18kW ohmic load. The active power
shows a deviation between the simulated and measured valuesof 0.3 % in case of Sunny Is-
land 1 and 2.6 % in case of Sunny Island 2. Because of the discretisation effect described in
chapter 3.2.1, the voltage of the measurement is lower. Consequently, the current has to increase
in order to be able to supply the same load. Therefore, the measured current is slightly higher
and the measured voltage is slightly lower than the simulated ones. The active power supply of
the two battery inverters shows a ratio of3944/1972 = 2/1 in case of the simulated values or a
ratio of4047/1967 = 2.06/1 in case of the measured values. These ratios represents the power
distribution defined by the droop ratio of 2:1.
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Figure 49: Comparison of the transient currentsI of phase A between the two battery inverters Sunny
Island 1 (SI1) and Sunny Island 2 (SI2) which operate with a droop ratioof 2:1. They are connected at
the timet = 0 ms to a 18 kW ohmic load. Comparison between the measured (meas.) values in darker
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 be distributed between the two battery
inverters, so that the battery inverter Sunny Island 1 supplies one fourth of the active power
while the battery inverter Sunny Island 2 supplies three fourths.

Transient currents and voltages Figure 136 and figure 139 in the appendix show the tran-
sients currents of the two parallel battery inverters whichhave the same behaviour as described
in chapter 3.2.1. However, the active power distribution isnot yet achieved in the first millisec-
onds after the load change. This distribution tunes as displayed in the appendix in figure 137,
which shows the decline of the current values of Sunny Island1, and in figure 140, which shows
the increase of the current values of Sunny Island 2. The slope of the described increase and
decline is steeper for a droop ratio of 3:1 because the activepower is distributed more unbal-
anced. A comparison of the transient currents of phase A between the two battery inverters
Sunny Island 1 (SI1) and Sunny Island 2 (SI2) shows figure 50. The comparison shows the
decline of the current values of Sunny Island 1 and the increase of the current values of Sunny
Island 2. The deviation between the measured and simulated current values is explained in the
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Table 25: Average steady state of one phase after the load change in case of a droop ratio 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 currentsas well as the steady state after
this tuning. Additionally, the simulated transient currents tune not as fast as the measured tran-
sient currents. The transient voltages (cf. figure 138 and figure 141 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 the 18kW ohmic load. The active power

Table 26: Average steady state of one phase after the load change in case of a droop ratio 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 valuesof 1.6 % in case of Sunny Is-
land 1 and 3.2 % in case of Sunny Island 2. Because of the discretisation effect described in
chapter 3.2.1, the voltage of the measurement is lower. Consequently, the current has to increase
in order to be able to supply the same load. Therefore, the measured current is slightly higher
and the measured voltage is slightly lower than the simulated ones. The active power supply of
the two battery inverters shows a ratio of4425/1513 = 2.97/1 in case of the simulated values
or a ratio of4565/1489 = 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 parallel operation of two battery inverters
with a difference of their target frequency and a differenceof their target voltage. These dif-
ferences result from tolerances of the constituents of the battery inverters. The two battery
inverters are connected via a low-voltage cable which has anassumed resistance of 21 mΩ and
an assumed reactance of 2.6 mΩ. Additional to the two battery inverters and the low-voltage
cable, no other components are considered in this parallel operation.
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Figure 50: Comparison of the transient currentsI of phase A between the two battery inverters Sunny
Island 1 (SI1) and Sunny Island 2 (SI2) which operate with a droop ratioof 3:1. They are connected at
the timet = 0 ms to a 18 kW ohmic load. Comparison between the measured (meas.) values in darker
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 while thetarget
frequency of Sunny Island 2 is set to 50.3 Hz. The simulation shows that the operation is
stable and that a constant active power of 540 W per phase flowsfrom Sunny Island 2 to Sunny
Island 1. This active power flow results from the phase difference which is caused by the
frequency difference according to equation 1. The steady state grid frequency is the mean
frequency 50.15 Hz resulting from the two target frequencies.

