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Abstract

The supply reliability of a local grid will be improved if the local grid is
managed as a microgrid, with the ability to operate in island mode when
the main grid is temporarily unavailable. This thesis focuses on microgrids
powered by inverter-based resources (IBRs), one or several of which need to be
equipped with grid forming (GFM) capability for establishing and controlling
the voltage and frequency of the microgrid during island operation. To achieve
a stable island operation, the detection of an islanding event is crucial.

The main aim of the thesis is to investigate how the different parameters of
a virtual synchronous machine (VSM)-based GFM controller affect the perfor-
mance of the existing passive island detection methods (IDMs). The analyses
have been carried out using a medium-voltage microgrid with IBRs through
theoretical evaluations, simulation studies, and laboratory verification. It is
found that to achieve a small non-detection zone (NDZ) for a voltage vector
shift (VVS) based passive IDM, a relatively large virtual reactance is desired.
In contrast, a large virtual reactance may increase the risk of misdetection
during a load switching event. However, a larger value of virtual reactance is
preferred during the grid-connected condition to mitigate the impact of grid
impedance estimation error on the design of the voltage controller. Further-
more, a fast synchronization loop, corresponding to a low value of virtual
inertia constant and damping in the VSM structure, reduces not only the
island detection time but also the risk of misdetection when facing a large
variation in the grid frequency or angle jump in the grid voltage. Therefore,
when tuning the VSM control parameters, it is necessary to weigh the im-
portance of the need for inertia support and damping during grid-connected
conditions and the need for a reliable and fast island detection method. More-
over, an analytical expression has also been derived on the relation between
the island detection time and the virtual inertial constant and damping con-



stant. The relation is further verified in a laboratory experiment. This makes
it convenient to tune the virtual inertial constant and damping constant of
the VSM controller for a given required island detection time without resort-
ing to time domain simulation. Besides the foregoing analyses, this thesis
has also proposed a PQ-based method for estimating the cycle-to-cycle load
angle jump for the VVS-based IDM. The method has shown better accuracy
than the typical dg-based method as the PQ-based method is less sensitive to
the electrical transients within each electrical cycle and less affected by the
harmonics in the grid.

Keywords: Grid forming, inertia, microgrid, non-detection zone, passive

island detection, rotor angle deviation, virtual synchronous machine, voltage
vector shift.
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List of abbreviations

The following is the list of abbreviations in alphabetical order used in the
thesis:

BESS: Battery Energy Storage System
DER: Distributed Energy Resource
DFT: Discrete Fourier Transform
EMF: Electro-Motive Force

GFL: Grid Following

GFM: Grid Forming

IBR: Inverter-based Resources

IDM: Island Detection Method

LPF: Low Pass Filter

MG: Microgrid

NDZ: Non-Detection Zone

NMG: Nested Microgrid

PCC: Point of Common Coupling
PI: Proportional-Integral

PSC: Power Synchronization Control
PV: Photovoltaic

RES: Renewable Energy Source
RoCoF": Rate of Change of Frequency



VCC:

VSC:

VSM:
VVS:
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Vector Current Control
Voltage Source Converter
Virtual Synchronous Machine

Voltage Vector Shift
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CHAPTER 1

Introduction

1.1 Background and motivation

European Union (EU) countries aim to reduce COq emissions significantly
and be climate neutral by 2050 to limit the global temperature rise according
to the Paris agreement[1]. However, the latest United Nations Intergovern-
mental Panel on Climate Change (IPCC) report shows that it will be almost
impossible to limit the temperature rise to 1.5° if the COy emissions are not
reduced by 43% before 2030 [2]. This has led to an acceleration of the gen-
eration technology shift in the electricity section from the traditional fossil
fuel powered thermal generators to the renewable energy source (RES)-based
generators, such as wind, solar PV, hydro power, and bio-energy. In EU, it is
predicted that the total share of electrical power from renewables will increase
to 70% by 2030 with the aim of reducing the green house gas emissions by
55% in the same year [3]. Furthermore, in Sweden, the government has set a
goal of 100% RESs-based electrical energy production by 2040 [4].

The integration of RESs into the power grid occurs at both the transmis-
sion system level and the distribution system level. At the local distribution
system level, many countries, such as US, Greece, and Japan, have developed
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the so-called microgrids to facilitate the local integration of RESs at as low
integration cost as possible. The U.S. Department of Energy defines the mi-
crogrid (MG) [5] as "a group of interconnected loads and distributed energy
resources within clearly defined electrical boundaries that acts as a single con-
trollable entity concerning the grid. An MG can connect and disconnect from
the grid to enable it to operate in both grid-connected or island-mode.” The
main benefits of MG include:

¢ Increasing RES integration and contributing to clean energy goals;

¢ Reliable and resilient power supply to the customers in case of a grid
failure or natural calamities;

o Reduction in transmission and distribution losses due to local electricity
supply of demand,;

o Mitigation of local grid capacity limitation caused by demand growth in
the future;

e Supply of voltage and frequency ancillary services to the main grid by
utilizing the available local generation.

On the other hand, there are also a number of challenges associated with MG
operation, including

o Power balancing issues due to variable generation by renewable sources
such as wind and solar;

e Complex multi-layer control structure to control various aspects within
an MG to maintain normal operation as well as stability in case of mal-
operation;

¢ Requirement of a reliable protection system to identify and isolate faults
in grid-connected and islanded mode of operation;

o Fast and accurate detection of an unintentional island to maintain the
continuity of the electric supply to the customers;

e Regulatory framework to achieve a fair distribution of the monetary
benefits obtained by utilities and/or MG owners to all the actors in the
microgrid [6];



1.1 Background and motivation

e High cost of the initial investment required for the deployment of MGs
especially with sufficient storage systems and in the absence of regula-
tions.

The benefits of individual MGs further motivate the interconnection of ad-
jacent MGs to be operated as a single entity, which are referred to Nested
Microgrids (NMGs). By sharing generation and energy storage resources be-
tween individual MGs, NMG aims to enhance its reliability and capability to
support the main grid. The readers are referred to [7] for a more detailed
discussion on benefits and challenges of NMGs.

In Sweden, there are limited pilot MG projects such as the Simris microgrid
by E.ON and the Arholma microgrid by Vattenfall 8], [9]. However, there ex-
ists a number of drivers, as well as barriers, for the further development of MGs
in Sweden [10]. In particular, the Swedish Electricity Act (1997:857) states
that the grid operator should ensure that the electricity outage to an electric-
ity consumer should never exceed 24 h [11]. Traditionally, to ensure supply
availability and reliability, the grid operators build parallel overhead transmis-
sion lines or bury down underground cables. Erection of parallel transmission
lines takes a long lead time whereas burying down underground cables are too
costly, especially in low population density areas. An alternative approach to
improve supply reliability and availability with a short implementation time
is to enable the island operating capability of a distribution grid, as a key
functionality of a so-called MG operation. This typically requires a battery
energy storage system (BESS) to keep the power balance of the MG powered
by intermittent renewables during island operation. Even though the cost of
investing in a BESS is relatively high compared to a medium voltage cable, the
investment of the BESS can still be justified if the BESS participates in pro-
viding flexibility and ancillary services to the main grid during grid-connected
conditions.

