£

TAMPEREEN TEKNILLINEN YLIOPISTO
TAMPERE UNIVERSITY OF TECHNOLOGY

HENRIK ALENIUS
Modeling and Electrical Emulation of Grid Impedance
for Stability Studies of Grid-Connected Converters

Master of Science Thesis

Examiners:

Assistant Prof. Tuomas Messo and
Academy Research Fellow Tomi
Roinila

Examiners and topic approved by the
Faculty Council of the Faculty of
Computing and Electrical-Engineering
on the 27th of October 2017



ABSTRACT
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The access to reliable and affordable energy is vital for a modern society. The cli-
mate change and increased consciousness of the environment has shifted the global
energy production towards new, renewable alternatives. The rapid growth of re-
newable energy production increases the amount of grid-connected converters in the
power system. However, the dynamics and grid requirements for converters are very

different than for conventional rotating generators.

The interface between the converter and grid is prone to stability issues. The sta-
bility can be assessed based on the ratio of the inverter output impedance and the
grid impedance. However, the grid impedance is often an unknown parameter and
modeled based on simplified assumptions. The most common model for the grid
impedance is a series connected inductor and resistor. Grid impedance measure-
ments have shown the grid impedance to have more complex, resonant and time-

variant characteristics, which are neglected in the conventional modeling approach.

This thesis presents grid impedance models, in which the complex nature of the grid
impedance is accurately considered. The enhanced models are based on aggregation
of grid elements into sub-models, where the resonant and time-variant behavior is
clearly shown. In addition, this work introduces a power hardware-in-the-loop setup
for testing a grid-connected inverter in various grid conditions. The derived grid
models are applied in a real-time grid simulator, which in turn provides references
for a linear amplifier operating as a grid emulator. Thus, a real inverter can be
connected to a simulated grid conditions. The versatility and desired behavior of

the setup are verified with grid impedance measurements from the grid emulator.
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Luotettava ja edullinen sahkoénsaanti on yksi nyky-yhteiskuntamme kulmakivia. Il-
mastonmuutos ja kasvanut tietoisuus ymparistostda ovat muokanneet sahkontuotan-
toa kohti uusiutuvia energialahteité, kuten tuuli- ja aurinkoenergiaa. Valtaosa uu-
siutuvasta sdhkontuotannosta kytkeytyy sahkoverkkoon vaihtosuuntaajilla, joiden

maara verkossa on kasvanut nopeasti tuuli- ja aurinkosdhkon yleistyessa.

Vaihtosuuntaajaan perustuvan verkkorajapinnan dynamiikka ja vaatimukseet sahko-
verkolle poikkeavat suuresti perinteisisté tahti- ja induktiogeneraattoreista. Verkko-
rajapinnassa esiintyvia stabiiliusongelmia voidaan tutkia vaihtosuuntaajan lahtéim-
pedanssin ja verkkoimpedanssin suhdeluvun avulla. Verkkoimpedanssi on kuitenkin
usein tuntematon muuttuja, jonka mallintaminen perustuu yksinkertaistettuihin ole-
tuksiin. Tavallisin verkkoimpedanssimalli koostuu sarjaankytketyisté induktanssista
ja resistanssista. Mittaukset todellisista sihkoverkoista ovat osoittaneet sahkdverkon

impedanssin olevan huomattavasti kdytetyimpia malleja monimutkaisempi.

Taméa diplomityo esittelee menetelmia monimutkaisen verkkoimpedanssin tarkem-
paan mallintamiseen. Kehitetyt mallit perustuvat sihkoverkkoelementtien koosta-

miseen alisysteemeiksi, joita hyodyntamalla voidaan mallintaa resonoivia ja aikavari-
antteja sahkoverkkoja. Liséksi diplomityossa esitelldan vaihtosuuntaajan stabiilius-
tarkasteluun testausjarjestelmé, jossa sidhkoverkkoemulaattorina toimiva lineaari-
vahvistin toistaa reaaliaikaisesti simuloituja verkkomalleja. Néin tarkasteltava vaih-
tosuuntaaja voidaan yhdistdd emuloituun sdhkoverkkoon, ja vaihtosuuntaaja-sahko-
verkko -rajapintaa voidaan tarkastella monipuolisissa olosuhteissa. Jarjestelmén

toiminta varmistettiin mittaamalla verkkoemulaattorin impedanssia.
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1. INTRODUCTION

A robust electric power system is one of the headstones of a modern society. How-
ever, the means of energy production have experienced a dramatic change during
the 21st century, as the climate change imposes new requirements for the energy
field. Thus, the role of sustainability and environmental issues has started to grow
at an increasing rate. New renewable energy sources provide a sustainable, clean,
and efficient solution to the increasing energy demand in the world. During the
past decades, renewables like solar and wind power have experienced exponential
growth and are slowly challenging the traditional way of producing energy in the

combustion power plants.

This trend in renewable energies will continue in the future, as most of the countries
are striving for increasing the share of clean energy production. For example, the
European Union aims to increase the share of renewable energy to 27 %, in addi-
tion to other environmental objectives, by 2030 [1]. Many countries have similar
goals for energy production. These efforts promote the increase of renewable energy

production capacity.

The majority of renewable energy sources connect to power grid through power
electronics, usually three-phase inverters. An inverter transforms the energy from
source to suitable form for injection to the power grid. This means modifying
the frequency of alternating current (AC) or transformation from direct current
(DC) to AC. In addition, power electronics are widely used in all electric systems,
including industry, transmission, and consumer electronics. Figure 1.1 illustrates
the interconnection of photovoltaic system and power grid. According to [2], in
USA roughly 70 % of electricity flows through power electronics, and this share is

predicted to eventually increase close to 100 %.

It is well known that grid connected power electronics contribute to adverse phe-
nomena in power grid, including harmonic resonance and possible instability. Many

of these adverse effects result from the interaction between the device and grid
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Figure 1.1 Grid connection of photovoltaic power plant.

impedance. Due to increasing penetration level of power electronics in the grid,
the stability and optimal operation of the devices is of great importance. Con-
sequently, the control and operation of grid-connected converters are well-studied
areas. Many different approaches are presented for mitigating the undesired phe-
nomena caused by grid-interaction [3-7]. However, unpredicted instabilities have

occurred in converter-dominant systems in large-scale wind and solar plants [8-10].

Adverse interaction with the grid is strongest when the grid conditions are weak,
that is, the grid impedance is high [11-15]. The resonance or instability may oc-
cur at any frequency, so the complete frequency spectrum should be taken into
account, in addition to the fundamental frequency. Therefore, grid impedance of
a wide frequency range is a very important design parameter. Information on the
frequency-dependent grid impedance is essential for accurate analysis of the grid
pollution and instability issues in converters. In this thesis, the grid impedance
refers to frequency-dependent grid impedance. Traditional short-circuit analysis
provides accurate information on the impedance of power grid only on the funda-
mental frequency, as the impedance values of transmission lines, transformers, and
other grid components are usually known. However, the loads and distributed gen-
eration (DG) of the power grid are more difficult to predict and model, and thus

the system complexity increases.

The impact of grid impedance to the operation of a grid-connected converter is con-
sidered in many publications [11,15-18]. The commonly used grid impedance models
are often very simple when analyzing the stability or control of grid-connected con-
verters. In many cases, the grid impedance of a weak grid is modeled as a constant
resistance and inductance, typically varying from 1 to 5 mH in low voltage (LV)

point of connection [3,12,16,19-22]. Occasionally, higher inductances up to 12.8



mH are used [23].

Although multiple methods for measuring grid impedance have been presented [24—
28], accessible measurements on the impedance of real power grids are rare. The
work in [29-32] have presented measurement data on the grid impedance from public
LV grids. In addition, in [33], grid impedance was measured at HV railroad converter
station. These measurements show that grid impedance at distribution grid bus bar
consists of impedances of feeding high voltage (HV) upstream grid, distribution grid,

and distributed generation.

The measurements on real power grids show different grid impedance patterns com-
pared to commonly used simple impedance models. A simplified RL-model suggests
almost linearly increasing impedance magnitude when frequency increases; however,
this was not the case in real measurements. Simple models ignore the resonances be-
tween the capacitive and inductive elements, which usually occur in frequencies from
250-10000 Hz. These resonances may have dramatic impact on the grid impedance,
and hence on the operation of grid-connected converters. In some cases, the reso-
nance may significantly affect the grid impedance phase and magnitude, and thus
provoke undesired and unpredicted phenomena. Another important observation
from the measured grid impedances is the time variance of the grid impedance. All
analyzed measurements observed a strong grid-impedance dependency on the time
of the day. Measurements carried out in [30] show that the nighttime resonance may
increase the impedance magnitude by 200 % at certain frequencies. On the other
hand, the phase can experience up to 50° shift based on time of the day. As a con-
clusion, it is clearly shown that the simplified grid impedance models neglect some
important characteristics of the real grid impedance. In addition, high-frequency
grid impedance cannot be derived from short-circuit calculations of grid impedance
at fundamental frequency. Thus, in most cases the basic RL-models or network

calculations do not describe grid impedance with sufficient accuracy.

Although grid-connected devices and measuring the grid impedance are studied
intensively, modeling of the grid impedance is often insufficient or arbitrary. Only
few real measurements are performed, and efficient models based on obtained data
are lacking. Consequently, accessible and justified grid impedance modeling methods
would benefit future research and testing of grid-connected devices. This would
ensure the relevance of research results, as the applied grid impedance models would

describe the real grid more accurately. Especially in weak grid, the grid impedance is



one of the leading design factors for inverters, and thus the choice of grid impedance

model is important.

The purpose of this thesis is to improve the methods for stability assessment of
grid-connected converters. The thesis presents a grid impedance modeling approach
based on the use of aggregated sub-models, which aims to replace the commonly
used arbitrary series inductance models. Three grid scenarios are constructed based
on the introduced modeling methods, from which the complex and resonant charac-
teristics of a real power grid are clearly shown. Secondly, thesis introduces a power
hardware-in-the-loop (PHIL) setup, where a physical inverter connected to a simu-
lated grid can be analyzed. A linear amplifier is used in the setup to emulate the
grid voltage references from a real-time simulator. The operation of the PHIL setup
is verified with impedance measurements from the emulation, which are compared

to analytical references.

The results show that the introduced methods for grid impedance modeling are ca-
pable of accurately describing the complex, resonant and time-variant nature of the
real grid. The series and parallel resonances are modeled at correct frequencies, and
the impact of time-variant load changes on the grid impedance are presented prop-
erly. The measurements from the PHIL emulation show very accurate replication
of the simulated grid impedance in the frequency range from 10 to 1000 Hz. The
PHIL setup combines the advantages of pure simulations and hardware tests, and
therefore is a powerful and cost-effective tool for converter testing. Thus, the en-
hanced models and PHIL emulation of grid impedances presented in this thesis can
improve the stability assessment of grid-connected converters, which in turn enables

the further progress in the share of renewable production.

This thesis consists of five chapters. Chapter 2 presents the fundamental mathemat-
ical tools for the rest of the thesis, and discusses the interface between the grid and
grid-connected converters. Chapter 3 conducts a literature survey on grid impedance
in context of power electronics and describes the main grid characteristics. In ad-
dition, the grid impedance modeling methods are presented and discussed. Next,
Chapter 4 introduces the experimental PHIL setup, which is then verified with sim-
ple tests. Three different grid scenarios are emulated based on the models shown
in previous chapter, and the emulated impedances are measured. Lastly, Chapter 5

concludes the main findings and experimental results of this thesis.



2. INTERFACE BETWEEN CONVERTER AND
GRID

This chapter introduces the theoretical background for analyzing the phenomena
in the converter-grid interface. First, mathematical tools for analysis of the opera-
tion and stability of the grid-connected inverters are presented, with focus on the
impedance-based interactions. Then, the methods for measuring the grid impedance
are shown, and the measurement of impedance in the direct-quadrature domain (dg-

domain) is discussed.