Voltage 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. The simulation shows that theoperation is stable and that a
constant reactive power of 100 VAr per phase flows from Sunny Island 2 to Sunny Island 1.
This reactive power flow results from the voltage differencewhich 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. Additionally, the target frequency of Sunny
Island 1 is set to 50 Hz while the target frequency of Sunny Island 2 is set to 50.3 Hz. The
simulation shows that the operation is stable and that a constant reactive power of 100 VAr per
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phase flows from Sunny Island 2 to Sunny Island 1 as well as a constant active power of 540 W
per phase from Sunny Island 2 to Sunny Island 1. This behaviour results from the superposition
law which is applicable for these independent dependencies.

These three simulations show that the battery inverters work in parallel without loosing their
stability even in case that the target values of frequency and voltage have small differences.

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

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

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

However, several approaches to simulate photovoltaic generators and diesel generators with
simple models fail. Because of the scope of this work the models are not developed, however,
it is recommended to develop them in future works in order to be able to simulate island grids.
Nevertheless, the case study analyses a fictitious island grid without active power generation
components. It is assumed that the time of simulation is at night when photovoltaic modules do
not generate power and that the synchronous generator is deactivated for maintenance.

4.1 Description of the grid configuration

This chapter describes the transient behaviour after a connection of an asynchronous machine in
a grid configuration which can not be verified in DeMoTec with its actual available components.
Figure 52 shows the analysed grid configuration. The grid comprises four busbars. Three of
these four busbars (‘SI 1’, ‘SI 2’ and ‘SI 3’) are controlled by three phase Sunny Island battery
inverters, in contrast to busbar ‘Remote 4’. The loads and asynchronous machines in figure 52
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Figure 52: Load flow in case study grid before the connection of the asynchronousmachine at busbar
‘Remote 4’. Each busbar ‘SI 1’, ‘SI 2’ and ‘SI 3’ presents one threephase Sunny Island battery inverter
(the battery inverter itself is not displayed). Additionally, the busbar ‘Remote4’ presents a grid node
without a battery inverter. The box on the left side shows the amplitude of the voltage at the respective
busbar. These four busbars are connected via low-voltage cable. Ateach busbar, asynchronous machines
and loads present consumers. The boxes at the respective grid components show the active power, the
reactive power and the magnitude of the positive sequence current.
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represent standardised consumers. All these components are connected 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 lists the droop slopes of the three Sunny
Island battery inverters. The battery inverter ‘Sunny Island 1’ 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
Sunny Island 1: - 0.5 Hz / 3600 W - 3 % Urated / 3600 VAr
Sunny Island 2: - 1 Hz / 3600 W - 6 % Urated / 3600 VAr
Sunny Island 3: - 1 Hz / 3600 W - 6 % Urated / 3600 VAr

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

Cables All busbars are connected via low-voltage cables with a cross section of 25 mm2. The
rated voltage of these cables is 400 V and the rated current is100 A. They are used in an AC
power grid with a rated frequency of 50 Hz. The assumed model parameters of this type of line
lists table 28. In addition, figure 52 shows the lengths of thecables.

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): 0.708Ω/km
Reactance per Length X’ (1,2-Sequence): 0.087Ω/km
Resistance per Length R0’ (0-Sequence): 2.832Ω/km
Reactance per Length X0’ (0-Sequence): 0.348Ω/km
Resistance per Length Rn’ (Neutral): 0.708Ω/km
Reactance per Length Xn’ (Neutral): 0.087Ω/km
Capacitance per Length C’ (1,2-Sequence): 0.51µF/km
Capacitance per Length C0’ (0-Sequence): 0.2125µF/km
Capacitance per Length Cn’ (Neutral): 0.51µF/km

Loads Generally, the loads in this grid configuration have a voltage dependence on the active
power of 1.6, while the voltage dependence on the reactive power is 1.8. Moreover, the reactive
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power is mixed capacitive and inductive reactive power. Theratio of the mixture is 200 %
inductive reactive power over capacitive reactive power. This considered reactive power results
from an inductive power factor of 0.95, which defines each load.