In case of an unplanned interruption of electricity supply from the main
grid, it is of great importance for the MG to detect such an outage in a fast
and reliable way in order to transition to island operation smoothly. If the
island condition fails to be detected in an MG with inverter-based resources
(IBRs), the overcurrent protection setting keeps a relatively high fault cur-
rent threshold as that for the grid-connected operation. In this case, a fault
in the islanded MG may not be detected or isolated as the IBRs limit the
fault current to the rated values of the inverters|12]. Consequently, the IBRs



Chapter 1 Introduction

and/or the load may trip due to sustained undervoltage in the local grid and
eventually lead to a local blackout. On the other hand, if a grid disturbance
is mis-detected as an island, local loads may be unnecessarily disconnected.
Thus, it is of great importance to have a fast and reliable island detection
strategy for a successful MG operation.

1.2 Literature review on island detection methods
for grid-forming inverters

Recently, the grid-forming (GFM) control of IBRs has been extensively dis-
cussed. However, the performance of the existing island detection methods
(IDMs) for MGs powered by IBRs with GFM control has not been sufficiently
explored. IDMs typically include communication-based, active IDMs, and
passive IDMs [13]. These methods are commonly compared based on indices
such as non-detection zone (NDZ) and island detection time (Tget) [14], [15].
Communication-based IDM uses the breaker status signal at the substation
[16] and hence has zero NDZ and a very short detection time. However, it
is recommended not to rely solely on the breaker status signal and thus a
backup IDM is required [17]. The active IDMs are based on real-time pertur-
bation of electrical quantities, e.g. by applying a small change in the reactive
power setpoint continuously [18]. The perturbation usually deteriorates the
grid voltage quality, especially with multiple DERs [19]-[21]. To avoid actively
disturbing the grid, passive IDMs are commonly used as a backup. Passive
IDMs are simple to implement but suffer from a relatively large NDZ [22].
To reduce the NDZ, different composite IDMs are proposed to combine the
voltage vector shift (VVS)-based and frequency-based IDMs [23]-[26]. The
focus of this thesis is on the evaluation of passive IDMs as a backup in case
of communication failure.

Passive IDMs are well studied for synchronous generators (SGs) [27]—[30]
and for IBRs with grid-following (GFL) control [31]-|33] both in the context
of anti-islanding protection and for MG island operation. In the latter case,
selected IBRs with GFL control need to switch to GFM control once the
islanded is detected. The island detection time is thus critical to prevent
unstable operation of the IBRs with GFL control under island conditions. In
contrast, if the IBRs are already equipped with GFM control during grid-
connected conditions, the island detection time is no longer that critical as
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the IBRs with GFM control can form the voltage and frequency of the MG
without the main grid [34]-[39]. On the other hand, if the island condition is
left undetected, the MG becomes vulnerable when an additional fault occurs
in the MG due to improper protection settings. This may cause cascaded
generator and load tripping, which leads to a local blackout. Furthermore,
there is usually a requirement on the maximum island detection time, e.g.
the IEEE 1547 standard recommends 2 s as the maximum island detection
time [40]. Moreover, in the future, GFM inverters may be controlled to provide
different inertial support and damping control to the grid at different operating
hours of a day depending on the reserve market price and grid conditions
such as grid inertia and short-circuit strength [37], [38]. This will change the
controller parameters of GFM inverters, which may affect the NDZ and island
detection time of the passive IDMs [39]. To the best of the authors’ knowledge,
how the GFM control of IBRs affects the effectiveness of the passive IDMs
has not been well studied in the existing literature.

1.3 Research questions

This thesis is going to address the following research questions:
1. Do the following two objectives impose a conflicting requirement on the
tuning of a GFM controller?
e performance requirement on the island detection of MG,
e the need to provide grid ancillary services during the grid-connected

mode.

2. What parameters of the GFM controller affect the NDZ and island de-
tection time of an MG during an islanding event?

3. What controller parameters affect the risk of misdetecting grid distur-
bances as an islanding event?

1.4 Purpose of the thesis and main contributions

The main purpose of the thesis is to evaluate the performance of passive IDMs
in an MG powered by IBR with the Virtual synchronous machine (VSM)-
based GFM control. In particular, the thesis aims to identify limitations
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on the parameter tuning of the VSM-based GFM controller imposed by the
performance requirement for island detection.
The main contributions of the thesis include:

1. Identification and evaluation of key VSM-based GFM controller param-
eters that affect the NDZ for VVS-based IDM

2. Determination and verification of the analytical expression of island de-
tection time as a function of virtual inertia and damping provided by
an inverter with VSM-based GFM control using frequency-based IDM.
Such an analytical expression can be used to determine the maximum
value of virtual inertia constant and damping given a desired detection
time without resorting to time-domain simulations.

3. Evaluation of the risk of misdetecting various grid disturbances as an
islanding event by an inverter with VSM-based GFM control using VVS-
based and/or frequency-based IDM. This will provide recommendations
on the trade-off between parameter selection for the VSM-based GFM
controller design to successfully perform grid connected services and
stable island operation.

4. Proposing a PQ-based load angle estimation for VVS-based IDM in case
of MGs powered by IBRs.

1.5 Thesis outline

The rest of the thesis chapters are organized as:

e Chapter 2 presents the overview of basic passive IDMs and GFM con-
trollers implemented in the MG.

o Chapter 3 propose a PQ-based load angle estimation technique for VVS-
based island detection. Furthermore, the chapter derives the relation
between the VSM-based GFM controller parameters and the IDM per-
formance indices such as NDZ and island detection time.

o Chapter 4 describes the case study system and simulation results analyz-
ing the impact of VSM-based GFM controller on VVS- and frequency-
based passive IDMs. The chapter also presents the cases with the pos-
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sible risk of misdetection of grid disturbance as an island by the passive
IDM.

Chapter 5 apply the passive IDM in an experimental MG setup having
VSM-based GFM control and verify the observations from simulation
results.

Chapter 6 summarize the conclusions and provide suggestions for future
work.

1.6 List of publications

S. Inamdar, R. Mohanty, P. Chen, R. Majumder and M. Bongiorno, "On
Benefits and Challenges of Nested Microgrids," 2019 IEEE PES Asia-
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pp. 1-6, doi: 10.1109/APPEEC45492.2019.8994363.