2.1 Frequency domain and reference frames

Almost all current large-scale power systems are three-phase AC systems. An AC
system consists of three sinusoidal phases in 120 degree phase-shift. However, com-
pared to simple DC systems, a three-phase system is more complex so accurate
analysis requires sophisticated calculation methods. Although time domain is in-
tuitive and sufficient in many applications, it lacks some features available only in

frequency domain.

2.1.1 DQ-domain

A time-domain analysis of sinusoidal, potentially distorted, quantities is possible
only for very basic circuits. However, the three phases can be represented as phasors,
in which the length corresponds to the amplitude and angle shows the phase-shift.
The phases are typically represented using Fortescue’s operator a, which equals to
120 degree phase-shift

a=¢e7% (2.1)

The phasors of the three phases can be transformed to one rotating space-vector in

af0-domain using Clarke’s transformation. This vector consists of two sinusoidal



signals o and 3, as the zero component is negligible in balanced systems, and thus
the amount of AC signals decreases from three to two. Transform shows quantities

in natural reference frame (NRF) and it is calculated from

Zo(t) 1 —% —% xq(t)
za(t)| =K |0 2 =8| |z,(t) (2.2)
zo(t) % % % z(t)

Tab

where T is Clarke’s matrix in which variable K is the scaling factor. For ampli-
tude invariant system K equals 2/3. However, the AC nature of the rotating vector
prevents the use of traditional proportional-integral-derivative controllers (PID con-

troller), which can control only DC error signals to zero.

In order to remove the AC nature of signals, the reference frame can be rotated along
the space-vector. This frame is called synchronous reference frame (SRF) in which
direct and quadrature components depict the constant space-vector now shown in
dg-domain. Multiplying NRF space-vector with a rotating unit vector transforms it
into SRF according to

xF = x4  Iost (2.3)

Thus, the quantities in abc-domain transform directly to dg-domain with Park’s

matrix
Tq cos ()  cos(f,— ) cos(fs—F) | [za
Tq| =3 |~ sin (0;) —sin (6, —3F) —sin (0, — )| |2 (2.4)
1 1 1
To 2 2 2 Te

T

where T% is Park’s matrix. Again, the zero component is not present in balanced
systems. This results in two DC signals, which define the original balanced three
phase signals. However, when the equations contain derivatives of quantities, dq-
transform introduces cross couplings into system. This happens because of the
nature of exponent function derivative

d(x% % elwst)  d(x%)

4 = eIt 4 G x  eIst (2.5)

t

contains term jw,x% x /' with imaginary unit coefficient, which effectively ro-

tates a space-vector by 90 degrees. In order to solve derivative term from equa-



tion, the cross-coupled term is moved to the other side of the equation and its sign
changes. The rotation of space-vector shifts direct quantity to quadrature quantity,

and quadrature quantity to negative direct quantity, according to

—ix [ij] = [_x;d] (2.6)

As a result, g-component occurs in equation for d-components and the other way
round, and therefore the direct and quadrature components become cross-coupled.
Cross-couplings prevent the decoupled analysis of components and hence the model
becomes more complex. However, in many cases the cross coupling values are very

small compared to d and g-components, and hence can be neglected. [34]

2.1.2 Fourier transform

Most of the analysis for three-phase systems bases on sinusoidal signals. However,
often signals are not sinusoidal, especially when analyzing transient or distorted
effects. According to Fourier theorem, a signal can be represented as the sum of sine

waves at different frequencies. The definition of Fourier transform is

F(w) = /_ O:O F(t)e 2Tt (2.7)

As a result, non-sinusoidal effects can be analyzed as sine waves after Fourier trans-
form. Figure 2.1 deconstructs a heavily distorted voltage signal into equivalent
frequency components. Harmonic voltages pollute the fundamental frequency volt-
age of 230 V. The distortion contains sinusoids at 150 Hz, 550 Hz and 1500 Hz with
amplitudes of 46 V, 11.5 V and 4.6 V, respectively. All the voltages are root-mean-
square (RMS) values.

A Fourier analysis of distorted voltage yields different frequency sinusoids in fre-
quency domain, as shown in Figure 2.2. The height of the bar represents RMS value

of voltage at a certain frequency.

2.1.3 Frequency-domain

The analysis of fundamental grid frequency is often enough for conventional power

grid inspection. However, a grid-connected converter operates at a wide frequency
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spectrum and thus simplified analysis with only fundamental frequency is not sat-
isfactory. Analysis of inverters usually takes places in the frequency domain. In
frequency domain, the main variable is Laplace variable s, which depicts a complex

frequency, instead of time t.

Transformation from time to Laplace domain bases on integral of function times

exponential function. This Laplace transform is defined according to equation 2.8

F(s) = /0 T Ftetae (2.8)



where f(t) is the original time-domain function and s is Laplace variable, s = o+ jw.
Frequency domain simplifies some parts of the analysis greatly. For example, time-
domain differential equations transform to algebraic equations in frequency domain,

which allows significantly easier calculations.

2.2 Grid-connected converters

The amount of distributed generation has soared during the past decade, driven
especially by the rapid increase of renewable energy sources. Typically, distributed
generation connects to power grid through a power electronics device. Traditional
large rotating generators used in MW-scale power production connect directly via
magnetic coupling, and thus the increasing use of power electronics reshapes the
energy system. The renewable distributed generation consists of mostly wind and
solar power. Although wind generators (WG) have a rotating turbine enabling the
direct power feed to grid via magnetic coupling, a power-electronic link is often
used in between the generated power and the grid feed-in. This enables decou-
pling of rotational speed of the turbine and grid frequency. In addition, the use
of power electronics can remove the need for mechanical transmission, which is a
heavy component and prone to failures [35]. On the other hand, photovoltaic (PV)
applications convert the energy from solar radiation to DC. In order to feed the DC
into the power grid, an inverter is required. As a conclusion, DG generally contains
an inverter connected to the grid. Thus, the stability assessment of inverters is vi-
tal part of design process of renewable generation systems. The impedance-based
interactions between grid and inverter have proven to be an important factor in the
harmonics generated by inverters. Realistic grid impedance values are important for

increasing the accuracy of impedance-based stability analysis of inverters.

2.2.1 Three-phase inverter dynamics

As the number of inverters connected to grid increases, the design of devices becomes
increasingly important for the reliable operation of the power system. A converter
design sufficient for ideal grid conditions may turn out to be unsuitable for a real
grid, which contains harmonic currents and voltages, transients, and non-zero grid
impedance. The dynamic behavior of the inverter must be known for stable opera-

tion with good power quality. Therefore, an advanced model of inverter is required
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Figure 2.3 Voltage-sourced inverter connected to grid through an LCL filter.

for precise control of power factor, power quality, and robust stability. Figure 2.3
shows the grid connection of a current fed voltage-sourced inverter with an LCL
output filter.

The dynamics can be divided into large-signal and small-signal behavior. Small-
signal behavior describes the operation of inverter around steady-state operating
point at which the model is linearized. Linearized state-space allows more simple
equations. Appendix A shows the small-signal derivation of the transfer functions for
a three-phase voltage-sourced inverter without controllers. The closed-loop modeling
is not in the scope of this thesis. In the context of impedance-based interactions,
Y44 and Y, are the most interesting transfer functions, which describe the output
admittance d and g-components. The cross-coupled admittances Yy, and Y, are
highly attenuated and thus can be neglected from stability analysis in most cases
[36]. Consequently, the output impedance of a three-phase inverter can be solved

analytically.

2.2.2 Impedance-based stability criterion

Impedance-based interaction between an inverter and the grid may cause harmonic
resonance in grid currents. Harmonic resonance is a widely recognized power quality
issue present in most power systems, which results in energy losses, malfunctions in
devices, and even system instability. Harmonic current carries no actual power yet
it contributes to Joule heating in transmission lines causing additional power losses.
On the other hand, the maximum actual power of transmission line decreases as

part of the capacity is consumed by oscillating reactive power. In addition, if the
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Figure 2.4 Equivalent source-load system for grid-connected inverter.

system magnifies this resonating frequency, current increases in every cycle. This
eventually leads to instability if the system design or loads do not attenuate the
effect.

A grid-connected inverter can be modeled as a Norton equivalent of an inverter
connected to a Thevenin equivalent of grid, as shown in Figure 2.4. Inverter acts as
a source feeding current to grid, which is represented as a load. Impedance-based
stability analysis is carried out by examining the source impedance Z, and load

impedance Z;.

The current I, flowing from source to load determines the stability of system. Kir-

choff voltage and current laws determine the equation for load current

%3 1
IL:IS_IZS:(I _)*(14_?;

7 ) (2.9)

The stability analysis of impedance interactions bases on following assumptions

1. inverter is stable when it is not connected to grid
2. grid is stable before connection of inverter

3. impedance models represent real systems and are accurate.

These assumptions make the first term (/g — %) in ( 2.9) stable in all cases. Thus,
the system stability depends on characteristic polynomial (1 + Z;/Zs)~!. This
polynomial resembles a negative feedback closed-loop transfer function with unity
forward gain and Z;/Zg feedback gain. Thus, according to linear control theory,

the impedance ratio must satisfy Nyquist stability criterion for stable operation [37].
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Figure 2.5 Nyquist curves for unstable (blue), marginally stable (green), and stable (red)
systems.

Nyquist stability criterion states that the stability of the system depends on the
location critical point (—1,0) compared to the locus of polynomial in complex plane.
If the locus encircles the critical point in clockwise direction, the system is unstable.
On the other hand, a locus passing through the critical point indicates marginal
stability, where the system remains in oscillatory state. Figure 2.5 shows Nyquist

curves for stable (red), marginally stable (green) and unstable scenarios (blue).

Another approach to stability analysis is examining the gain and the phase of a
system in frequency-domain. Bode plots illustrate these characteristics well, and
consequently, are widely used for stability examination. According to control the-
ory, the system becomes unstable when the phase is below -180° at the crossover
frequency. Applying this to the inverter output impedance and grid impedance
yields impedance-based stability criterion. The crossover frequency corresponds to
frequency where the impedance magnitudes are equal. Thus, the phase difference
has to be less than 180° degrees for system stability. Figure 2.6 presents Bode
plots of impedance interaction, based on phase difference at the crossover frequency.
Crossover frequency is marked with a black arrow and the corresponding phase dif-
ference with a double-headed arrow. Phase difference is approximately 150° and

thus the system is stable.
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Figure 2.6 Bode plots of two systems for stability analysis.

The stability analysis based on the impedance interactions requires information on
both output impedance of the inverter and the grid impedance. As briefly shown
in Section 3.2.3, the inverter side impedance can be derived with analytic methods.
However, the grid impedance is often unknown and currently no unified baselines for
modeling a complex grid exist. Thus, deriving methods for modeling and measuring

grid impedance are of great importance.

2.2.3 Impact of LCL filter

Most power electronic devices produce high-frequency noise and distortion result-
ing from the switching effects. Thus, high-frequency filtering is usually required, in
order to reach acceptable output waveform. A straight-forward approach to filter
current harmonics is to add a series inductor to inverter output. The impedance
of an inductor increases linearly with the frequency, which means that higher fre-
quency components encounter larger impedance and are attenuated. However, in
high-power applications the required inductance would be high making the solu-
tion unnecessarily expensive. In addition, a very large inductance may deteriorate
dynamic response of the system. Increasing the order of the filter decreases the

required component values. A most common low-pass filter for inverters is a simple
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Figure 2.7 Three-phase LCL-filter for filtering converter output current.

LCL filter, which consists of two inductors and a parallel capacitor. [38] Figure 2.7

shows a three-phase LCL filter connected between grid and converter.

LCL filter is a third-order filter and due to capacitive and inductive components, it

has a resonant frequency w.s given by equation ( 2.10).