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

Asynchronous machines Two different types of asynchronous machines are connectedto the
grid. The four asynchronous machines at the busbars ‘SI 1’, ‘SI 2’ and ‘SI 3’ are of the same
1.5 kW type which is described in table 29. They consume 1 kW active power and are connected
to the grid over the whole simulation time. At busbar ‘Remote 4’, the 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 pairspz 2
Connection star
Rated mechanical active powerPm,r 1.5 kW
Rated electrical apparent powerSr 2.44 kW
Rated power factorcosϕ 0.82
Rated electrical frequencyfr 50 Hz
Rated mechanical speednr 1405 r.p.m.
Rated voltageUr 400 V
Locked rotor current 4.9 p.u.
Stalling torqueMs 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 timet = 0 s consuming 15 kW active
power.

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

Number of pole pairspz 2
Connection star
Rated mechanical active powerPm,r 15 kW
Rated electrical apparent powerSr 19.83 kW
Rated power factorcosϕ 0.85
Rated electrical frequencyfr 50 Hz
Rated mechanical speednr 1455 r.p.m.
Rated voltageUr 400 V
Locked rotor current 7.7 p.u.
Stalling torqueMs 3.2 p.u.
Locked rotor torque 2.8 p.u.
Acceleration time constant 0.1083 s

‘Load 4 1kW’. The amplitudes of the voltage at the respective busbars shows similar values
around 320 V because the fall of voltage at the cables is low due to small power flows.

The connection of the asynchronous machine ‘AM 4 15kW’ changes this situation signifi-
cantly. After the connection, the additional power consumption of the connected asynchronous
machine, besides the power consumption of the load at busbar‘Remote 4’ and the losses from
the cables, increases the power flows to busbar ‘Remote 4’. Thethree battery inverters share the
power supply according to the setting of their droop slopes.Sunny Island 1 supplies 7.9 kW to
the other busbars, while Sunny Island 2 supplies 5.6 kW. Consequently, Sunny Island 2 supplies
18.3 kW - 7.8 kW - 5.6 kW = 4.9 kW to busbar ‘Remote 4’. These big power flows result in
bigger voltage drops at the cables. Due to the increased reactive power supply, the voltage at the
busbars is more than 10 V smaller than before the connection event. Especially, the amplitude
of the voltage of busbar ‘Remote 4’ drops from 319 V to 285 V or byapproximately 11 %.

Frequency The frequency of the grid has the same steady state value at each busbar. Before
the connection event, the frequency is 49.83 Hz. After the connection event, the frequency
decreases to 49.43 Hz because of the additional active powersupply for the asynchronous ma-
chine.

Transient currents Figure 54 shows the transient currents of the battery inverter Sunny Is-
land 1. The figure illustrates the supply of the unbalanced ‘Load 1 3kW’ which results in
unbalanced current amplitudes. Phase A has the lowest amplitude and phase C has the high-
est amplitude according to the unbalanced load which has thelowest power consumption at
phase A and the highest power consumption at phase C. Due to theparallel operation of the
three battery inverters, the other two also supply a part of this unbalanced power. This can be
derived from figure 143 and figure 144 in the appendix. However, the distance 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 asynchronous machine at busbar
‘Remote 4’. Each busbar ‘SI 1’, ‘SI 2’ and ‘SI 3’ presents one threephase Sunny Island battery inverter
(the battery inverter itself is not displayed). Additionally, the busbar ‘Remote4’ presents a grid node
without a battery inverter. The box on the left side shows the amplitude of the voltage at the respective
busbar. These four busbars are connected via low-voltage cable. Ateach busbar, asynchronous machines
and loads present consumers. The boxes at the respective grid components show the active power, the
reactive power and the magnitude of the positive sequence current.
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Figure 54: Transient currentsI of the battery inverter Sunny Island 1 (SI1). The connection of the
15 kW asynchronous machine is at the timet = 0 ms.