S. Inamdar, P. Chen, R. Majumder, M. Bongiorno, "Impact of Grid
Forming Control on the Effectiveness of Passive Island Detection," to be
submitted to IEEE Transactions on Smartgrid (Submitted)






CHAPTER 2

Overview of Backup Passive Island Detection Methods
and the Grid-Forming Control

2.1 Overview of passive island detection methods

There are four main types of passive IDMs: voltage magnitude-based, frequency-
based, voltage vector shift (VVS)-based, and composite method [23]-[29]. The
voltage magnitude-based IDM measures the voltage at the IBR connection
point and compares the measured voltage with a pre-defined threshold for
identifying an islanding event. Thus, the voltage magnitude-based method
is very sensitive to grid voltage dip and cannot be used on its own.[41] The
frequency-based method uses the rate of change of frequency (RoCoF), fre-
quency deviation (A f), or accumulated rotor angle change due to frequency as
a measure for island detection. The RoCoF-based method is sensitive to mea-
surement noise [42] and is not favored in practice, whereas A f-based method
is one of the most typical IDMs used in practice as it is free from the deriva-
tive problem observed in the RoCoF-based method. The rotor-angle-deviation
(A6,) based method utilizes the integration of the frequency deviation Af.
[24], and is less sensitive to measurement noise than the A f-based method.
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The composite islanding detection method combines the classical VVS-based
and Af-based IDM [25]. The VVS-based method is first used to detect an
initial change in the angle of the voltage vector that may be caused by an
islanding event whereas the A#, is then used to confirm an actual islanding
event if it exceeds its threshold. As compared to the VVS-based IDM, the
composite one has a smaller NDZ and is less prone to misdetection of grid
phase angle jump and load switching as an island [25]. Table summa-
rizes the performance of five common passive IDMs in terms of sensitivity to
noise, grid frequency variation, grid phase angle jump, island detection time,
and NDZ. It is observed from Table 2.1I] that the use of classical VVS- and
Af,- based IDM together provides more reliable island detection with smaller
NDZ than the other passive IDMs. In this work, the composite method is the
default passive IDM evaluated unless otherwise stated.

Table 2.1: Performance comparison of RoCoF-, -, and VVS- based island detection

Island de-

Sensitivity | Sensitivity | tection
Island detec- Sensi?ivity to grid | to grid | time for NDZ
. to noise frequency phase an- | large ex-
tion based on N .

variation gle jump change

power

RoCoF (Av- | High High Low High Medium
eraged  over
500/100 ms)
f (Averaged | Medium High Low High Medium
over 500/100
ms)
Classical VVS | Low Medium High Low Medium
Rotor angle | Low High Low Medium Medium
deviation
Composite Low Low Low Medium Low
(VVS + rotor
angle devia-
tion)

10
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2.2 Grid-forming control for inverter-based
resources

2.2.1 Overview of active-power based synchronization
strategies

One of the methods to implement the GFM control is to calculate the syn-
chronizing angle of a GFM controller through an active power control loop.
In the literature, there are different active power controller structures for the
GFM control. Fig. 2:]lists five available active power controller structures for
obtaining the synchronization angle in the literature: droop control [34], |36],
proportional droop controller with a low-pass filter (LPF) [37], power synchro-
nization control (PSC) [43|, PI-based controller [44], and virtual synchronous
machine (VSM) control [34], [43], [44]. The droop control in Fig. a) and
the power synchronization control in Fig. C) implement a single integrator
to acquire the synchronization angle from the active power mismatch. The
grid base rotating frequency is expressed as wg in p.u. and wy, in rad/s. The
two GFM control structures are simple to implement but do not provide in-
ertial responses on their own. To provide virtual inertia, the droop control in
Fig. 2.1}a) is modified to include a low pass filter as in Fig. 2-I[(b), which rep-
resents a second-order transfer function and uses two integrals to obtain the
synchronization angle from the power mismatch. Fig. (d) uses a Pl-based
GFM control together with a low pass filter to obtain the synchronization an-
gle from the active power mismatch. Fig. e) represents the VSM control
which obtains the synchronization angle by emulating the swing equation of
a synchronous generator with added speed damping.

The droop control with a low pass filter in (b) is mathematically equivalent
to the VSM control in the absence of the high pass filter in the damping. Fur-
thermore, the PI-based GFM control is equivalent to the VSM controller if
the closed-loop transfer function of the active power controller is loop-shaped
to a 3" order system with identical poles [44]. Moreover, the droop controller
in (a) and power synchronization control in (c¢) are also special cases of VSM
control providing no virtual inertia. The VSM control is implemented accord-
ing to the structure of a swing equation using inertia constant and damping
constant and does not require grid angle estimation, e.g. through a PLL, for
the synchronization purpose. As described above, the VSM controller struc-

11
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Perm ®o
A®Grm S5 OGFM 1 |6
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(b) Droop Control with Low Pass Filter
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(e) Virtual Synchronous Machine Control

Figure 2.1: GFM control structures using active power based synchronization
strategy
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ture is more general or equivalent to the other controller structures [35], hence
the VSM control structure described in [45] is selected for implementing the
GFM control in this thesis.

2.2.2 Virtual synchronous machine-based grid-forming
control of battery energy storage system

In an MG powered by renewables, a battery energy storage system (BESS)
may be used to control the voltage and frequency of the microgrid during
island operation. Fig. shows the complete controller for the BESS im-
plemented, including the frequency controller, the VSM-based active power
controller, the voltage controller, and the inner current controller.

Frequency Controller Active Power Controller- VSM control
o vam
L 3 A P droop P, vsm Oysm
Nl IR =B 1 o)
P B VST (+ b |y I
0 e + = sM K
v . AWysm
Wy
Islanding Povsm 5
Signal K
D sta
Voltage Controller Current Controller
* qu,pccl *
v IE | By Eedqyem o
pec K v,vsm abc | “cabe,vsm
+ L > vVCC >
_ B dq
qu vsm
| qu,pcc‘ (o) [C) ,
ysm vsm
o ﬁ Bvsan + ABoup
Vpcc ]vsm

Figure 2.2: Block diagram of controllers for VSM

The frequency controller uses a proportional droop of 1/Rysm. The VSM
calculates the rotational frequency wysy and the synchronization angle Oy

based on the power balance between the reference power P,

rsm anld the actual

13
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electrical power P,g, output from the BESS, where M is twice the virtual
inertia constant, and the virtual damping is implemented by a damping con-
stant Kp and the high-pass filter with the cut-off frequency of as [45]. The
voltage controller is implemented as an integrator with the gain of Kj ., and
controls the voltage Vjc. at the point of common coupling (PCC) between the
BESS and the local grid. Ey ysm is the virtual back EMF of the VSM and Y,
is the virtual admittance.