Lfc -+ Lfg
Wres = 1| 2L —10 (2.10)
LycLioCy

where Ly, is converter-side inductance, L, grid-side inductance and Cy filter ca-
pacitance. The transfer function peaks at resonant frequency. The resistances in
filter determine the magnitude of the peak. After resonant frequency the gain falls

-60 dB/decade providing good attenuation on higher frequencies.

However, an unsuitable LCL filter can have too low attenuation or may even cause
additional distortion originating from the resonant behavior. Therefore the filter
should be appropriately designed and damped. The grid-connected device may
detect the output filter as a part of the grid impedance and it can be considered as
source-load system. On the other hand, the grid impedance affects the operation
of the filter, as the line inductance is series connected to L;,. Consequently, the
resonant frequency of the filter changes. This frequency shift may undermine the
designed damping of the filter. The grid inductance may have very different values
in different connection locations, which should be taken into account in filter design.
According to [20] the resonant frequency of LCL-filter may decrease up to -40% when

the grid inductance is increased to 0.1 per-unit (p.u.).
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The location of the relay for disconnecting the inverter from grid is usually right
after the inverter, before any filters. So, disconnecting an inverter from the grid
usually leaves the filter connected to the grid. Therefore, the series-connected LC-
branch remains connected to the grid affecting the grid impedance. The LC-part of

the filter may introduce additional resonances to the grid impedance.

2.3 Measuring grid impedance

It is imperative to know the frequency-dependent grid impedance for ensuring stabil-
ity and proper operation of grid-connected converters. The recent dramatic increase
in DG induces even larger variance in grid impedance and therefore conventional esti-
mations of grid impedance are not sufficient. Instead, accurate and fast impedance
measurements should be achievable for enhanced operation of converters. Online
grid impedance measurements can be used for example for fast disconnection of PV
inverters from the grid in the case of grid fault [39] or for adaptive control of invert-
ers [5]. This section presents methods for grid impedance measurements suitable for

online applications. These can be categorized to passive and active methods.

2.3.1 Passive methods

Passive grid measurement methods utilize only the waveforms already visible in
circuit [24], such as harmonic distortions or switching transients. These signals
provide the perturbations in current and voltage from which the grid impedance is
derived. However, the passive phenomena are often too weak, and the signal-to-
noise ratio (SNR) turns out to be too low. In addition, the power spectrum of the
distortions in grid may be uneven or unknown. As a result, passive methods are
often ineffective when disturbances are weak [40]. Low SNR reduces the accuracy

of the measurements and consequently the active methods are widely adopted.

2.3.2 Active methods

In active measurement methods, an excitation signal is injected to grid under mea-
surement. This injection causes perturbation in grid voltage from which the grid

impedance is calculated according to Ohm’s law in ( 2.11). If the voltage already
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contains harmonics, at least two measurements are required, so that the common-

mode harmonic voltage can be removed

UL(f) ~ Ua(f) _ AU()
L)~ L) ~ ML)

However, the time in between the measurements should be short enough so that state

Z(f) =

(2.11)

of grid voltages do not significantly change. The accuracy of the measurements can
be increased with the expense of total measurement duration with averaging the
results. Repeating measurements multiple times and averaging the results mitigates
the measurement noise and errors from fluctuating harmonic content. Performing
impedance measurement on multiple frequencies results in grid impedance over wide
frequency spectrum. Many different approaches exist for injecting the perturbation
current. Most common methods are sine sweep, impulse injection, and use of binary-

sequemnces.

Sine-sweep method perturbs the grid with a sinusoidal single-frequency signal sepa-
rately for each measured frequency. A sweep over whole spectrum provides the most
accurate results with highest achievable SNR. However, as the spectrum is measured
one frequency at a time, the duration of the sweep becomes long and therefore sine
sweep is unsuitable for fast online estimation. [24] In the experimental section of
this thesis, a sine sweep will be used to measure the emulated grid impedance for
the best accuracy, as there are no duration requirements for the measurements. An
opposite method for long sine-sweep is an impulse injection, where the complete
spectrum is measured via a singular impulse. Ideally, an impulse contains very wide
range of frequencies and thus Fourier analysis can extract the frequency response
on wide spectrum from injected current and voltage responses. The method is very
fast, but the energy spectrum of an impulse is unpredictable. In addition, a large
impulse may be required especially for strong grids, which may interfere with normal

operation of the converters or protection devices.

Applying broadband binary-sequence perturbation provides a good compromise
between fast measurement time and good SNR. A commonly used sequence is
maximum-length binary sequence (MLBS), which is a periodic and deterministic
binary sequence with lowest possible peak factor of energy spectrum. Due to these
features, injection can be repeated multiple times for spectral averaging and thus
the SNR improves. Consequently, the injection amplitude can be very small com-

pared to other injection types. This minimizes the effect of nonlinear distortions
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Figure 2.8 4-bit shift register for MLBS generation.

and guarantees the normal system operation during the measurement. [24]

In the method using the MLBS, the signal switches between two levels, and the state
of the signal can change only at predetermined time steps denoted with At. The
length of sequence is N = 2"~!, where integer n is the number of bits in a sequence.
Thus, the duration of one complete periodic sequence is T" = NAt. In addition,
both states occur almost as many times and therefore when levels are mapped to
+1 the average is very close to zero. Another favorable characteristic is the ease of
generation; a simple shift register with XOR feedback generates the signal. Figure
2.8 shows shift register for 4-bit MLBS.

The shift register has a starting value, which can be anything except 0,0,0,0. On
every time step At, the register values move one step to the right and a new value
is created for the first stage. In 4-bit shift register shown above, the new value
comes from the XOR function of values at stages 3 and 4. As a result, the complete
sequence depends only on the starting values in stages, making the sequence repeat
after N time steps. Consequently, the sequence is deterministic and repeatable.
Table 2.1 shows the 4-bit MLBS generation starting from preset 1,1,1,1. The period
completes after 15 shifts, and shift 16 equals to starting values, thus the sequence

starts to repeat.

The periodic and deterministic nature permit the use of averaging techniques for
increased SNR. Noise is present in all real-life measurements, and it can cloud the
desired results. Repeating measurement multiple times with same pseudo-random
sequence yields the same results if the effect of noise is ignored. Therefore averag-
ing over these periods does not affect on measurement result itself, but effectively
mitigates noise. The SNR increases by /@ for @) periods of MLBS.

The MLBS generation frequency fg., determines the measurement time and fre-
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Table 2.1 Shift register stages for 4-bit MLBS.

Stage  Stage  Stage  Stage

Shift # 1 5 5 4
1 1 1 1 1
2 0 1 1 1
3 0 0 1 1
4 0 0 0 1
5) 1 0 0 0
6 0 1 0 0
7 0 0 1 0
8 1 0 0 1
9 1 1 0 0
10 0 1 1 0
11 1 0 1 1
12 0 1 0 1
13 1 0 1 0
14 1 1 0 1
15 1 1 1 0
16 1 1 1 1

quency resolution % As the energy of injection falls, the accuracy of measurement

decreases. At 0.45* fye, the energy of the signal has decreased by 3dB, which is often
considered as a limit for accuracy. Thus, fge, should be the desired measurement
bandwidth divided by 0.45.

2.4 Impedance measurement in dqg-domain

The impedance is measured from the voltage response of a known current injection.
A typical device for the measurement current injection is a grid-connected inverter,
which is typically controlled in synchronous reference frame (SRF'). Thus, the desired
measurement current is added into inverter output current reference, either in d- or
g-component. However, as dg-domain currents and voltages are constants by nature,
a sinusoidal component in SRF translates to a complex signal in phase domain. A

dg-domain signal equivalent in a3-domain is

Xop = Xaq * € = (2q + jx,)[cos(wst) — 7 sin(wgt)] (2.12a)
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Ty = Tqcos(wst) + T, sin(w,t
acos{ut)  oqsin(uwit) (2.12)
xp = x4 cos(wst) — xqsin(wst)

where w is the synchronous frequency of the SRF, which is 50/60 Hz in normal three-
phase system. For passive circuits, the d- and g-channel impedances are equal to each
other, so measurement on d-channel is sufficient for grid impedance identification.
An injection to d-channel with z, = 0 and x; = Asin(w;t), where A is the injection

amplitude and w; frequency, translates to a3-domain as shown in equation ( 2.13a).

4 ;U oS ('L'St . I a

= [Sm(wzt) cos(wst) — j sin(w;t) cos(ws )}

1
A{(sm wit + wst) + sin(w;t

—j ( cos(w — cos(w;t + ws )) } (2.13b)
1
—2A<s1n wit 4+ wst) + j cos(w;t + wt )
1
—|—2A(sm wit — wst) — j cos(wit — wst )

1
= 2A( — cos(wit — wst + g) — gsin(w;t — wst + 72T)>
(2.13¢)
1 ™ . il
+2A< — cos(w;it + wyt + 5) + 7 sin(wit + wst + 2))

Equation ( 2.13¢) can be further transformed to exponential form based on Euler’s

formula

A A

Xaﬁ _ _§€j(wit7wst+g) +§€7j(wit+wst+%))' (214)

positive sequence negative sequence

As seen from the equation ( 2.14), the sinusoidal current injection in d-channel
transforms into two different current components in af-domain. The components

have the same amplitude but they rotate in different direction. In addition, the
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Figure 2.9 Positive and negative sequences in complex unity circle.

injection frequency is altered by the synchronous frequency wgt in the transformation

from rotating reference frame to stationary reference frame.

In conventional three-phase system analysis, the phasors rotate counterclockwise,
which corresponds to e/*. However, af-domain current injection has a current
component with form of e/ rotating clockwise. Thus, basic analysis tools are
not sufficient. The symmetrical component analysis is usually used for unbalanced
systems and it bases on linear combination of three different phasor domains; pos-
itive, negative, and zero sequences. The positive sequence corresponds to normal
counterclockwise rotating system of phasors. On the other hand, negative sequence
is similar but rotating in opposite direction [41]. Figure 2.9 illustrates the complex
phasors in unity circle and rotation of positive and negative sequences. The cur-
rent injection appears in both positive sequence and negative sequence, as shown in
equation 2.15.

B _ A j(wit—wst+Z
x4 = —Agilt-wntts) 015
X8 — A —j(wittwst+3) '

- 2

Consequently, a current injection (measurement) in d-channel at frequency w; ap-
pears in positive sequency current at w; — ws and in negative sequency current at
w; + ws. The positive and negative sequence impedances are equal for a passive
system [41]. Both of these currents induce a voltage in the corresponding sequence

voltage. The dg-transformation of the induced voltages incorporates both voltages in
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the resulting voltage d-channel. The measured impedance is given from Z; = U,/1,
for each frequency component. However, as presented in equations above, each fre-
quency corresponds to two components in af-domain, which are separated by 2*ws.
In conclusion, dg-domain measurement of impedance at frequency w actually shows
the af-domain impedances at frequencies w + wg, as shown in equations ( 2.12a-
2.15). This explains the phenomenon where a singular resonant peak appears as
two different peaks in dg-domain measurements. Finally, the dg-impedance can be
approximated from the phase domain impedances based on conclusions presented
in this section. As the d-channel injection appears at phase domain frequencies
w; + ws, the actually measured impedance corresponds to impedance at these fre-
quencies. Thus, an approximated equation for d-channel impedance from phase

impedance is given by

Zac - Ws Zac s
Zy(w) ~ Lol ““g velw + W5) (2.16)
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3. MODELING GRID IMPEDANCE

In this chapter, the characteristics of power grid and grid impedance models are dis-
cussed. The methods for grid impedance modeling are derived based on aggregating
parts of the system into sub-models. In addition, the time variance and its impact
in resonant grids are examined. Lastly, a method for expressing grid impedance

analytically from the state-space representation is shown.