Moreover, these figures of the transient currents show the behaviour of the starting of the
asynchronous machine with higher currents at the beginningfollowed by a decay until the cur-
rent reaches its steady state. A comparison of figure 142, figure 143 and figure 144 shows that
the starting currents of the battery inverters are damped bythe cables. This causes battery in-
verter ‘Sunny Island 2’ to have the highest starting currents which are four times higher than
the steady state values. In comparison, ‘Sunny Island 3’ hasthe second highest starting cur-
rents which are three times higher than the steady state values because ‘Sunny Island 3’ has an
additional cable distance of 200 m. Consequently, ‘Sunny Island 1’ with an additional cable
distance of 400 m has the lowest starting currents which are only two times higher than the
steady state values.

A comparison between the transient currents of phase A of thethree battery inverters shows
figure 55. The respective comparison of the other two phases is displayed in figure 146 and
figure 147 in the appendix. Two different effects are illustrated by these figures. On the one
hand, the figures show that the amplitudes of Sunny Island 1 have the double value of the
amplitudes of the other two battery inverters in steady state situation. This results from the
droop slope settings which defines a power distribution so that Sunny Island 1 supplies 200 %
of the power of the other two battery inverters. On the other hand, the figures show that Sunny
Island 2 supplies the biggest part to the power supply in the first 50 ms, while Sunny Island 1
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Figure 55: Comparison of the transient currentsI of phase A of the three battery inverters SI1, SI2 and
SI3. The connection of the 15 kW asynchronous machine is at the timet = 0 ms.

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

Transient voltages Figure 56 shows the transient voltages of the battery inverter Sunny Is-
land 1. Additionally, figure 149 and figure 150 in the appendixdisplay the transient voltages
of the other two battery inverters. The figures of the transient voltages show in the first mil-
liseconds after the connection event small disturbances ofthe ideal 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 SunnyIsland 1. The
figures displays a voltage drop after the connection of the asynchronous machine. This voltage
drop decays over the following second until the voltage reaches its new steady state. In contrast
to figure 152 and figure 153 in the appendix, which display the same behaviour for the other
two battery inverters, figure 57 illustrates the unbalancedsupply of the unbalanced load because
the voltage of the three phases has different values according to the reactive power supply of
‘Load 1 3kW’. Moreover, a comparison of these three figures shows that the minimum of the
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voltage drop is different, the farther the respective battery inverter is away from the load change,
the smaller the voltage drop due to the described damping effects.
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Figure 56: Transient voltagesU of the battery inverter Sunny Island 1 (SI1). The connection of the
15 kW asynchronous machine is at the timet = 0 ms.
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Figure 57: RMS voltagesU of the battery inverter Sunny Island 1 (SI1). The connection of the 15 kW
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Additionally, figure 154, figure 155 and figure 156 in the appendix show a comparison of
the RMS voltages of the three battery inverters for one phase.They illustrate the same voltage
drop and the different voltages of the three battery inverters according to the cables between
them.

4.3 Conclusions of the case study

This case study shows that the model of the battery inverter can be used inPowerFactorysimu-
lations of larger grid configurations. The analysed grid configuration uses more than two battery
inverters and comprises additional components of genericPowerFactorymodels. Analyses of
simulation results give a better comprehension of the behaviour of the grid. The analysis of
the case study grid, for instance, shows that the application of a 15 kW asynchronous machine
in the remote grid area results in a voltage drop of 11 % at the connection point and losses of
1.8 kW due to the low-voltage cable. Options to reduce these negative effects are the substitu-
tion of the 800 m cable by one with a larger cross section or an operation of the asynchronous
machine closer to the Sunny Island battery inverters.

Moreover, the connection of the asynchronous machine has nocritical transient behaviour.
The transient voltage stabilises rapidly within 3 ms and thetransient current within 300 ms.
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5 Conclusions

The aim of this thesis is to implement and verify models of decentralised power generation
components in the simulation environment of the power system analysis toolPowerFactory
from DIgSILENT. These models are used for transient simulations in low-voltage grids. The
analysed components are a bi-directional battery inverter, an asynchronous generator and loads.
These components operate with variable frequency and variable voltage which are controlled
by the battery inverter.