In steady state,

Evsm =

;m + Voces (2.1)

bl

where
1

YV = - ’
Rv + SLV + jwav

(2.2)

R, and L, are the virtual resistance and inductance of the VSM, respectively.
Iygm is the measured current injected to the grid from the BESS and I;
is the corresponding reference current, whose magnitude is limited to the in-
verter current rating. The current controller calculates the resulting reference
dq voltage of the inverter E7 . The virtual impedance is the equivalent
impedance seen by the virtual back EMF before the PCC voltage. The pur-
pose of the virtual resistance is to improve the damping of the dc component
of the output current; whereas the use of virtual reactance makes the voltage
controller parameter tuning less sensitive to grid impedance [44]. It is worth
mentioning that the use of virtual impedance does not introduce additional

losses in the physical system.

sSm

14



2.3 Summary

2.3 Summary

Passive island detection methods (IDMs) i.e. frequency-based, voltage vector
shift (VVS)-based, and composite method are reviewed and compared based
on the different performance parameters for secure grid connected operation
and fast and accurate island detection. The composite IDM that combines the
VVS-based and rotor-angle-deviation based IDM is more advantageous than
the other passive methods. Furthermore, for implementing GFM control for
an IBR in the thesis the VSM-based GFM control structure design is selected
for implementation in this thesis as other active power based synchronization
strategies are either special cases or have equivalence to the VSM-based GFM
control structure.
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CHAPTER 3

Passive Island Detection for Grid-Forming Inverter

3.1 Proposed PQ-based load angle estimation

The classical VVS-based IDM estimates the voltage angle jump typically by
using dq transformation or discrete fourier transform of the terminal voltage
of the IBR. For the VSM-based GFM control, the voltage angle jump at the
terminal of the inverter is equivalent to the load angle jump of the inverter
as the rotor angle of the virtual back EMF of the inverter does not change
immediately. Hereafter, the IBR with a VSM-based GFM controller will be
referred to as VSM for simplicity. In this work, the load angle (0) between the
virtual back EMF of VSM and the PCC voltage will be used instead of the
terminal voltage angle for analyzing VVS-based IDM. Furthermore, in case
the virtual impedance is not used, the actual RL filter impedance is highly
inductive. This implies that the reactive power imbalance in the MG during
an islanding event will not have a significant impact on the phase angle jump
of the PCC voltage. However, the analysis below is valid for cases with and
without virtual impedance.

From [2.3]
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Chapter 8 Passive Island Detection for Grid-Forming Inverter

Evsm = Rvjvsm + .ijjvsm + Vpcc~ (31)

Fig. illustrates the corresponding phasor diagram according to .
In case of an islanding event, for a slow varying virtual back emf, the sudden
change in the current phasor I ey, through the BESS results in a PCC voltage
phasor Vpcc shift. With the selected control, the virtual back EMF, both right
before (Fysm) and right after (E, ) the islanding event, is aligned on the d-
axis of the dg-coordinate as Fysm,q =0. The current phasor shifts from Iygm
to I which leads to the angle shift of Af;,;; at the PCC voltage from V.

to V. Accordingly, the load angle of the VSM shifts from § to 5.

pcc*

‘f'o' . IV

X Lysm

Figure 3.1: Initial angle jump of PCC voltage right after the islanding event

According to the phasor diagram method, given the measured active (Pysm)
and reactive power (Qysm) output of the VSM, the load angle ¢ can be esti-
mated as,

b
—tan—l
0 = tan <1—|—a>’ (3.2)

where,

_ RVPVSm —"_ XVQVSIH

a= e (3.3a)
pcc
XVPV m RVstm
b= S|V E (3.3b)
pcc

For real-time implementation, we propose to use (3.2)) and (3.3) to estimate
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3.1 Proposed PQ-based load angle estimation

the load angle ¢ , and thus the corresponding cycle-to-cycle load angle jump
(Adinit (t)) for VVS-based IDM. Hence in continuous time,

Abini(t) =8 — 8t — Ty), (3.4)

where T,, is the rated electrical period, i.e. 20 ms in a 50 Hz grid. If the
obtained value of the Adi,; is greater than the threshold, the estimation of
the rotor angle deviation (Af,) is triggered. The A, is a result of frequency
deviation due to the mismatch between the measured and reference active
power. Since the Adjyi¢ is used only for triggering the A, estimation, the
threshold can be selected to a very low value of 1° [25].

For a given threshold of Adi,i, the NDZ for active and reactive power
change by using VVS-based IDM can be estimated. Rearranging and
and solving for active and reactive power give

Vpcc tan( ) + stm [Xv tan(a) + RV]

Fosm = X, — R, tan(9) (3.5)

Assume a relatively small load angle change such that tan(d) ~ ¢. For
a first-order linearization around the initial operating point,F vsm, @Q0,vsms
[Vo,pec| and dp, the NDZ when subject to a change in the active power AP,y
and reactive power AQysm at the VSM terminal can be approximated by

AIjvsm - KlAstm + K2Avpcc + K3A5m1tv (36)
where
R
Kl == LRO, (373:)
1-— 7:50
2 |VE) CC| 60
Ky == — 3.7b
" X,-R 50’ (3.7b)
‘VO pcc‘
+ P vsm + Q vsm
Ky = 0 ovem (3.7¢)
_ Yvéo
and A6, is the threshold of the cycle-to-cycle load angle jump. The relation

shows that the slope of the APygn vs AQyvsm NDZ plot is primarily determined
by the R/X ratio of the virtual impedance in K; at a given operating point.
Whereas K3 defines the y-intercept value and hence the area of the NDZ for a
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Chapter 8 Passive Island Detection for Grid-Forming Inverter

+AS when AVpee =0. For a small initial operating point of Py ysm, Qo,vsm,

init
and Jp the area of the NDZ depends inversely on the virtual reactance in Kj.
To further analyze and illustrate the NDZ in the active and reactive power
mismatch space for APygn and AQysm at the VSM terminal, three cases are

selected and the NDZ is calculated using (3.6):
1. Low Ry-low Xy: Z, = 0.015 + 50.15 p.u.,
2. Low R,-high X,: Z, = 0.015 + 70.5 p.u.,

3. High R,-high Xy: Z, = 0.25 + 50.5 p.u..

50 -
40 - | 1z=001540.15pu [ ]2,=001540.5pu. | Z,=0.25+0.5 pu.

30 + Adfi=1
oth __{°
20 - Aam—lx
10 // A=l

Active Power Change [% Sp]

+
30+ Al
40 -

-50 ' ‘ ' ' ‘ ' '
-50 -40 -30 -20 -10 O 10 20 30 40 50

Reactive Power Change [% Sp]

Figure 3.2: Non-detection zone of VVS-based island detection method at different
virtual impedance.

Fig. shows the resulting NDZ of the selected three virtual impedances.
As the virtual reactance is increased from 0.15 p.u. (in red and slanted pattern
fill) to 0.5 p.u. (in blue with a square pattern fill) ; K7 and K3 are reduced,
decreasing the slope and the area of the NDZ. This is in accordance with
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3.2 On relation between island detection time and controller parameters of
the VSM

the linearized formula derived in . On the other hand, when the virtual
resistance is increased from 0.015 p.u. (in blue with a square pattern fill)
to 0.25 p.u. (in cyan and dotted pattern fill), the R/X ratio increases, and
thus the slope of the NDZ, K; also increases. However, the area of the NDZ
remains more or less unchanged as it depends largely on the virtual reactance,
which remains unchanged. This implies that a higher virtual reactance tends
to reduce the NDZ of the VVS-based IDM and a high R/X ratio of the virtual
impedance tends to shift the NDZ of AP upwards as AQ increases.

3.2 On relation between island detection time and
controller parameters of the VSM

Frequency-based IDM is another typical method for detecting an islanding
event based on the swing equation of a synchronous generator. Once the
VVS detects a sufficiently large load angle jump, the rotor angle deviation
A0, which is the accumulation of the frequency deviation Af is used for
confirming an islanding event. This subsection derives analytical expressions
of Af and A#f, as a function of the controller parameters of VSM. This is
particularly useful when determining the selection of the threshold of Af or
Af, for island detection to meet the required island detection time at a given
power disturbance.