3.1 Power grid characteristics

The characteristics of a power grid often define the performance of many grid-
connected devices. Especially the performance depends on the sensitivity of the
grid parameters to disturbances in grid operation state. This sensitivity defines the
strength of the grid. In a strong grid, disturbances resulting from load changes or
harmonic currents have only a minor effect on grid. On the other hand, a weak grid
suffers from voltage changes during power consumption transients - for example,
the inrush current of an induction machine may cause severe fall in voltage and
consequently flicker issues. In addition, harmonic currents distort the voltage more

in weaker grids.

3.1.1 Grid topology

The main factors defining the strength of the grid are location, topology, consump-
tion type, and type of grid elements. Topology of a power grid describes the shape
and complexity of the grid. Typically, the grid can be classified to one of the fol-
lowing categories: radial, looped, or mesh, based on increasing complexity. A radial
grid is the simplest configuration, which consists of radial lines diverging from power
supply to consumption. Radial topology is common in rural regions with low power
levels, long transmission lines, and few consumers. A looped topology is similar to

radial grid, but in addition has parallel lines connecting multiple radial lines into
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a larger system. Thus, different parts of the system networks can balance each
other and disconnection of a singular line does not necessarily result in blackout
of a consumer group as the parallel lines can supply the power. Lastly, the most
complex grid topology, mesh, is mainly found in cities and other high power demand
areas with dense consumer base. A meshed grid comprises of several interconnected
power lines, possibly with no easily identified main power lines. Hence, the power
flow analysis in a mesh grid is very complicated and often impossible. Due to high
amount of parallel lines and alternative paths for power flow, the mesh is typically
a strong grid topology in which voltage level is stiff. In addition, a fault in singular

line usually affects only a small area as multiple other paths for power are available.

3.1.2 Power quality standards

The modern society relies on access to reliable electric power. Thus, adequate power
quality of this electricity supply is essential. Insufficient power quality may cause
issues of wide scale, ranging from a minor inconvenience up to a fire hazard or ex-
pensive device breakdown. Typical significant issues include for example equipment
damage, supply interruptions, excess flickering, malfunctioning of devices, and de-
creased efficiency. The regulations and standards aim to mitigate these issues and

ensure well-functioning power system.

The quality of power is a product of multiple parameters, most of which are applied
to voltages in the three-phase AC system. A phase voltage should have certain
amplitude and frequency, and sinusoidal form. In addition, all three phases should
have balanced voltages. One of the most visible issue to consumers are interruptions

of power supply, which may escalate to a major blackout in extreme cases.

European Standard EN-50160 sets limitations for several voltage characteristics,
and provides the base for Finnish power standard SFS-EN 50160. According to
EN-50160, voltage frequency should remain 99.5 % of time in 50 Hz+1% and all
the time between 47 and 52 Hz. The amplitude of voltage is limited to U, £10% for
95% of the time, although in SFS-EN 50160 the lower limit is set to -15 %. [42]

One of the most important regulation concerning grid-connected inverters is the
limit on harmonic voltages. Non-linear components of power grid may draw or inject
current, which is not necessarily sinusoidal, but instead distorted. The impedances

in system transfer these distorted currents into distorted voltages. When sinusoidal
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Table 3.1 Harmonic voltage limitations according to EN-50160 -standard. [42]

Order of harmonic Relative voltage (%)
3 5.0
5) 6.0
7 5.0
9 1.5
11 3.5
13 3.0
15 0.5
17 2.0
19 1.5
21 0.5
23 1.5
25 1.5

signal distorts, Fourier analysis can deconstruct the non-sinusoidal signal to multiple
sinusoids. Harmonic signals are sinusoids at fundamental frequency multiplied with
an integer. For example, third order harmonic voltage has frequency of 150 Hz in
50 Hz grid. EN 50160 sets regulations to maximum harmonic voltage levels, which

are compared to level of fundamental frequency voltage, as shown in table 3.1.

In addition, an important criterion is total harmonic distortion (THD) which ac-
counts for all harmonic frequencies. THD is the ratio of sum of all harmonic powers

to the power of fundamental frequency, given from

Yot Vi
THD = Y———— 3.1
v (3.1)
where V,,, is the n order harmonic voltage and V is the fundamental frequency
voltage. THD is often used as an indicator of power quality of load or supply. The
highly distorted voltage in Figure 2.1 in Section 2.1.2 has THD value of 20.7 %
based on equation ( 3.1).
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3.1.3 Transformer impedance

A transformer consists of two inductor coils coupled with a common magnetic core.
Current in the primary side winding generates a changing magnetic field, which
in turn induces a voltage in the secondary winding. The voltage ratio over the
transformer is proportional to ratio of turns in the windings. Thus, transformers
are used to modify the voltage levels in different parts of the grid. Voltage levels in
transmission are typically high, up to 400 kV of main transmission grids, in order
to mitigate ohmic losses of conductors. On the other hand, distribution voltage is
usually only 400 V or 207 V. Hence, transformers are very common elements in all

AC power systems. [43]

Transformer affects the grid impedance through two mechanisms: it changes the
impedance seen through the transformer and adds an additional series impedance.
In order to consider different voltage levels, the impedance must change accordingly.
Base values are a commonly used tool for different voltage levels, for which the base
voltage and base power are defined. These define the base value for impedance
Zp = U%/Sp. For a transformer, the power is equal on both sides and thus Zp
changes proportional to ratio of squared voltages when moving through transformer.
Consequently, analysis can neglect the change in voltage level if the impedances at
the other side of transformer are reduced corresponding to base values. [44] Hence,

reflecting the grid impedance from primary to secondary side is given by

Z, = (U1>2 A (3.2)

Figure 3.1 shows equivalent circuit for a transformer, where subscript P denotes
primary side and S secondary side. X, is the magnetizing reactance and R¢o the
iron losses in the transformer core. The current through parallel branch is small,
and thus the impedance model is sufficiently accurate when neglecting the paral-
lel branch. After this assumption, primary and secondary sides can be combined
and the impedance model of the transformer is reduced to series inductance and

resistance. [44]

Usually transformer’s plate values include relative inductance x; and relative resis-
tance 1y, which are usually 6...15 % and 1...2 %, respectively [44]. The values

are percentages of base impedance on the chosen side of transformer, so the actual
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Figure 3.1 Equivalent circuit for transformer.

values are given by Ry = ri * Zg and X = xp * Zp.

3.1.4 Resonant circuits

Inductances and capacitances of power grid cause the imaginary part of impedance,
reactance. Pure inductance has impedance of Z/90° and capacitance Z/ — 90°,
resulting in a phase shift of 180°. Thus, with equal magnitudes the series connected
impedances counteract each other. The impedances of capacitor and inductor are
given by Z¢c = (jwC)™! and Z; = jwL, where w is the angular frequency, C the ca-
pacitance, and L the inductance. The capacitive impedance is inversely proportional
to frequency and the inductive impedance is linearly dependent on the frequency.
Thus, at a certain frequency, capacitive and inductive reactances will have equal
magnitudes. This frequency is the resonant frequency, at which the series or paral-

lel resonance occurs. Equation 3.3 determines the resonant frequency

poo 1
" oarVLO"

In series resonance, the impedance of ideal LC-circuit approaches zero at the reso-

(3.3)

nance frequency. On the other hand, ideal parallel-resonant circuit has impedance
approaching infinity near resonance frequency. Figure 3.2 presents the parallel and

series resonant RLC-circuits.

The resistance R damps the resonance phenomenon, and thus attenuates the peak-
ing of the impedance. Figure 3.3 shows the frequency dependent impedance for
resonance circuits shown in Figure 3.2, when C' = 107 F and L = 1072 H, so the

resonance frequency is f,..s = 503 Hz. In addition, a damping resistor has been added
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Figure 3.3 Impedance of parallel (blue) and series (red) resonant circuits shown in figure
3.2.

for better readability, 10 2 and 0.2 2 for parallel and series circuits, respectively.

As most power systems contain both inductances and capacitances, both series and
parallel resonances occur frequently. Especially parallel resonances may have drastic
impact on grid impedance in the form of peaking of grid impedance, as shown in Fig-
ure 3.3. Transmission lines and transformers are typically inductive, and household
loads contain multiple sources of capacitance, which together may form parallel res-
onant circuit. The power system typically involves large amount of resistive loads,
which mitigate the impact of the resonance. However, significant share of resis-
tive consumer loads may disconnect during nighttime, thus decreasing resonance

mitigation.
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3.1.5 Short-circuit ratio

An important characteristic for a power grid is the short-circuit power level which
depicts the power in certain point of grid at a three-phase fault. Comparison of this
short-circuit power to the nominal power of the system is defined as the short-circuit

ratio (SCR), which is given by
SSC

S

where Sy, is the short circuit power and S, is the nominal power [17]. The short

SCR = (3.4)

circuit power can be further calculated from

_ U
Z

g

Sse (3.5)
where U, is grid voltage and Z, grid impedance. Therefore, SCR value is inversely
proportional to grid impedance. The value of SCR defines the grid strength; larger

ratios indicate stronger grid.

Often the stiffness of a grid is defined using SCR ratio. Unambiguous reference
values are not present in literature, but often a power grid with SCR above 20-25 is
considered strong and SCR below 2.5 to 10 a weak grid [17,45-47]. DG connected
to remote rural locations may encounter extremely low SCR values, especially when
the production capacity is high. Some publications have considered as low as 1.2
SCR values for grid-connected devices [45,48]. However, SCR value of 10 is often
used as a design parameter for grid-connected inverters [13,20,49]. The SCR value

of 10 corresponds to 10% per-unit grid impedance.

3.1.6 X/R ratio

The ratio of grid reactance X to grid resistance R is a commonly used indicator
for characterizing a transmission line. This ratio does not define the strength of
the grid as it examines only a ratio instead of absolute values, but regardless it
provides valuable information of the grid impedance. The grid impedance is analyzed
in complex plane with the reactive component as imaginary value and it can be
evaluated from

Zg=R+jX. (3.6)
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Equation ( 3.7) defines the angle of the impedance

X
Z, = tan(ﬁ). (3.7)
Based on these equations, grid impedance magnitude and phase define the passive

grid reactance and resistance.

Typically, HV transmission lines designed for high power levels have very high X/R
values, as use of large diameter conductors minimize the resistance of line. There-
fore, neglecting the resistive part of impedance may not lead to significant error, so
this assumption can be made for very high X/R lines. On the other hand, DG is
often connected to a remote location grid connection and the transmission line is
long. Thus, weak interconnection with rest of the power grid typically means higher
resistance of transmission line, which means lower X/R-ratio. Based on these char-

acteristics, X/R ratio is occasionally used for recognizing a weak grid [50].

3.1.7 Definition of weak grid

The definition of weak grid varies in literature, but in most cases weak grid refers
to low SCR value. However, determining SCR values for weak grid are incoherent
ranging from 2.5 to 10, because different applications and scenarios consider grid
strength differently. Also low X/R-ratio (for example below 0.5) is sometimes used
as an indicator for weak grid [50]. Low X/R-ratio translates to relatively high
resistance of grid, which is typical for LV lines with small conductor diameter. In
context of grid-connected power electronics, a weak grid is often described simply
with a large grid inductance value [3,12,16,19,23]. These approaches are partially in
conflict with each other, and thus uniform definition cannot be derived. Connection
of power electronics to weak grid is of special interest, as the grid weakness imposes

new challenges for stable operation.

In large DG systems or high-voltage DC (HVDC) links the nominal powers may
have very large values in comparison with short-circuit power. Thus, the SCR
values for such systems are decreased even further. These conditions are commonly
recognized as ultra weak grids, where the SCR values range from 1 to 2.5 [14,51,52].
Consequently, new limitations are set to system, e.g. maximum power output of
multiple parallel-connected inverters might face limitations. Ultra weak grids impose

very challenging operation conditions for voltage-sourced converters (VSC).
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Figure 3.4 Grid impedance analysis based on submodels.