Chapter 2 develops a model of a three-phase Sunny Island battery inverter. This model en-
hances available single-phase models in MATLAB/Simulink and ATP-EMTP and adapts them
to the simulation environment ofPowerFactory. Moreover, the chapter shows the adjustment
of the parameters of the available asynchronous generator model inPowerFactoryto the asyn-
chronous generator in DeMoTec. For this adjustment, the electrical parameters are measured
and an optimisation process is performed. Finally, the available load model inPowerFactoryis
adjusted to the loads used in DeMoTec.

Simulations of load changes in grid configurations with these three models are described
in chapter 3. The comparison between simulated data inPowerFactoryand measured data in
DeMoTec shows a good fit of the short-term transient simulations. In the scope of these simula-
tions, thePowerFactorymodels are verified, especially the model of the battery inverter which
is the main contribution of this work. Changes in active and reactive power in the analysed
power grid result in changes of frequency and voltage according to the droop slopes of the con-
nected battery inverters. The analysed power flows of the simulations fit well with the measured
data because the active and reactive power as well as the RMS currents have a good correla-
tion. Additionally, unbalanced load changes are simulatedwell with the implemented battery
inverter model. This achievement enables to connect asymmetrical ohmic, inductive, capacitive
loads or a mixture of them to the battery inverter. These connection events are simulated well
by thePowerFactorymodels. The transient signals after load changes matches qualitatively
well. Quantitatively, it is not possible to get an accurate correlation because there are many in-
fluences which are not considered in the model. Altogether, the characteristic behaviour of the
droop mode of three-phase Sunny Island battery inverters isreproduced well. Even the parallel
operation with different droop slopes shows the expected behaviour of power sharing between
the battery inverters. However, two main deficits of the simulations have to be considered:

• On the one hand, the battery management, which is not modelled, causes the frequency
to deviate between the measurement and the simulation.

• On the other hand, the discretisation effect causes the RMS voltage to deviate between
the measurement and the simulation. This effect results from the digital controller of the
Sunny Island which influences the amplitude of the voltage. Due to time limitations in
this thesis, the discretisation is modelled with simplifications so that the discretisation
effect in the simulation is smaller than in the measurement.

Finally, chapter 4 describes the simulation of a connectionof an asynchronous machine in
an enlarged grid configuration with three battery invertersin parallel operation, asynchronous
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machines, loads and cables. This simulation shows an example for an application of the battery
inverter model. The load flow analysis shows the loading of the components, especially cables,
and the transient signals show the dynamic behaviour of the grid by this exemplary connection
of an asynchronous generator. With this case study, the application of a parallel operation of
three battery inverters as well as analysis features ofPowerFactoryare demonstrated.

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

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

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

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

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

• The available battery inverter model is recommended to be extended by the inclusion
of short-circuit behaviour, which changes the battery inverter model from a controlled
voltage source to a current source supplying a fixed current in case of too high currents.
This additional functionality enables short-circuit analyses which are out of scope of the
present contribution.

• However, until now, one disadvantage ofPowerFactoryis the lack of generic models of
decentralised power generation components. Consequently,they have to be developed
individually. In case that models for photovoltaic generators, diesel generators and small-
scale wind energy converters are available, a large varietyof island grid configurations
can be analysed in detail. Until now, only a battery inverter, which forms the island grid, is
developed. Therefore, it is recommended to add models of photovoltaic generators, diesel
generators and small-scale wind energy converters toPowerFactoryin further works.
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A Comparison of the measured and simulated data

The figures in appendix A show the comparison between the measured (meas.) values in darker
colours (A,B,C) and the simulated (sim.) values in brighter colours (D,E,F). Some of the fig-
ures described in chapter 3 and chapter 4 are reproduced in the appendix in order to deliver a
complete overview of the comparison between the measurement and the simulation.

A.1 Battery inverter connected with loads

A.1.1 Balanced change in ohmic load
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Figure 58: Transient currentsI of the battery inverter in open circuit which is connected at the timet =
0 ms to a 3 kW ohmic load.
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Figure 59: Transient voltagesU of the battery inverter in open circuit which is connected at the timet =
0 ms to a 3 kW ohmic load.
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Figure 60: Transient currentsI 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 currentsI 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 voltagesU 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 63: Transient currentsI of the battery inverter supplying a 3 kW ohmic and a 3 kVAr inductive
load. The 3 kVAr inductive load is disconnected at the timet = 0 ms.