The VSM controller emulates the swing equation of a synchronous machine
to determine the synchronizing angle according to [45] as:

dvasm *

2I—IvsmT - vam - vam - Dvsm(t)vasm (38)
where 5
Dvsm - Dvsm t =K . .
(5) = L{Duan (1)} = Kp—"— (39

Before the islanding event, the electrical power output from the BESS
Py vsm = P(;vsm- At the instant of an islanding event, the active power output
from the BESS is increased by AP,q, from Pg’vsm to Pysm for keeping the
local power balance, i.e.

Pusin = Py vom + APysn. (3.10)
Substituting (3.10) into (3.8) gives,
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Chapter 8 Passive Island Detection for Grid-Forming Inverter

Awysm
o, 2 C“;tvs = — APy — Dyom (t) Awyem. (3.11)

In the s-domain, (3.11)) becomes,

2H s 8Awysm (8) = —APysm () — Dysm(8) Awysm(8). (3.12)

The transfer function of the VSM frequency with respect to the electrical
power output becomes,

Awysm -1
Wom(s) _ : (3.13)
Avam(s) 2Hvsms + Dvsm(s)
Substituting value for Dygm(s) from equation (3.9) in (3.13))
A vsm -1
Wom(s) _ . (3.14)
APysm(s)  2Hysms + Kp

s+ag

For a step change in APy, i.6e. APysm(s) = APy /s the time domain
response of the VSM frequency becomes,

— APy T Lt
Awysm (t) = TD agt + (1 — asTp)(1 — e o), (3.15)
where .
Tph=——F+— 3.16
D s + 2[{1(‘2"‘ ( )

Accordingly, the rotor angle of the VSM will deviate from its initial value by,

t
NG (1) = / A (1) d.
0

Therefore,

_ApvsrnT
AO(t) = D“b[af

Y2 L1 = T, Toe T —Tp)|. (3.1
SH,. 2t +( o D)(t+ pe o D) (3 7)

Equations (3.15) and (3.17)) calculate the frequency and rotor angle devia-
tion of the VSM over time when subject to an active power imbalance. Both
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3.2 On relation between island detection time and controller parameters of
the VSM

deviations depend on not only the active power imbalance but also the virtual
inertia and damping of the VSM. The relation in or can be used
to calculate the island detection time given an active power imbalance and a
threshold value of Awysm or Af,. On the other hand, the relation can also
be used to set the threshold value of Awygy (for A f-based IDM) or A6, (for
Af,-based IDM) given the controller parameters of VSM and active power
imbalance at a desired island detection time.

0 0.5 1 15 2

Detection time[9]

@

5041 =90
~ 50.2 import 49.7Hz : 28 —
T _ -
L g 50.3Hz| | 0 S.
= A =145 |1 30 3
Y— P = -
49.8 160
49.6 : : = -90
0.2 0.4 0.6 0.8 1

Detection time[9]
(b) (zoomed)

Figure 3.3: Equivalent threshold settings for A f-based and A#,- based island de-
tection for APysm = & 30% Sb, Hyvsm = 3 s, Kp = 89.40 p.u., ay =
1.86 rad/s.

Fig. shows the threshold settings for A f-based (left-hand side y-axis)
and Af;-based IDM (right-hand side y-axis) for a required island detection
time at a power mismatch of 0.3 p.u., based on the BESS rating in both
the active power import and export case. Tqet,max represents the maximum
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Chapter 8 Passive Island Detection for Grid-Forming Inverter

island detection time limit of 2 s recommended in [40]. The H.gpy, is selected
as 3 s and values of Kp and af are designed based on the tuning presented
in [44]. Fig. shows that the two methods are theoretically equivalent to
each other if their threshold values are set accordingly. Fig (b) shows an
example where the threshold setting of |A#"| = 45° is used for Af,-based
IDM. For a 0.3 p.u. active power imbalance, the resulting island detection
time is Tqet = 0.611 s. The same island detection time can also be achieved
for a A f-based IDM with a frequency threshold setting of |Af"| = 0.3 Hz.

3.3 Implementation of the composite island
detection method

To be able to implement the controllers in ASPACE later for lab experiments,
the controller and the selected composite IDM is implemented in a discrete-
time domain. The following section describes the implementation of the VVS-
based and A#,-based composite IDM in MATLAB/Simulink.

3.3.1 Estimation of cycle-to-cycle load angle jump

Fig. (a) shows the estimation of the initial load angle jump Adi in
discrete simulation. The load angle here refers to the angle between the vir-
tual back EMF and the PCC voltage of the BESS converter. The Adj,i; is
estimated as the change of this load angle at the current electrical cycle with
respect to the previous one, i.e.

Adinit (1) = 0(z) — 6(i — 1) (3.18)

where i = floor[((k — 1)Ts/Tyn) + 1]. Once K = 1, the estimation of the rotor
angle deviation Af, will be initiated according to Fig. (b).

3.3.2 Estimation of rotor angle deviation

sth

init»

Once the initial load angle jump Adini; exceeds its threshold A a trigger
signal 'K’ is sent to start the calculation of the rotor angle deviation A6,
due to the change of the VSM frequency wysy, from its pre-disturbance value
wo,vsm- The wo vsm (k) is the five-cycle average value of the frequency before
receiving the trigger signal, and is calculated according to,
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3.8 Implementation of the composite island detection method

LN gy W v CN P W v R
and hold T init )
Ta False, K=0
Oysm (k) - — Ab, (k) True, =1
@0 ysm (k) K—»| * Zb_l : abs > AGh
v False, I= 0
(b)
! True, Island
wvsm(k) < Ct):,lém OR AND
False, No island
|qu,pcc| — > ngclc
©

Figure 3.4: Implementation of composite passive island detection method
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W(),Vsm(k) - TS Z wvsm(i) (319)

When the rotor angle deviation Af, accumulated reaches the selected thresh-
old A", the true 'T’ signal is used as an island signal when the PCC voltage is
above the selected threshold which is achieved using the AND logic as shown
in Fig. [3.4] (¢). The island signal obtained is then used to activate the fre-
quency controller of the BESS to regulate the frequency of the islanded MG.
In practice, other actions such as shedding of non-critical loads and/or change
of protection setting may also need to be carried out once an island is detected.

3.3.3 Frequency signal as a backup and voltage based
blocking

Fig. (c) shows the final composite passive island detection method de-
ployed in this paper. In case of a very small active power mismatch during
the island transition, Adi,i; will be lower than the selected threshold of 1° and
A, will not be activated. This corresponds to the NDZ of the VVS-based
IDM. However, MG frequency may start to drift away due to a small power
imbalance in the islanded MG. Thus it is important to use the A f-based IDM
as a backup signal for island detection. This will reduce the NDZ of the
composite VVS-based method caused by the Adjy;. Furthermore, a simple
voltage magnitude-based blocking of the islanding signal is implemented to
avoid misdetection of grid faults as islanding events. On the other hand, the
MG is expected to isolate itself (island) for an occurrence of a fault on the
grid side. This can be achieved by bi-directional overcurrent relays or by send-
ing a breaker disconnection signal obtained from a fault detection algorithm.
However, this is not the focus of the thesis, and will not be further discussed.
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3.4 Summary

3.4 Summary

This chapter has summarized the theories for analyzing the performance of
passive IDMs for a microgrid powered by IBRs with VSM-based GFM control.
The main takeaways include:

The proposed PQ-based load angle estimation method is discussed in
detail for estimating the load angle jump when subject to a power mis-
match at the terminal of the inverter. The non-detection zone (NDZ) of
the VVS-based IDM is also expressed analytically.