3.2 Composition of grid impedance

The power system consists of large number of transmission lines, other grid elements,
generation, and loads. In context of grid impedance, these elements appear as
series- and parallel-connected impedances. The impedance topology depends on
the location of point of connection (PoC), and thus the PoC sets the inspection
frame for grid impedance. The system can be effectively separated to subsystems
based on type and location of impedances, compared to the PoC. This sub-modeling
simplifies the analysis as some of the impedances are grouped together. Subsystems
used in this thesis are upstream grid, local distribution grid, and DG, all of which
can be modeled as entities relatively easy. Figure 3.4 presents the approach based

on sub-models and aggregation of impedance elements of similar type and location.

3.2.1 Upstream grid

The foundation of a power system is the HV power grid, which usually is nationwide.
Virtually all local systems are connected to this HV main grid, and thus the entire
power grid is interconnected. The power grid can be categorized into layers based
on voltage and power levels, so that the highest layer is the main grid, which has
the voltage of 110 or 400 kV in Finland. On the other hand, a normal household
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customer locates to the lowest layer at LV distribution grid. Traditionally, the power
flow direction has been from higher to lower level, but the increasing amount of DG
may in some cases feed the power to higher voltage levels. The connection towards

the main grid is defined as the upstream grid.

In this thesis, upstream grid refers to sub-grid consisting of transmission from PoC
to the HV main grid. The HV grid is approximated to be very strong (SCR of
200) and thus have negligible impedance compared to rest of the upstream grid [50].
Transmission elements of upstream grid are modeled in the guidelines of traditional
power system analysis [44]. The medium-voltage (MV) overhead transmission lines
are depicted as series inductance and reactance, as the capacitance becomes signifi-
cant only in HV lines or underground cables. The cables have significant capacitance
and neglecting resulting resonances would lead to inaccurate result. Therefore, -
model is used for modeling transmission cables. Transformers are modeled as series
inductance and resistance, based on typical per-unit values, as explained in Section
3.1.3. Upstream grid is usually essentially inductive with varying amount of series

resistance.

3.2.2 Local distribution system

A local distribution grid consists mainly of regular households, which contain very
large number of small-scale loads. The exact modeling of all the singular loads is
time-consuming and complex. In addition, precise load characterization for house-
holds is difficult, due to very large variance of load types. However, cluster of
households can be approximated with a simplified model with only a few equivalent

impedances. The general assumptions for creating a clustered sub-model are

e households locate relatively close to each other, i.e. transmission distances are

negligible
e all households within cluster are relatively similar
e resistive loads consume the bulk of the household power consumption

e inductive and capacitive loads are significantly smaller than resistive loads.

From the impedance point of view, all the household loads are connected in parallel.

Therefore, combining loads of similar type becomes trivial. All the resistive loads
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can be substituted by an equivalent resistor, size of which can be approximated
with R = V2/P, where V is the line-to-line voltage and P the power consumption
of the household cluster. The same procedure applies to loads which are assumed
to be purely either inductive or capacitive. A significant difference origins from the
different parallel behavior of capacitors and inductors. Parallel connecting resistors
or inductors effectively decreases the equivalent impedance. However, equivalent
capacitor for multiple parallel-connected is the sum of the capacitances C.q = >~ C.
Thus, the household cluster capacitance increases to a significant value, due to sheer
amount of parallel-connected small capacitances. According to [53], the equivalent

capacitance for a typical household varies in the range of 0.5...6 uF.

With many households close to each other, the equivalent capacitance may rise to
hundreds of pF. As stated in Section 3.2.1, the upstream grid is usually mainly in-
ductive. Consequently, capacitive distribution grid may form a resonant circuit with
mainly inductive upstream grid, which can have dramatic effect on grid impedance
at certain frequencies. Another distinctive phenomenon in distribution systems is
a strong time variance, which may significantly affect the grid impedance. This is

discussed further in Section 3.3.

3.2.3 DG system and parallel inverters

When the volume of distributed generation (DG) increases, the impact on power
system becomes more apparent. DG can locate within distribution network as small-
scale units, as independent large-scale farms, or anything from between of these
options. Hence, type of DG subsystem relies on configuration of DG itself. As
stated previously, virtually all DG is connected to power grid via a converter, and
thus the converters and filters form the grid impedance. Section 2.2.3 described the
impact of LCL filter, and this section discusses the converter impedance as seen

from the grid.

A grid-connected converter interacts with the grid through its output impedance,
and thus the grid impedance is affected by the output impedance of the converter.
However, a grid-connected converter is an active element, unlike passive elements of
transmission system or loads. This means that the control of the converter affects
the output impedance making the output impedance very complex to model. When
the behavior of the converter itself is in focus, the output impedance is derived

from the dynamic behavior. In this thesis, a simplified inverter model suffices, as



33

the aim is to approximate the impact of output impedance on the grid impedance.
The model includes only the inner current control loop, so possible feedforwards,
control delays, grid synchronizations, and other control systems are not taken into
consideration. This results in a minor error, however, in the scope of this thesis this

simplification is justified.

Output current control of an inverter makes the output impedance appear capacitive
within the control bandwidth, which means higher impedance in frequencies below
bandwidth. On the other hand, inductive output filter incorporates inductance to
the output impedance. The inductance has significant effect on high frequencies.
Between these regions the output impedance appears resistive. Thus, a series RLC-

branch approximates the output impedance of an inverter reasonably well. [34]

The inverter dynamics are usually analyzed in dg-domain. In dg-domain, the output

H (3.8)

where Z4,(s) and Z,4(s) are cross-coupled impedances. According to [34], equivalent

impedance is a 2x2-matrix

impedance parameters for output impedance of an inverter can be derived in dqg-
domain. The cross-coupled impedances are small, and are assumed negligible. The

equivalent impedance for d-component can be calculated from

1 n KecoVin
(Lw? + KecVin)™ts  wa—co

1
Zeqfdd = Leqs + =+ Req = Lch +

o (3.9)

where Ly, is converter output filter inductance, w; is fundamental angular frequency,
K¢ is the current controller gain, V;, is input voltage, and w,_¢¢ is angular fre-
quency of the current controller zero. On the other hand, the g-component of the
impedance consists of a series RLC-circuit is equal to d-component, but in addition,
the grid synchronization method adds an additional parallel impedance component.
This component behaves as a negative resistor, which is impossible to model us-
ing passive components. However, negative resistance behavior appears only within
the grid synchronization control bandwidth, which is usually only a few tens of Hz.
Thus, the impact of negative resistor is limited and this component is removed from

impedance equation. Consequently, it is assumed that Z,,(s) = Zga(s). [34]
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The output impedance is now approximated in dg-domain. However, the models
are constructed as single phase equivalent circuits, so the inverter impedance should
be transformed to phase domain. Inverse Park’s matrix produces sinusoidal signals
and thus cannot be used, because the impedance is the ratio of sinusoidal current
and voltage, not a sinusoid itself. According to [54], equation ( 3.10) transforms

dg-admittance to phase domain

Vase = 3 [Yauls) + Yig(s) 1 (Yauls) + Yay(s)) (3.10)

when s = j(w — w,) and admittances are similar to impedance components in equa-
tion ( 3.8). In this analysis, the cross-coupled components are neglected. In addition,
because the effect of grid synchronization to impedance g-component was approx-
imated to be small, impedance d and g-components are equal. Therefore, phase

impedance equation ( 3.11) can be derived from equation ( 3.10).

Zope = ;{de(j(w — ws)) + qu(j(w — ws))] = de<j(w — ws)) (3.11)

Combining equations ( 3.9) and ( 3.11) results in a depiction of inverter output

impedance in phase domain

1
Cegjw — Ceqjws

Zinv—abe = Lequ - Lrequs + + Req (3'12)
where fundamental frequency component produces constant imaginary terms —Le,jws
and —C4jws. These constant terms are problematic, as they cannot be depicted
using passive elements. Figure 3.5 shows the output impedance of an inverter with
L, =5mH, R, =28 Q, and C., = 7.3 uF calculated using equation ( 3.12) and
approximated equation where constant terms are assumed to be zero. The approxi-
mated impedance matches the equation ( 3.12) well, especially in higher frequencies.
The output impedance of the inverter has the greatest impact on grid impedance
when the output impedance magnitude is low. Figure 3.5 shows that approximation
produces significant error only in very low frequencies. In addition, ignoring nega-
tive resistance from grid synchronization causes error only to very low frequencies.
However, at low frequencies the impedance magnitude is very large, and thus this

error diminishes. Therefore, approximation is adequate and using it is justified. In
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Figure 3.5 Inverter impedance in phase domain with (blue) and without (orange) constant

terms.

this thesis, approximated equation ( 3.13) is used for output impedance of inverters.

Zinv—o = Legjw + + Ry (3.13)

Ceqjw

3.3 Time variance in grid impedance

The impedance of static grid elements remain almost constant over time. However,
the switching status of the grid and load impedances may encounter even drastic
changes depending on time of the day. This time variance should be taken into
account when considering grid impedance values. In some cases, the variance may
shift the grid impedances phase angle up to 90 degrees or double the magnitude.

Design of grid-connected device should consider these possibilities.
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The switching status of the grid makes usually only minor changes to grid impedance,
unless topology-changing changes are made. However, a change in switching status
generates quickly fading transient in current and voltage, which may disturb ongoing
impedance measurement. The state of tap changers in transformers or static VAR
compensators affect the grid inductance or capacitance. Especially capacitor banks
may contribute to resonances, which affect on impedance at certain frequency. In
addition to normal operation of system, faults in power grid may have dramatic and
unexpected impact on grid impedance. Circuit breakers and other grid devices are
designed to remove the faulty sub-grid or transmission line from the grid to minimize
the effect of excessive fault currents. The area directly affected usually experiences
a blackout, but surrounding areas might instead see an increase in grid impedance,

as the grid weakens when faulty parallel lines are removed.

Changes in loading status of the grid are a major cause of daily time variance in the
grid impedance. In LV distribution grid the changes have two main causes; customer
loads and unpredictability of small-scale generation. As the penetration of small-
scale renewable energy sources increases, the variance in DG increases. Especially
PV systems encounter abrupt changes in production, and on the other hand show
strong time-dependent behavior correlating to time of the day. Thus, the impedance
of DG is in constant change. In addition, the consumption pattern of customers has
a great impact on the grid impedance. Turning on an appliance effectively means

addition of a parallel impedance to the power grid.

In [55] the grid impedance from a public LV distribution grid of 49 households
was measured. The results showed dramatic time variance in grid impedance, and
especially resonances were clearly present. At 1.8 kHz the impedance has daytime
magnitude of 0.5 €, which is increased to 1.3 Q during nights (between 22:30-
05:30) due to parallel LC-resonance. Thus, the grid impedance encountered large
time variance with a daily repeating pattern. The changes in grid impedance were

attributed mostly to capacitive loads and large amount of DG. [55]

Figure 3.6 demonstrates the time-dependent grid impedance for a simple LC-resonant
system. The system corresponds to sub-model system in Figure 3.4 shown in Sec-
tion 3.2 with no distributed generation. The system consists of inductive upstream
grid and capacitive distribution grid, where the active power consumption strongly
correlates to time of the day. This appears as strong variance in the magnitude of

resonant peak appearing at 300 Hz. Other variables, such as equivalent capacitance
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Figure 3.6 Magnitude of time-variant grid impedance from a resonant grid.

of the system, were considered constant, which simplifies the analysis. However, it
is apparent that time-dependency of the grid impedance may alter the operation
conditions even drastically, and thus modeling based on constant variables may re-
sult in inaccuracies. In order to avoid possible instability, time-dependent models

or online measurements of grid impedance are strongly suggested.