A.1.3 Balanced change in capacitive load
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Figure 64: Transient currentsI of the battery inverter supplying a 3 kW ohmic load which is connected
at the timet = 0 ms to a 3 kVAr capacitive load.
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Figure 65: Transient currentsI of phase A of the battery inverter supplying a 3 kW ohmic load which is
connected at the timet = 0 ms to a 3 kVAr capacitive load.
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Figure 66: Transient currentsI of phase B of the battery inverter supplying a 3 kW ohmic load which is
connected at the timet = 0 ms to a 3 kVAr capacitive load.
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Figure 67: Transient currentsI of phase C of the battery inverter supplying a 3 kW ohmic load which is
connected at the timet = 0 ms to a 3 kVAr capacitive load.
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Figure 68: Transient voltagesU of the battery inverter supplying a 3 kW ohmic load which is connected
at the timet = 0 ms to a 3 kVAr capacitive load.
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Figure 69: Transient currentsI of the battery inverter supplying a 3 kW ohmic and a 3 kVAr capacitive
load. The 3 kVAr capacitive load is disconnected at the timet = 0 ms.

A.1.4 Unbalanced change in ohmic load
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Figure 70: Transient currentsI of the battery inverter in open circuit which is connected at the timet =
0 ms to a 1 kW ohmic load at phase A.
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Figure 71: Transient currentsI of the battery inverter connected to a 1 kW ohmic load at phase A which
is connected at the timet = 0 ms to a 1 kW ohmic load at phase B.
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Figure 72: Transient currentsI 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 timet = 0 ms to a 1 kW ohmic load at phase C.
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Figure 73: Transient currentsI 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 timet = 0 ms.
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Figure 74: Transient currentsI 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 timet = 0 ms.
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Figure 75: Transient currentsI of the battery inverter connected to a 1 kW ohmic load at phase C. The
ohmic load is disconnected at the timet = 0 ms.

A.1.5 Unbalanced change in inductive load

-20 -10 0 10 20 30 40 50

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

A

A A

B

B

B

C

C

C

D

D

D

E

E

E

F

F

F

I [
A

]

t [ms]

F: Phase C sim.
C: Phase C meas.

D: Phase A sim.
A: Phase A meas.

E: Phase B sim.

B: Phase B meas.

Figure 76: Transient currentsI of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timet = 0 ms to a 1 kVAr inductive load at phase A.
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Figure 77: Transient currentsI of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timet = 0 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 currentsI of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timet = 0 ms to a 1 kVAr inductive load at phase B.
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Figure 79: Transient currentsI 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 at phase A is disconnected at the time
t = 0 ms.
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Figure 80: Transient currentsI 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 at phase B is disconnected at the time
t = 0 ms.
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A.1.6 Unbalanced change in capacitive load
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Figure 81: Transient currentsI of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timet = 0 ms to a 1 kVAr capacitive load at phase A.
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Figure 82: Transient voltagesU of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timet = 0 ms to a 1 kVAr capacitive load at phase A.
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Figure 83: Transient currentsI of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timet = 0 ms to a 1 kVAr capacitive load at phase B.
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Figure 84: Transient voltagesU of the battery inverter in connection with a 1 kW ohmic load at each
phase. The battery inverter is connected at the timet = 0 ms to a 1 kVAr capacitive load at phase B.
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Figure 85: Transient currentsI 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 load at phase A is disconnected at the time
t = 0 ms.
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Figure 86: Transient voltagesU 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 load at phase A is disconnected at the time
t = 0 ms.
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Figure 87: Transient currentsI 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 load at phase B is disconnected at the time
t = 0 ms.
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Figure 88: Transient voltageU 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 load at phase B is disconnected at the time
t = 0 ms.
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A.2 Battery inverter connected with asynchronous generator and loads

A.2.1 Balanced change in ohmic load
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Figure 89: Transient currentsI of the battery inverter connected with asynchronous generator which is
connected at the timet = 0 ms to a 3 kW ohmic load.
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Figure 90: Transient voltagesU of the battery inverter connected with asynchronous generator which is
connected at the timet = 0 ms to a 3 kW ohmic load.
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Figure 91: Transient currentsI of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic load. The 3 kW ohmic load is disconnected at the timet = 0 ms.