It is observed that the area of NDZ primarily depends on the virtual
reactance for a selected threshold of cycle-to-cycle load angle jump if
the initial active and reactive power operating points of the VSM are
zero.

The slope of NDZ is defined mainly by the R/X ratio of the virtual

impedance.

An analytical expression defining the relation between island detection
time and VSM controller parameters for both the A f-based and A#f,-
based IDM is derived and compared. The two methods can be equiva-
lent to each other if their corresponding threshold settings are selected
accordingly.
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CHAPTER 4

Case Study and Simulation Results

4.1 Description of case study

Fig. shows the electrical diagram of a medium-voltage distribution grid

connected to the main grid.

BESS
Storage+ VSe Vism (Vi P vsm’stm VpCC
@] N = 4
S Zs | Zians Losm CB4 CB1 l Pg Qq ( )
% - - =
Ec,abc,vs Al =~ | Z #
- —'q_ .
Load‘L_ Zimer  PL, Qi CB2 Main Grid
ain Gri
Wind () —— 5lpce
Z/mc.’ P\’\’v QW cB3

Figure 4.1: Single Line Diagram- Case Study System

The distribution grid supplies the local community load together with the
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Chapter 4 Case Study and Simulation Results

local wind power generation. A BESS is installed to mitigate the increased
peak load and to improve the supply reliability of the local community. Table
summarizes the parameters of the grid, a BESS, wind turbines, and load.
The constant power load is implemented in the simulation using the "Three-
Phase Dynamic Load’ block from Simulink [46]. There are 5 variable speed
wind turbines each rated 2 MW. and are modelled as an aggregated negative
load in the simulation. The settings of the VVS-based and the accumulated
rotor angle change-based IDM is also included in the table.

Table 4.1: Case study system parameters

Grid Parameters Values
Short circuit ratio, SCR 3
X/R ratio 10
Base grid rotational frequency, wy 27 x 50 rad/s
BESS Parameters
Rated BESS Power, Sy, 10 MVA
Rated BESS grid voltage (L-L,RMS), Vi, 11 kV
Filter impedance, Z¢ 0.009 + j0.09 p.u.
Transformer impedance, Z;ans 0.006 + j0.06 p.u.
Virtual resistance, Ry 0.25 p.u.
Virtual inductance, Ly 0.5 p.u.
Frequency droop, Rysm 0.04 p.u.
Virtual inertia constant , Hygpy, 3s
Virtual damping constant , Kp 89.4 p.u.
High pass filter bandwidth , as 1.8625 rad/s
Voltage controller bandwidth , oy, 21 x 12.732 rad/s
Voltage controller integral gain , K; yc 200 rad/s
Current controller bandwidth , a. 27 x 500 rad/s
Current controller proportional gain , K, oc 1.5 p.u.
Current controller integral gain , K .. 47.124 rad/s
‘Wind generators rating
Installed capacity, Sy 5%2.13 MVA, cos ¢ = 0.94
Maximum active power, Py max 5x2 MW
Island detection settings
Initial voltage angle jump threshold , |AByit] 1°
Accumulated rotor angle change threshold , |A#8, | 45°
Load Parameters
Rated load power
(10% Constant impedance + 90% Constant power load) 10 MVA cos¢ = 1
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4.2 Base case scenario

4.2 Base case scenario

For the base case in the simulation studies, the values of controller parameters
for VSM follow Table Fig. shows the steady state power flow before
and after the islanding event for the base case scenario.

P\\lll’ Q\Slll P\Sﬂh Q\ﬂl’“
BESS > BESS —>
L . ——— Py, Qg -— Py, Qg
(Sb) 0 MW, 0.47 MVar - (Sv) "3 MW, 0 MVar |«
[Fe—+—=o Grid v +——o Grid
Net 3 MW, 0MVar 3 MW, -0.47 MVar Net 3 MW, 0MVar 0 MW, 0 MVar
Load R o Load <«
Pretioaas Qnel-l(md | PCC Pretroaas le-lﬂad PCC

Figure 4.2: Power flow before and after island for the base case scenario. Pret—1oad
= Pioad - Po = 10 MW - 7 MW = 3 MW.

Figli.3] (a) and (b) show the dynamic response of the electrical power out-
put from the BESS and the microgrid frequency when the microgrid is dis-
connected from the main grid at t= 1 s. Prior to the islanding event, wind
turbines were generating 7 MW (0.7 p.u.) of power and the remaining 3 MW
(0.3 p.u.) was imported from the grid. When the microgrid is disconnected
from the grid, this net load power of 3 MW (0.3 p.u.) is drawn from the BESS
to handle the power imbalance in the microgrid. The frequency controller of
the BESS is not enabled as the island transition is not yet detected. At the
instant of the islanding event, as shown in Fig (c), there is an initial load
angle jump of Adiyiy = 7.5°, which is larger than the threshold of +1°. This
triggers the calculation of the rotor angle deviation Af,, as shown in Fig[4.3]
(d) which is caused by the declining frequency in the microgrid. The islanding
event is eventually detected after about 0.7 s once the A, reaches the thresh-
old of £45°. Upon island detection, the frequency controller of the BESS is
activated to stabilize the microgrid frequency. Prior to the activation, the fre-
quency controller is frozen. This may not be the case if the BESS is expected
to provide frequency reserve during the grid-connected case.
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Figure 4.3: Unplanned island on the microgrid for APysm = 30%Sh



4.8 PQ-based vs dg-based load angle estimation for voltage vector shift-based
island detection method

4.3 PQ-based vs dg-based load angle estimation

for voltage vector shift-based island detection
method
Fig. [4.4] shows the PQ-based method for estimating the cycle-to-cycle load

angle jump as compared to the dg-based estimation method. The grid import
was 0.3 p.u prior to the islanding event at t = 1 s as shown in Fig. [£.2]

?0.4 B _ vam_
S02r ~= = Qe
2

8 o——— ‘\"l """""""""""""""""

0.96 0.98 1 102 104 106 108 11 112 114
Time[s]
(a) Active and reactive power of the VSM

B ——dqg-based
10 j - - - --PQ-based|_
= 5f
I
1
07 U

0.96 0.98 1 102 104 106 108 11 112 114
Time[s]
(b) dg-based vs PQ-based estimated |oad angle

Figure 4.4: Comparison of PQ-based and dg-based estimation of load angle for
implementing VVS-based IDM for APysm = 30%Sh

As shown in Fig. (b), the dg-based estimation method captures the
electrical transients of the voltage angle observed within an electrical cycle
(blue curve). Hence the load angle estimated using the dg-based method is
very sensitive to these electrical transients. On the other hand, the proposed
method estimates the load angle according to , which is based on the
phasor diagram, even though the active and reactive power measured are
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instantaneous quantities (dashed red curve). Therefore, the proposed method
provides a more stable estimation of the load angle § which will mitigate false
triggering during the captured electrical transients.