3.4 State-space representation of grid impedance

A state-space representation is widely used in control engineering to model a dy-
namic system as differential equations of input, output, and state variables. Equa-

tion ( 3.14) presents the generalized first order state space of a linear system

x = Ax + Bu

(3.14)
= Cx + Du

where x is state vector, X is derivative of state vector, u is input vector, y is output
vector, and A-D are state matrices. As the inductors voltage and capacitor current
equations are differential equations, a state space is suitable approach. The grid
impedance can be seen as a load effect for the inverter output. Figure 3.7 shows the
connection of current source (inverter) to a certain grid, which can be represented
by state spaces. The input, output and state vectors are
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The base equations are

UL = Uiy — Tl — Ug (3.16a)
i = i — g — i1 (3.16b)
Uin = Rcic + uc (3160)

Substituting ( 3.16b) into ( 3.16¢) gives
Uiy, = Rc(lm —ip — iL) + uc (317)

from which the input voltage can be solved using ig = u;,/R

Rc Re 1
Tim — ir + Uc. 3.18
14 Be'm Ty Be Ty Re RO (318)

Uiy, =

Substituting equation ( 3.18) to ( 3.16b) gives the equation for capacitor current

. Re : Re . 1
— (1= — i+ (- —1)i, — —————uc. 3.19
e = ( R(1+RRC))Z " (R(1+1§§) Jin R(1 + E2)"¢ (3.19)

The state variables derivatives base on equations for capacitor current i = C dg—to

and inductor voltage uy = L%L, and thus the state variable derivatives are solved
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using equations ( 3.18, 3.19, 3.16a), and ( 3.16b)

di, ARc. ARc+Ry,. A 1

E = I Lin I 11, + EUO - ZUO (320)
dUC 1 ARC . ARC 1 ) A
—=(=- ; - — )i, — — 21
i~ (&= e )t (pe — &)~ mgve (3.21)
where A = ﬁRRc‘ The equations are transformed to dg-domain, which introduces
cross-coupling terms to equations
di AR¢ | ARc + Ry, | : A 1
did = Lclind — CL LZLd + wslrg + Zqu — Zuod (322&)
dig, AR . ARc + Ry, . . A 1
dtq =7 Ging — 7 ing — Wslrd + Zucq — Zuoq (3.22b)
dqu . 1 ARC . ARC 1 . A
it~ (g~ re )it (g — )i pouest o (3220
dqu . 1 ARC . ARC 1. A
i =G e )it (o = @)= poten—wwes (3220

where wg is the synchronous frequency of the dg-frame. The equations in ( 3.22)
correspond to state space presentation shown in ( 3.14). Thus, the system can be

represented in matrix form

_(ARci;'RL) Ws % 0
(ARc+Rp) A
: —ws o - 0 F
X = X+
(FE-8) 0 i w
0 (GF -8 e e
A
AR
° 0 -7 0
o ome g
u (3.23
R T N At
0" (- 0
B
—ARc 0 A0 AR 0 0 O
0 —ARs 0 A 0 ARc 0 0
y = ¢ x + “ u (3.24)
1 0 0 O 0 0 00
0 1 0 O 0 0 00
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where the dg-domain input, output, and state vectors are

Lind Uind iLd
iin Uin, iL
u=| "™ y=|" x=|""]. (3.25)
Uod lod Ucd
Upq log Ucyq

The frequency-domain transfer functions can be solved from the time-domain state

space matrices ( 3.23) and ( 3.24) by using equation
Y(s) = [C(sT — A)"'B+D|U(s) = GU(s) (3.26)

where s is the Laplace-variable, and I is the identity matrix. The transfer function
matrix G is 4x4 matrix, where the transfer functions from current to voltage are
the corresponding input impedances. Thus, the dg-domain input impedances can

be extracted from G

Uind Zindd Zinqd e e iind
Uing B Zindq Zinqq e e iinq (3 27)
. - ’ .
Tod Uod
log Upq
—— ——
Y(s) G U(s)

where the input impedances correspond to dg-domain grid impedances for circuit
in Figure 3.7. The stability analysis of converters is often carried out in dg-domain,
and thus the grid impedance should be in dg-domain as well. However, the state-
space approach is very complex and time-consuming for larger circuits, as the size
of the state matrices grows rapidly. Thus, the approach is not suitable for complex
grids. However, the equation ( 2.16) in Section 2.4 gives the exact same result for
passive circuits. This can be seen from Figure 3.8, which presents the impedance for
the grid shown in Figure 3.7 with different methods, with parameters values shown
in Table 3.2. In addition, the difference between impedances in different domains
are shown. In conclusion, equation ( 2.16) is the preferred method for calculating

the impedance of a grid in dg-domain.
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Table 3.2 Parameters for grid impedance calculation in dg-domain.

Parameter Value

R 10 ©

L 400 pH

RL 17.8 m¢)

C 500 pF

RC 10 m¢)

Wy 60 Hz
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Figure 3.8 Grid impedance with different analytical approaches.
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4. GRID EMULATION EXPERIMENTS

This chapter presents the experimental part of the thesis. First, the power hardware-
in-the-loop (PHIL) method is introduced and discussed, and the experimental setup
is shown. The behavior of the test setup is verified with measurements from simpli-
fied systems; the accuracy of the measurement method, real-time simulation, and
grid emulation are confirmed in three separate stages. Then, the modeling methods
presented in previous chapter are used for constructing models of three grid scenar-
ios. The scenarios are then applied to the PHIL test system, and the emulated grid
impedances are measured. To conclude the experimental section, the measured grid

impedances are compared to analytical references and discussed thoroughly.

4.1 Power hardware-in-the-loop method

Acquiring complete hardware setup for experimental test is impractical and expen-
sive in most of the cases. Thus, simulations are widely used for novel experiments
and verification of theoretical results. However, simulations often require simpli-
fications of real phenomena in order to achieve a usable model with reasonable
computation duration. Additionally, non-linearities, parasitic elements and exact
dynamic behavior are hard or impossible to model perfectly. Reduction of models
causes loss of information and some phenomena may not appear in the simulated
results. Therefore, measurements and experiments on real hardware are vital for

final verification.

The PHIL setup combines the benefits of simulations and use of physical hardware.
PHIL method adapts the use of real-time simulators and linear amplifiers connected
to the hardware under testing (HUT). This setup enables easy varying of system
parameters associated to the emulated system part. For example, a real inverter
can be tested under different grid parameters or control schemes with no physical

alterations to test setup. [56] Multiple experiments have successfully applied such
PHIL methods [57,58].
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Figure 4.1 Simplified block diagram of experimental setup.

4.1.1 Emulation setup

In this thesis, the electrical emulation of grid impedance is based on PHIL method,
where the system contains both simulation and physical hardware. Figure 4.1 depicts
a simplified block diagram of the experimental setup. The main devices of the setup
are real-time digital simulator (RTDS), grid emulator, inverter, and PV emulator.
RTDS is used to simulate the grid model, and the simulated voltage at the point
of connection is fed to grid emulator as a reference value via an optic fiber. On
the other side of the setup, a PV emulator acts as a DC source for the inverter,
which is further connected to the grid emulator through an LCL filter and isolation
transformer. Thus, inverter fed by PV emulator is connected to an emulated grid.
Therefore, the inverter can be tested in very versatile grid conditions. The focus of
this thesis is on the grid emulation, and consequently the operation and control of
the inverter is not thoroughly included. In order to analyze and verify the emulated
grid impedances, measurements for a Venable frequency response analyzer (FRA)
are connected between the grid emulator and the isolation transformer to measure
the grid impedance at the point of connection. Figure 4.2 illustrates the setup in

detail and includes measurement and control signals.

The PV emulator is a PVS 7000 Spitzenberger&Spies 7 kV generator, which is
controlled from laboratory PC. The purpose of the emulator is to only provide the
DC power for the inverter, and therefore it is set to a constant voltage and current at
the MPP of a simple IV-curve. The inverter is an insulated gate bipolar transistor
(IGBT) inverter model Myway Plus MWINV-9R144, which has no own control
system. Instead, it is controlled using dSPACE real-time simulator running on the
laboratory PC. The inverter has an output LCL filter to attenuate the harmonics

in the output waveform. DC-voltage and inverter output currents and voltages are
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Figure 4.2 Detailed experiment system configuration.

measured and used in dASPACE for control implementation. The setup is designed
for 120 V phase voltage and 60 Hz grid, and thus these values will be used in PHIL

tests.

The grid side of the setup consists of isolation transformer, grid emulator and RTDS.
The grid emulator in use is Spitzenberger&Spies PAS 15000, where three 4-quadrant
linear amplifiers emulate the three-phase grid voltages based on input references.
The isolation transformer must be included in order to prevent common-mode cur-
rents from damaging the setup. Thus, the grid impedance as seen from the inverter
includes the series impedance of the transformer. However, as this thesis focuses
on the emulation of grid, the impedance measurements are carried out from be-
tween the transformer and grid emulator. The impedance is measured using Ven-
able FRA, which applies sinusoidal sweep over a specified frequency range. Venable
injects the excitation signal to inverter output current reference which in turn in-
cludes this excitation in inverter’s output current. Thus, the excitation signal is
included in the current injection from the inverter. As the inverter is controlled in
dg-domain, the excitation is in dg-domain as well, either to d or g-component. The
frequency response (i.e. grid impedance) is derived from response signal (voltage)
and injection signal (current). The response depends on the point where the mea-
surements are taken from. As the injection is in dg-domain, the measurements are
dg-transformed and, consequently the impedances are given in dg-domain. How-
ever, for passive circuits the d and g-impedances should be equal to each other. The

emulated impedance is assumed to be very close to passive impedance.

The grid simulation is carried out in RTDS simulation software, RSCAD, which is

specifically designed for power system simulation. The simulation is digital and the
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grid emulator operates with analog signals, so the RTDS simulation is connected to
grid emulator through digital-to-analog converter. Simulated voltage at the PoC is
used as a reference value for grid emulator. On the other hand, simulation includes
a current source, which depicts the current injected to system from the inverter.
The current between the inverter and the linear amplifier is measured and fed back
to RTDS after an analog-to-digital conversion as an input for the controlled current
source. Thus, the emulation system is essentially a feedback system where simulator
provides reference values (grid voltages) for emulator, and feedback (current mea-
surements) is needed for accurate simulation of the grid. A digital low-pass filter
is required for current measurements in order to filter out the noise [59]. The time
constant is experimentally set to 15 us, which corresponds to cut-off frequency of
10.6 kHz, for sufficient system robustness. The filtering starts to affect measure-
ments at 1/10 of cut-off frequency, and thus the analyzed frequency range is chosen
to be from 10 to 1000 Hz. The PHIL system has inherent delays, which will affect
the phase at high frequencies [59].

4.2 Setup verification

Before emulating more complex power grids, the setup is tested in simplified con-
ditions in order to verify the planned operation. In order to obtain the benefits of
impedance emulation presented in Section 4.1, the grid emulation should be accurate
enough. The operation is verified in three stages; first the impedance measurement

system itself, then the accuracy of grid impedance simulation and emulation.

4.2.1 Measurements on physical inductors

In order to verify the proper operation of impedance measurement system, simplified
tests were conducted on physical inductors. The grid emulator was set to repeat
stiff voltages, and inductors with varying inductance values were connected in series
before the stiff grid to operate as grid impedances. Inductors with phase inductance
of 1.2 mH and 3.0 mH were used. Figure 4.3 shows the measured and calculated
impedance for each case. The measurement was carried out by injecting sinusoidal
excitation current to system with the inverter, and FRA was used to extract the
grid impedance measurement. The impedance was measured from d-channel in the
frequency range from 10 to 3000 Hz, which is identical to g-channel for passive

circuits.
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Figure 4.3 Impedance measurements on physical inductors in comparison with analytical
impedances.