A.2 Battery inverter connected with asynchronous generatorand loads 131

0 50 100 150
-20

-15

-10

-5

0

5

10

15

20

A

A

A

B

B

B

C
C

C

D

D

D

E

E

E

F
F

F

I [
A

]

t [ms]

C: Phase C meas.

F: Phase C sim.B: Phase B meas.
E: Phase B sim.

A: Phase A meas. D: Phase A sim.

Figure 92: Transient currentsI of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic load. The 3 kW ohmic load is disconnected at the timet = 0 ms. After the
disconnection the currents tune.

A.2.2 Balanced change in inductive load
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Figure 93: Transient currentsI of the battery inverter in connection with the asynchronous generator
which is connected at the timet = 0 ms to a 3 kVAr inductive load.
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Figure 94: Decay of the transient currentsI of the battery inverter in connection with the asynchronous
generator which is connected at the timet = 0 ms to a 3 kVAr inductive load.
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Figure 95: Fluctuations of the transient currentsI of phase A and phase B of the battery inverter in
connection with the asynchronous generator and a 3 kVAr inductive load.
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Figure 96: Transient voltagesU of the battery inverter connected with asynchronous generator which is
connected to a 3 kVAr inductive load.
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Figure 97: Transient currentsI 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 inductiveload 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 currentsI of the battery inverter connected with asynchronous generator which is
connected at the timet = 0 ms to a 3 kVAr capacitive load.
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Figure 99: Transient voltagesU of the battery inverter connected with asynchronous generator which is
connected at the timet = 0 ms to a 3 kVAr capacitive load.



A.2 Battery inverter connected with asynchronous generatorand loads 135

-4 -2 0 2 4 6 8 10
-15

-10

-5

0

5

10

AD

I [
A

]

t [ms]

A: Phase A meas.
D: Phase A sim.

Figure 100: Transient currentsI of phase A of the battery inverter connected with asynchronous gener-
ator and a 3 kW ohmic load which is connected at the timet = 0 ms to a 3 kVAr capacitive load.
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Figure 101: Transient currentsI of phase B of the battery inverter connected with asynchronous gener-
ator and a 3 kW ohmic load which is connected at the timet = 0 ms to a 3 kVAr capacitive load.
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Figure 102: Transient currentsI of phase C of the battery inverter connected with asynchronous gener-
ator and a 3 kW ohmic load which is connected at the timet = 0 ms to a 3 kVAr capacitive load.
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Figure 103: Transient currentsI of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic and a 3 kVAr capacitive load. The 3 kVAr capacitiveload is disconnected at the
time t = 0 ms.
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Figure 104: Transient currentsI of the battery inverter in connection with the asynchronous generator
supplying a 3 kW ohmic and a 3 kVAr capacitive load. The 3 kVAr capacitiveload is disconnected at the
time t = 0 ms. After the disconnection the currents tune.