4.4 Impact of control parameters of VSM on
voltage vector shift-based island detection
method

4.4.1 Impact of voltage controller gain

Fig. [A:5|shows the impact of the voltage controller integral gains and hence the
bandwidth on the terminal voltage of the BESS, and the cycle-to-cycle load
angle jump. The microgrid imports 0.3 p.u. of active power from the main
grid as shown in Fig. before the islanding event occurs at t = 1 s. The
integral gain with a large value of 200 rad/s enables the voltage magnitude to
recover back to 1 p.u. faster after the islanding event. The resulting cycle-to-
cycle load angle jump Adinir matches well with the analytical value indicated
by ’x’ according to - . In contrast, the estimated Ad;,;; becomes
slightly larger in the case of a slower voltage regulator with an integral gain
of 20 rad/s as the voltage magnitude |Vpcc| is now lower than 1 p.u. However,
with the values selected for the case study, the difference is small and does
not negatively affect the island detection.

4.4.2 Impact of filter parameter estimation error and its
mitigation by virtual impedance

The physical implementation of a VSM may or may not involve a virtual
impedance (Z,) [47]. However, if the virtual impedance is not used, the
estimation of cycle-to-cycle load angle jump uses the impedance value of the
physical RL filter, and the value may not be known perfectly. Such an error
in the estimation of the filter impedance may affect the estimation accuracy
of the cycle-to-cycle load angle jump. To evaluate this phenomenon, a small
active power change of 0.12 p.u. is selected during the islanding event for
the VSM with the power flow as shown in Fig. Fig. shows the
resulting cycle-to-cycle load angle jump with/without virtual reactance. The
estimated value of filter reactance is assumed to have a 10% error and is equal
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detection method
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Figure 4.5: Impact of two different voltage controller integral gains on the voltage
magnitude and the cycle-to-cycle change in the load angle for APygm =
30%Sh,
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eter estimation error on Adinit. Phet—load = Pload - Pw = 10 MW - 7

MW = 3 MW.
aee - ..... .
3 - : : - Xf
x 0.9* Xf
e (e X,
£ m Anaytical X

2 Aa}:n:f z

l Pessansnssssnnnansanannnnnannnnn b b ARRLLLLLLLLLLL L e e e e e PR LI L LR EL L S LR L L

0 1 1 1 1 |

0.95 1 1.05 11 1.15 12

Time[9|

Figure 4.7: Cycle-to-cycle load angle jump for actual filter reactance (Xs), filter re-
actance with 10% error in parameter estimation, and virtual impedance
for APysm = 12%Sy

to 90% of the actual value X;. When the virtual reactance is not used, the
cycle-to-cycle load angle jump Adiy;; is 0.94° for an estimated value of 0.9X%.
However, for the actual X, the Adinit is 1.04°, which is above the threshold
of VVS-based IDM. This implies that the parameter estimation error affects
the NDZ of the VVS-based IDM. On the other hand, the Ad;,;; matches well
with the corresponding analytical value calculated using in the presence
of virtual reactance, since the virtual reactance reshapes the reactance seen

36



4.5 Impact of grid X/R ratio on voltage vector shift-based island detection
method

between the virtual back EMF and the PCC voltage of the VSM. This could
be seen as one of the advantages of having virtual impedance for estimating
the cycle-to-cycle load angle jump.

4.5 Impact of grid X/R ratio on voltage vector
shift-based island detection method

Fig. shows the pre-island power flows for the two cases of the X/R ratio.
The entire net-load power of 0.3 p.u. is imported from the grid. Fig.
shows the impact of the high and low values of the grid X/R ratio on the
VVS-based IDM for an islanding event. The cycle-to-cycle load angle jump as
shown in Fig. [4.9| (d) is larger for a grid X/R ratio of 2 in comparison to an
X/R ratio of 10. This is because for a grid X/R ratio of 2, the Qysm required
to maintain the PCC voltage to 1 p.u. is 1.31 MVar, which is larger than that
for a grid X/R ratio of 10. Fig. [4.9| (b) shows the difference in the values of
Qvsm for the two cases. This indicates that the grid impedance affects the
initial reactive power output from the VSM. The reactive power change at
the terminal of the VSM during the islanding event will affect the load angle
jump of the VSM especially when the virtual impedance of the VSM has a
low X/R ratio.
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Figure 4.8: Power flows to analyze the impact of grid X/R ratio on VVS-based
IDM
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Figure 4.9: Impact of grid X/R ratio on the composite VVS-based IDM for an

islanding event. APysm = 30% Sb, Hysm = 3 s, Kp = 89.40 p.u., o =
1.86 rad/s.
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4.6 Impact of VSM control on the island detection time of frequency-based
island detection method

4.6 Impact of VSM control on the island detection
time of frequency-based island detection
method

4.6.1 Impact of inertia constant

Fig. shows the impact of virtual inertia constant H,s, on island de-
tection time by using Af,-based IDM at different power imports from the
main grid to the microgrid. In this case, the damping constant Kp and fil-
ter bandwidth oy are kept constant and equal to 89.40 p.u. and 1.86 rad/s,
respectively. The simulation results match well with the analytical results
obtained from . At a given import power, the island detection time
becomes longer when the H.gy of VSM increases because of a slower reduc-
tion in frequency. It is thus important to tune the H,gy value by accounting
for both the need of inertia support during the grid connected mode and the
required speed of island detection. On the other hand, if a given Hygy, of
VSM is required, one may adjust the threshold value for A6, to achieve a
desired island detection time. However, the reduction in the threshold value
may increase the risk of misdetection, and thus should be evaluated carefully.
The analytical equation provides the threshold values for the inertial
support and island detection time desired by the operator and/or MG owner.
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Figure 4.10: Detection time vs active power change for different values of Hysm
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4.6.2 Impact of effective damping

The parameters K and oy affect the effective damping of the VSM. Fig. [1.11]
shows the island detection time as a function of import power for three differ-
ent values of Kp. The simulation results also match well with the analytical
results obtained from . As shown in the figure, it takes a longer time
to detect the island as the damping constant increases. This is because the
VSM frequency ramps down slower in the case of high-frequency damping.
Thus, it takes a longer time for the rotor angle deviation Af, to reach its
threshold of +45°. Similarly, the island detection time becomes longer in case
of a smaller filter bandwidth agf, corresponding to a higher effective damping.
A large damping constant is effective in damping the power oscillation. How-
ever, it will lead to a slower speed of island detection. Thus, the tuning of the
effective damping should weigh between the need to damp power oscillation
and the required speed of island detection. The base values of parameters
Kp and oy are designed for a base inertia constant using the tuning approach
proposed in [44]. For such tuned parameters, the speed of island detection
can be adjusted by the selection of the threshold of the Af,.-based IDM.
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Figure 4.11: Detection time vs active power change for different values of Kp
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4.6 Impact of VSM control on the island detection time of frequency-based
island detection method

4.6.3 Impact of load type and electrical distance of the load

Fig. shows the impact of load type and the electrical distance between
the load and the BESS from the PCC on the island detection time for dif-
ferent power imports from the grid. Three cases are evaluated: a) constant
impedance or constant power load connected to PCC, b) constant impedance
load 15 km away from PCC, and c¢) constant power load 15 km away from
PCC.