The measured magnitudes differ slightly from the analytical values, but this can be
attributed mostly to inaccuracies of the real components, as the stated inductance
values have margin of £10%. Both of the measured magnitude curves appear to be
within this margin. In addition, the frequency resolution was rather low in the mea-
surement, which however should not affect results significantly. The measured phase
appears to be mostly at +80-85 degrees, instead of the ideal +90 degrees. However,
a real electric system always contains parasitic resistances and capacitances, and
therefore the ideal phase cannot be reached in real system. Also eddy current losses
in isolation transformer are increased at higher frequencies. At very low frequencies
(below 20 Hz), some of the measurement values appear to be slightly above +90 de-
grees, which is not possible behavior for passive circuits. This is supposed to result
from measurement errors, control loops of the inverter, and possible non-linearity
of the grid emulator at low frequencies. The decrease of the measured phase after
1 kHz results from parasitic capacitances, which have emphasized effect at higher
frequencies. As a conclusion, the comparison of measured and analytical impedance
shows that the concept of impedance measurement operates as designed, and the
errors resulting from measurement system are only minor. Thus, the impedance
measurement based on frequency response of current injection is verified to behave

as it should.
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Figure 4.4 RSCAD simulation model of a simple grid.

4.2.2 Impedance measurements from the grid simulation

The grid impedance for the PHIL setup is simulated in a real-time simulator. The
simulation model is built in RSCAD, which compiles the model for the RTDS. In
order to verify the operation of the grid simulation, the impedance is measured
directly from the simulator with FRA, and compared to the corresponding analyt-
ical impedance. Figure 4.4 presents the implementation of the grid simulation in
RSCAD. The simulation model consists of stiff MV voltage source, transmission

lines and shunt elements, and amplifier-simulation interface.

The PHIL impedance measurements are carried out in dg-domain, so the simulated
impedance should be in the same domain. However, the inverter control system is
responsible for dg-transformation in the complete PHIL setup. Thus, an additional
dg-transformation block must be incorporated into RTDS simulation for comparable
measurements, and also an implementation of phase-locked loop (PLL) is required.
The increased computational burden affects the phase behavior of the impedance
measurement from the simulator. Figure 4.5 shows the impedance measurement di-
rectly from the simulator in dq-domain (red), in phase domain (blue), and calculated
impedance for reference (black). The magnitude of the measured impedances per-
fectly match the analytical values. The deviations at 60 Hz and 120 Hz origin from
the fundamental frequency and dg-transformation characteristics, and are inherent

in real systems. In d-channel, the phase encounters significant phase drop at higher
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Figure 4.5 Impedance measurements from d-channel (blue), A phase (red), and calculated
reference (black).

frequencies. For the measurement in phase domain, no additional computing is re-
quired. The measurements show large deviations below 100 Hz, but the frequency
range 100-1000 Hz behaves identically with calculated impedance. Thus, the phase
drop seen in dg-domain measurement results from the dg-transformation and PLL.
Consequently, it can be concluded that the simulated impedance corresponds very
closely to the calculated impedance, and the references for the grid emulator are

correct.

4.3 Public distribution grid

This section discusses the grid impedance of a voltage distribution grid. Figure 4.6
shows the simplified grid topology for the system, which consists of MV upstream
grid and local LV distribution grid, and the PoC locates in between the subsystems.
The PoC could be for example the impedance seen from a grid-connected PV in-
verter located within the distribution system. The sub-models are derived based on
Section 3.2. The distribution system consist of household customers aggregated to
a distribution sub-model, which is represented by total equivalent capacitance C,

and equivalent load resistance R.,. On the other hand, the upstream sub-model



49

LV distribution grid

HV grid Transformer PoC
10 AAA
MV transmission @ LV transmission

line (20km) line (400 m) 40 households

Grid impedance
measurement

Figure 4.6 The simplified grid model for public distribution system.

Table 4.1 Grid parameters for public distribution grid scenario.

Distribution
Upstream system
system
Upstream voltage 5 kV Distribution voltage 0.207 kV
Transformer reactance 11.0 % Distribution loading 54...216 kW
Transformer resistance 1.5 % Number of households 40
MV line length 20 km Household 5.5 uF
capaclitance
MYV line impedance 0.5 4+ j0.4 Q/km LV line length 0.25 km
LV line length 0.4 km Resonant frequency 520 Hz

LV line impedance 0.4 4 j0.35 2/km

includes the LV and MV transmission lines and the transformer between different
voltage levels. In order to account for multiple voltage levels within the system, the
impedances must be reduced to the voltage level of the PoC. In this scenario, the
PoC locates between sub-models, and thus they are seen as parallel connected. Ta-
ble 4.1 presents the parameters used in the calculations. The analytical expression
is given by equation ( 4.1).

1 —1
2y — ( 2 S ijeq> (4.1)
RLV—FRQ\/[V—FTkUg;}C +jw(LLv+L/]\4V)+$kU§°fC Req

Figure 4.7 presents the grid impedances measured from the PHIL setup for two
different power consumption states of the distribution grid. The impedances were
measured as a sine-sweep with 400 mA current injection to system for the frequency

range of 10 to 1000 Hz. The measured impedances accurately correspond to calcu-
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Figure 4.7 Impedance measurements for low consumption (blue) and high consumption
(red) in LV distribution system.

lated reference, except at frequencies near 60 and 300 Hz. The deviations around
60 Hz result from the fundamental components present in the system. The devia-
tion near 300 Hz corresponds to 5th harmonic and resembles series LC-resonance,
and is most likely caused by the isolation transformer in the PHIL setup. However,
the impact of the isolation transformer is not included in the scope of this thesis,
and must be addressed in future works. A slight phase drop starts to occur around
400 Hz, which is caused by the delays in the system and the filtering of current

measurements from the PHIL system to RTDS simulation.

The parallel resonant behavior between inductive upstream sub-model and capaci-
tive distribution system sub-model is clearly shown as the resonance peak at 500 Hz.
This is common phenomenon near consumption centers with significant equivalent
capacitance. In such systems, the resonant frequency can be as low as 250 Hz [53].
With the higher power consumption (red, on right), the equivalent load resistance
is smaller and thus the damping of parallel resonant circuit increases. When the
power consumption decreases (blue, on left), the damping decreases and the reso-
nance magnifies. Thus, the time-variant behavior of consumed power in customer
loads causes the resonance damping to vary as well. Therefore, LC-resonant circuits
may have drastic changes in the grid impedance based on season and time of the
day.
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Figure 4.8 The grid model for connection of distant PV systems.

4.4 Remote PV plant

Figure 4.8 presents the connection of a remote large scale PV plant to grid. The unit
connects to the AC grid through a single central inverter designed for 2 MW output.
The voltage levels of the inverter are 207 V (AC)/500 V (DC) and the switching
frequency is 5 kHz. In order to attenuate the switching effects and other adverse
high-frequency noise, an LCL filter is connected between the inverter and the grid.
The LV is increased to MV level for long-distance transmission in a transformer. The
PoC is chosen near the transformer to correspond to the PoC of another parallel PV
inverter or load center. The system can be divided to upstream and DG sub-models

based on the voltage levels.

The LCL filter for the PV inverter is designed based on [38], where ratio of filter
inductances is 7 = 0.6 and capacitor factor is x = 0.05. The equivalent impedance
of the inverter is given from equations ( 3.9) and ( 3.13) in Section 3.2.3. Table
4.2 presents the resulting LCL filter parameters, inverter control parameters, and
inverter equivalent impedance. The LC-resonant frequency refers to situation where
the inverter is disconnected from the grid, and filter is seen as series connection of

grid side inductor and filter capacitor.

The grid parameters are shown in Table 4.3. The equivalent phase-domain impedance
as seen from the PoC is given by equation ( 4.2). For dg-domain impedance, the

d-channel impedance is derived based on equation ( 2.16) in Section 2.4.

Zu (RLV1 + jwLpyvi + jwlyg + ZPV)
RLVI + jWLLVI + ijfg + ZPV + Zu

Zeq = RLV2 + jCL)LLVQ + (42)

where
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Table 4.2 LCL filter and inverter parameters for 2 MW PV inverter.

Parameter Symbol Value

Filter parameters

Grid side inductor Ly, 100 pH
Converter side inductor Ly, 170 pH
Filter capacitor Cy 500 pH
Damping resistor Ry 0.12 Q
Filter resonant frequency fres 897 Hz
LC-resonant frequency fre 711 Hz
Inverter control parameters

Current controller gain Koo 1042/20
Current controller zero WeCCO 271350
DC input voltage Vin 700 V
Inverter equivalent impedance

Equivalent inverter capacitance Ceq 11.3 pF
Equivalent inverter resistance R, 40.1 Q

Table 4.3 System parameters for impedance model of PV plant.

Upstream system DG system

Upstream voltage 10 kV DG system voltage 0.207 kV
Transformer reactance 10.0 % LV line 1 length 0.2 km
Transformer resistance 1.0 % LV line 2 length 0.1 km
Transformer power 3 MVA LV line 3 length 0.25 km
MYV line length 25 km LV line impedance 0.1 + j0.3 Q/km

MV line impedance 0.2 + j0.4 Q/km

Uy, Uty
Zy = Rpys + jwllyvs + jor—= 5, + 7 5 (4.3a)
(Ra+ 756, ) Gwlie T + Reg)
oy — j C fe T wC ‘ (4.3D)

Rd + ]UJCf +]wac + ]wC —'I_ Req

The grid is strongly resonant, and the measurement noise from current measure-
ments corrupts the simulation voltages. Thus, the current low-pass filter is iter-

atively tuned for lower cut-off frequency. At 6.3 kHz cut-off, the main frequency
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Figure 4.9 Impedance measurements for a remote PV system from emulator (blue), sim-
ulator (red), and calculated impedance.

component of the noise is filtered out, and the excess high-frequency ripple is re-
moved from the grid voltages. However, this results in a further phase drop in the
measurements at frequencies higher than 630 Hz. Figure 4.9 presents the impedance
measurements from the RTDS simulation (blue), PHIL emulation (red), and calcu-
lated dg-domain impedance for reference (black). The impedance magnitude mea-
surement from the simulator matches the analytically obtained impedance perfectly
in the complete frequency scope. The measured phase experiences a drop due to
computational delays, as discussed in Section 4.2.2. The impedance measurement
from the grid emulator show similar deviations than discussed in Section 4.3. The
fundamental components in the system disturb the measurements around 60 Hz.
In addition, phase measurement is heavily distorted below 100 Hz, most likely due
to very low grid impedance magnitude and possible non-linearities. The deviations
near resonant frequency at 250-400 Hz correspond to the same frequency range than
the ones observed in Section 4.3, and are most likely caused by the isolation trans-
former. The simulated grid topology is different, and now the resonant behavior
appears to be magnified in this region. At frequencies above 400 Hz, the measured
magnitude perfectly corresponds to calculated impedance. The measured phase has
similar shape than in the calculated impedance, but the delays result in phase drop
at high frequencies, in addition to the decreased cut-off frequency of the low-pass
filter, which to decreases the phase after 600 Hz.
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Figure 4.10 The grid impedance model for distribution system with grid-connected PV
inverters.

4.5 Distribution system with PV generation

In this scenario, small-scale distributed generation is incorporated into a similar dis-
tribution system than in Section 4.3. Figure 4.10 presents the grid impedance model
for this scenario, which consists of upstream, distribution, and DG sub-models. DG
consists of 4 three-phase PV inverters with 10 kVA peak output power, located
within the distribution system. The upstream transmission lines are a three-phase
AHXAMK-W cable [60] and a LV overhead transmission line. A 1 MW transformer
connects the systems with different voltage levels. The distribution system comprises
of consumer loads (e.g. households), which are reduced to an equivalent resistance
and capacitance. The PoC is located after the feeding transmission line at a bus

bar.

The PV systems are connected to the AC grid through inverters with L-type output
filters. The design of the filter is carried out based on [61]. The equivalent d-channel
impedance for the inverter is given from equations ( 3.9) and ( 3.13) in Section 3.2.3.