A.2.4 Unbalanced change in ohmic load
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Figure 105: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator. At the timet = 0 ms a 1 kW ohmic load is connected to phase A.
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Figure 106: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator. At the timet = 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 voltagesU of the battery inverter which is connected with the asynchronous
generator. At the timet = 0 ms a 1 kW ohmic load is connected to phase A.
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Figure 108: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at phase A. At the timet = 0 ms a 1 kW ohmic load is connected to
phase B.
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Figure 109: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at phase A. At the timet = 0 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 currentsI 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 phase B. At the timet = 0 ms
a 1 kW ohmic load is connected to phase C.
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Figure 111: Transient currentsI 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 phase B. At the timet = 0 ms
a 1 kW ohmic load is connected to phase C. The transients of the following 150 msare displayed.
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Figure 112: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying 1 kW ohmic loads at all three phases. At the timet = 0 ms the 1 kW ohmic load at
phase A is disconnected.
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Figure 113: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying 1 kW ohmic loads at all three phases. At the timet = 0 ms the 1 kW ohmic load at
phase A is disconnected. The transients of the following 150 ms are displayed.
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Figure 114: Transient currentsI 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 timet = 0 ms the 1 kW ohmic load at
phase B is disconnected.
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Figure 115: Transient currentsI 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 timet = 0 ms the 1 kW ohmic load at
phase B is disconnected. The transients of the following 150 ms are displayed.
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Figure 116: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at phase C. At the timet = 0 ms the 1 kW ohmic load at phase C is
disconnected.
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Figure 117: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at phase C. At the timet = 0 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
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Figure 118: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase. At the timet = 0 ms, a 1 kVAr inductive load is
connected to phase A.
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Figure 119: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase. At the timet = 0 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 voltagesU of the battery inverter which is connected with the asynchronous
generator supplying a 1 kW ohmic load at each phase. At the timet = 0 ms, a 1 kVAr inductive load is
connected to phase A.
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Figure 121: Transient currentsI 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 inductive load at phase A. The inductive
load at phase A is disconnected at the timet = 0 ms.
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A.2.6 Unbalanced change in capacitive load
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Figure 122: Transient currentsI of the battery inverter which is connected with the asynchronous gen-
erator supplying a 1 kW ohmic load at each phase. At the timet = 0 ms, a 1 kVAr capacitive load is
connected to phase A.
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Figure 123: Transient voltagesU of the battery inverter which is connected with the asynchronous
generator supplying a 1 kW ohmic load at each phase. At the timet = 0 ms, a 1 kVAr capacitive load is
connected to phase A.
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Figure 124: Transient currentsI 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 capacitive loadat phase A. The capacitive
load at phase A is disconnected at the timet = 0 ms.
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Figure 125: Transient voltagesU of the battery inverter which is connected with the asynchronous
generator supplying a 1 kW ohmic load at each phase and a 1 kVAr capacitive load at phase A. The
capacitive load at phase A is disconnected at the timet = 0 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 currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load.
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Figure 127: Transient voltagesU 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 connected at the timet = 0 ms to a
18 kW ohmic load.
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Figure 128: Transient currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load.
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Figure 129: Transient voltagesU 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 connected at the timet = 0 ms to a
18 kW ohmic load.

A.3.2 Droop ratio 2:1
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Figure 130: Transient currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load.
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Figure 131: Transient currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load. The figure shows the decline of the transient currents.
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Figure 132: Transient voltagesU 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 connected at the timet = 0 ms to a
18 kW ohmic load.
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Figure 133: Transient currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load.
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Figure 134: Transient currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load. The figure shows the increase of the transient currents.
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Figure 135: Transient voltagesU 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 connected at the timet = 0 ms to a
18 kW ohmic load.

A.3.3 Droop ratio 3:1
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Figure 136: Transient currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load.
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Figure 137: Transient currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load. The figure shows the decline of the transient currents.
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Figure 138: Transient voltagesU 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 connected at the timet = 0 ms to a
18 kW ohmic load.
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Figure 139: Transient currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load.
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Figure 140: Transient currentsI 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 connected at the timet = 0 ms to a
18 kW ohmic load. The figure shows the increase of the transient currents.
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Figure 141: Transient voltagesU 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 connected at the timet = 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 current signals of the case study
described in chapter 4. Some of the figures in chapter 4 are reproduced in the appendix.
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Figure 142: Transient currentsI of the battery inverter Sunny Island 1 (SI1). The connection of the
15 kW asynchronous machines is at the timet = 0 ms.
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Figure 143: Transient currentsI of the battery inverter Sunny Island 2 (SI2). The connection of the
15 kW asynchronous machines is at the timet = 0 ms.
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Figure 148: Transient voltagesU of the battery inverter Sunny Island 1 (SI1). The connection of the
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Figure 149: Transient voltagesU of the battery inverter Sunny Island 2 (SI2). The connection of the
15 kW asynchronous machines is at the timet = 0 ms.
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Figure 150: Transient voltagesU of the battery inverter Sunny Island 3 (SI3). The connection of the
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