Table 4.4 presents the parameters for inverter and filter, and the resulting equivalent
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Table 4.4 Inverter and filter parameters for 10 kVA three-phase PV inverter.

Parameter Symbol Value

Inverter and filter parameters

Inverter switching frequency fsw 10 kHz
Current controller gain Keoco 1029/20
Current controller zero Wr—cC 27250 rad/s
DC input voltage Vi 500 V
Output current ripple Al, 10 %
L-filter inductance Ly, 2.0 mH
Inverter equivalent impedance

Equivalent inverter capacitance C; 69.6 uF
Equivalent inverter resistance R; 8.96 0

Table 4.5 Grid impedance parameters for distribution system with PV generation.

Parameter Value ‘ Parameter Value
MYV side voltage Vuvy 15 kV LV side voltage Viv 207V
Cable length D, 40 km Transformer reactance = 8.0 %
Cable resistance R, 0.76 Q/km | Transformer resistance r 2.0 %
Cable capacitance C. 0.17 uF /km | Transformer power Sy 1 MW
Cable inductance L. 0.46 mH/km | Upstream line length D, 12km
DG line length Dpe 0.6 km Equivalent resistance Ry 39
LV line reactance X 0.35 ©2/km Distribution line length D; 0.4 km
LV line resistance R, 0.3 Q/km Equivalent capacitance C, 250 pF

impedance values for the inverter. The remaining grid impedance parameters are
shown in Table 4.5.

Based on the topology shown in Figure 4.10, the equivalent impedance can be derived
analytically as shown in equation ( 4.4). The transmission cable is analyzed as 3-cell

m-model.

1
T 1 I

44—
Zr 7

Leg =

(4.4)

where Z, is the upstream impedance reduced to PoC voltage level, Z; is the dis-
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tribution grid impedance, and Zpy is the impedance for each PV system branch.

These are given by

/ /

) L R
Ly = ]W(Lu + Ltf + ?C) + (Ru + Rtf + ?c)

1
A i
oy YR I 1
EIRERE T/ ]

jw?+7Ré I
EIEAE]

Zpy = jw(Lfc + LDg) + Rpa + R; + GG

. 1
Zg=jwLqy+ Rq+
+ jwCe

Reg

Figure 4.11 presents the grid impedance measured from the simulator (red), from
the grid emulator (blue), and calculated reference (black). The impedance from the
simulation behaves identically than in previous measurements - perfect magnitude
correspondence and delay-induced phase drop at high frequencies. The measure-
ments from the PHIL emulation match the calculated impedance very well, with
only slight deviations. The magnitude and phase follow the reference well also in
frequencies below 100 Hz, except for the errors around the fundamental frequency.
At 300 Hz, the same disturbance occurs than in previous measurements from the
PHIL system. However, the impact is now smaller than previously observed, proba-
bly because of the more complex system and better resistive damping of resonances.
The phase drop up to 45 degrees at 1 kHz is seen in the measurements. This is
caused by the delays of the system, and the increased filtering between the RTDS
and the linear amplifier. The methods for improving the high-frequency phase be-
havior of the PHIL setup are not in the scope of this thesis, but could include for
example delay compensation or alternative filtering methods. However, the mea-
surements indicate that the impedance extracted from the PHIL emulation are very

accurate in general.

The shape of the impedance indicates a parallel resonance between capacitive distri-
bution system and inductive upstream and DG submodels. The resonant behavior of

the capacitive cable occurs at higher frequencies, and thus is not shown in the mea-
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Figure 4.11 The grid impedance measurements for distribution system with distributed
small-scale PV generation.

surements. For a grid with significant amount of DG, the design of output filters may
greatly affect the grid resonances. Second-order and higher filters are resonant by
nature, and could interact with capacitive and inductive elements already present in
grid. This could also affect the behavior of the filter itself. However, in this scenario
a simple, yet common, first-order L-filter is chosen. As the distribution sub-model
introduces significant amount of capacitance into the system, LC-resonances occur.
The corresponding resonant frequency can be derived based on equation ( 3.3) in
Section 3.1.4, as shown in equation ( 4.6). The measurements confirm this parallel
resonance around 200 Hz. As the distribution system sub-model includes a inductive
transmission line, an additional series resonance occurs. Similarly to equation ( 4.6),
the series resonant frequency is identified to be 523 Hz. At this frequency, the mea-
surements show a dip in the impedance magnitude corresponding to series-resonant
behavior. Thus, the resonances of the power system are modeled and accurately
emulated to the PHIL system.

1
fres = = 199Hz (4.6)

27T\/(sz‘ + LD0> k Ceq
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5. CONCLUSION

The amount of grid-connected converters in the power system is increasing at a
rapid pace, driven by the progress in renewable energy technologies and in power
electronics. Thus, the stability of the converter-grid interface must be analyzed
carefully in order to achieve sufficient system robustness. An effective method for
the stability assessment of this interface is based on the ratio of converter output
impedance and the grid impedance. However, the modeling methods of the grid
impedance are often insufficient, and the complex nature of the grid impedance
might not be addressed adequately. The purpose of this thesis is to improve the grid
impedance modeling methods to include the possible resonances and time-variances
of the grid. In addition, the derived grid impedance models are used in a power

hardware-in-the-loop test setup for analysis of grid-connected converters.

First, a literature survey on grid impedance modeling was carried out. The main
results of the survey were that the grid impedance is often vastly simplified to a
series inductance, and that the measurements on real power grids show very dif-
ferent results compared to the simple models. The proposed modeling is based on
aggregation of grid parts into sub-models, which include the capacitive elements,
and thus the resonances in the grid. Another important enhancement was the addi-
tion of time-variant loading of the grid, which may change the resonance damping

dramatically.

A power hardware-in-the-loop test setup is introduced, where the grid side of the
system is implemented in a real-time digital simulator. Thus, the converter can
be connected to emulated grid impedance giving full control over the grid param-
eters. The linear amplifier acting as a grid emulator provides the grid voltage for
a grid-connected photovoltaic inverter. The grid impedance was measured with a
sine sweep from both the pure simulation, and grid emulation, in the frequency
range from 10 to 1000 Hz. The comparison of the analytical grid impedance to the

impedance measured from the emulator showed the emulation to resemble the shape
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of the impedance accurately. Inaccuracies at low frequencies and near fundamental
frequency were very likely caused by the measurement methods instead of errors in
the emulation. The emulated impedance deviated from the reference at around 300
Hz, which results most likely from the isolation transformer located in between the
grid emulator and the inverter. At higher frequencies (above 500 Hz), the phase
starts to drop from the reference. This is caused by the delays in the system and
the filtering.

As the available impedance measurement data is scarce, the applied methods for
grid impedance modeling have their limitations. For example, the consumer loads
were aggregated into an equivalent capacitance and resistance instead of more pre-
cise complex model, as reliable information on the real impedance of an average
household was not available. Regardless, the proposed models provide vast improve-
ments over the most commonly used even simpler models. On the other hand, the
impedance emulation is limited by the required filtering of current measurements,
the delays of the systems, and possible limitations imposed by the interfacing al-
gorithms. However, the interfacing of the emulator and the simulation is out of
the scope for this thesis. Although the models and the test setup have limitations,
they still provide very effective tools for more accurate stability assessment of the

converter-grid interface.

This thesis suggests considering the use of aggregated grid impedance models for
stability and control assessments when the grid impedance is an important parame-
ter. Especially the possibility of resonance and time-variance of the grid impedance
should be considered. The real-time simulation can effortlessly produce varying grid
conditions, which would be practically impossible to implement with hardware only.
The impedance of the emulation accurately corresponds to the reference simulation,
and thus the analysis of converters can be done cost-effectively even in complex
systems. On the other hand, the use of real hardware in the converter side di-
minishes the need for complicated modeling of converter dynamics. In conclusion,
the PHIL test setup proved to be a very effective and versatile tool for analysis of

grid-connected converters.

The future topics related to this work include for example

1. increasing the complexity and thus the accuracy of the grid simulation

2. introducing real-time changes to the simulated grid impedance
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assessing the system behavior during system transients, e.g. faults
comparing and implementing different interfacing algorithms for emulation

addressing the issues related to multiple parallel-connected inverters

A AN

adaptive control of grid-connected converters.

The impedance models and the PHIL setup introduced in this thesis will be the
foundation for Author’s doctoral studies, which will focus on the stability assessment

of parallel inverters in large-scale power systems.
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APPENDIX A: SMALL-SIGNAL STATE SPACE OF
A VOLTAGE-FED INVERTER

This section shows the construction of small-signal dynamic model of a three-phase
voltage-fed inverter. The aim is to achieve the transfer functions for open-loop in

dg-domain.

First, the equations for inductor voltages must be constructed for both states of

switch. This results in

P

ULa Vin 1La Van UnN

P _ .

vip| = |vin| = (ras +72) * |igy| — |Vpn| — |van (1)
P .

Ve Vin ULc Ven UnN

for positive switching time for each leg, where indexes a, b, and ¢ refer to phase.
For negative switching time the equations are similar, but instead of input voltage,

the switch connects each leg into neutral

N

Vi 1La Van UnN
N . .

V| = —(ras +7L) * igy| — [Vpn| — |Unn| - (2)
N .

Ve ULe Ven UnN

The voltage over an inductor corresponds to the time-derivative of inductor current.
Thus when averaging over a switching cycle using duty ratio d; we can solve the

averaged inductor current derivatives

d (iLa) 1 dq (iLa) (Van) (Unn)
7 | (o) | = L( dy | * (vin) = (ras +70) * | (iry) | — | (V) | = [(Van) ) (3)

<iLc> dc <iLc> <Ucn> <UnN>
where brackets denote the averaged value of each quantity and d is duty ratio of
each switch. Next, the inductor current equation is transformed to dg-domain using
Park matrix presented in 2.1.1. Zero sequence components are neglected, as there
is no path for them.

d{irg) 1

it L (dd<Uz‘n> +wsLing) = (ras +71)(ia) — <”°d>> W




Nisal 1) L) — (s +72) i) — () ®)

The cross-couplings locate to terms wyL(ir,) and —wsL(irq) in these equations. The

output currents equal to inductor currents in each phase for both components, and
the input current is

(i) = 5 (dativ) + dfina) ©)
(ioa) = (iLa) (7)
(i) = (i1 ®)

Linearizing the average model by solving first-order partial derivatives for each vari-

able yields linearized state-space

d(ipa) Tdgs + 7L ~ - Dy . 1. Vin 5
di = — i3 1r.d —+ wsqu + Tvm — zvod + Tdd (9)

d(ZL> Td8+TL A A D ~ 1A ‘/inA
dtq = — 7 trg + Wstpd + Tqvm — zvoq + 7 dq (10)

A 3Dd/} 3D A SILd ~ 3[L ~

ZinZTZLd_I_ 2qZLq—|— 5 dd—|— quq (11)
2od - zLd (12)
tog = i1 (13)

where capital letters denote steady state constant values and variables with hat are

linearized values. Linearized state-space can be denoted in matrix form

d _Tds+TL s _l 0 & Vvln 0
X:[ L r:d—i—rL x+ | L . ng L v lu (14)
dt —ws g o ¢ 7 0 7
A B
i 9D oo e e
2 2
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where input (u), output (y) and state (x) variable vectors are

’l/)od
g ZA}oq :l\m
X = {%Ld] u = |0, y = %od (16)
L d,
L dq J

Laplace transform on state-space matrix transforms it to the frequency domain
according to

Y(s) = GU(s) = [C(sI — A)"'BJU(s) (17)

where I is identity matrix and G represents the input-to-output transfer function

matrix consisting of 3 x 5 open-loop transfer functions. The transfer functions for
open-loop are

ﬁod
Z.in Toid—o Toiq—o }/;n—o Gcid—o Gciq—o @oq
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