25r
— Constant Z or P load on PCC
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=
S
o
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Figure 4.12: Island detection time vs. active power change for constant power and
constant impedance load connected at PCC and 15 km away from
PCC.

The BESS controls its PCC voltage to 1 p.u. As the load is connected
further way from the PCC, the load voltage will be lower than the PCC
voltage, which leads to a reduction in the load current and hence power due
to load voltage dependence of the constant impedance load. As a result, the
island detection time becomes longer for a load that is further away from
the PCC where BESS is connected, as in case b) compared to case a). In
contrast, in the case of a constant power load, the load power is independent
of the change in the voltage. The active power change at PCC includes both
the rated load power and the increased line losses. This increased active power
change reduces the island detection time.
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4.7 Risk of misdetection under grid disturbances

Three cases have been performed to evaluate the impact of the VSM controller
on the risk of misdetection by using composite IDM under grid frequency vari-
ation and voltage angle jump. Fig. [£.13]shows the pre-disturbance power flow
used to analyze the risk of misdetection. Before a grid disturbance occurs, 0.25
p-u. of active power is imported from the grid and 0.05 p.u. of active power
is provided by the BESS for the net-load of 0.3 p.u.. The grid disturbance is
applied t = 1 s.

VP“ Grid-connected
P\SI‘IH Q\sm

BEss "> |,
(Sb) 0.5 MW, 0.47 MVar
~—+—= Grid
Net 3Mw,0oMvar | 2> MW.-047MVar
Load -

Pnel-lnmh Quel-lmld PCC

Figure 4.13: Power flows to analyze the risk of misdetection for grid frequency
variation and grid voltage phase angle jump

The cases simulated are:

1. Base case: Hygm = 3s, Kp = 89.40 p.u., and af = 1.86 rad/s
2. Low H: Hygy = 0.1 s, Kp = 89.40 p.u., and as = 1.86 rad/s,

3. Low H and Low Kp: Hysn = 0.1 s, Kp = 17.88 p.u., and oy = 1.86
rad/s.

The base case corresponds to a slower synchronization and large inertial sup-
port to the grid because of larger values of both Hygy and Kp. In the Low H
case, the synchronization is also slow due to the high value of damping. The
Low H and Low Kp case provides the fastest synchronization speed among the
three cases with the lowest value both in virtual inertia constant and effective
damping.
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4.7 Risk of misdetection under grid disturbances

4.7.1 Grid frequency variation

A grid frequency variation, as shown in the solid line in Fig. [4.14] (a), is
simulated according to the frequency withstand capability requirement for
generators specified by ENTSOE [48]. However, with addition of more and
more IBRs more severe RoCoF than of generators can be expected.

The resulting VSM frequency for each of the three cases is also shown in
Fig. 4.14) (a). If the VSM is designed to achieve fast grid synchronization like
in Case 3, the resulting initial voltage angle jump caused by the grid frequency
variation will be very small, which suppress the risk of misdetection. On the
other hand, in Case 1 or Case 2, the synchronization between the VSM and
the grid is slow as shown in Fig. |4.14] (a). As a result, the cycle-to-cycle load
angle jump exceeds the threshold of 1° as shown in Fig. (b). This will
then activate the calculation of the rotor angle deviation Af,, which reaches
the threshold of 45° due to grid frequency variation as shown in Fig. [4.14
(¢). Consequently, the grid frequency variation event is misdetected as an
islanding event. One important reason to adopt the composite IDM is to use
VVS-based IDM to distinguish the grid frequency variation event from an
islanding event. However, this cannot be achieved if the synchronization loop
of the VSM is too slow.

4.7.2 Grid voltage angle jump

Fig. [415] simulates another event where the grid voltage drops to 0.87 p.u.
with an angle jump of —35°. Such a large grid angle jump will trigger the
VVS-based IDM, which activates the calculation of rotor angle deviation A6, .
Compared to Case 1 and 2, Case 3 has lower inertia and damping, which leads
to a faster change in VSM frequency. However, the VSM frequency in Case 3
is brought back to the pre-disturbance value faster because of a faster synchro-
nization loop. Consequently, the Af, in Case 3 does not reach the threshold
of —45°. In Case 2, the recovery of frequency is faster than that in Case 1 due
to lower inertial power. However, the high damping power still slows down
the recovery of the frequency, pushing Af, toward the threshold. This implies
that a VSM with high inertial and damping power has a higher tendency to
misdetect grid voltage angle jump as an islanding event. Hence to mitigate
misdetection in case of grid voltage angle jump, a faster synchronization loop,
corresponding to a low virtual inertia constant and damping, is desired.
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Impact of grid frequency variation on the composite VVS-based island
detection for a APym = 25%Sy. (Case 1- Hysm = 3's, Kp = 89.40
p-u., af = 1.86 rad/s. Case 2- Hysm = 0.1 s, Kp = 89.40 p.u., oy =
1.86 rad/s. Case 3- Hysm = 0.1 s, Kp = 17.88 p.u., af = 1.86 rad/s.)



4.7 Risk of misdetection under grid disturbances
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Figure 4.15: Impact of combined voltage dip and phase jump on the composite
VVS-based island detection APysm = 25%S51,. (Case 1- Hysm = 3 s,
Kp = 89.40 p.u., ay = 1.86 rad/s. Case 2- Hysmy = 0.1 s, Kp = 89.40
p-u., af = 1.86 rad/s. Case 3- Hysm = 0.1 s, Kp = 17.88 p.u., ay =
1.86 rad/s.)
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4.8 Summary

A medium voltage microgrid case study with VSM-based GFM controller is
simulated in MATLAB/Simulink. The impact of different controller parame-
ters on the VVS- and frequency-based passive IDM is analyzed for an islanding
event as well as for grid disturbances. The following are the main conclusions

from the analyzed results:
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The load angle estimated using the proposed PQ-based method shows
better performance than the dg-based method as the former is less af-
fected by the electrical transients within each electrical cycle.

The presence of virtual impedance reshapes the impedance seen between
the virtual back EMF and the PCC voltage. This reduces the risk
of an increased NDZ caused by the estimation error of physical filter
parameters.

The low value of inertia and damping corresponding to a fast synchro-
nization loop reduces the island detection time. Furthermore, it also
reduces the risk of misdetection when facing a large variation in the grid
frequency or angle jump in the grid voltage.

However, during grid connected conditions, a relatively large inertial
support is desired in case of a high RoCoF event in the grid. Further-
more, a low value of damping can cause high power oscillations between
the VSM and the grid when subjected to small disturbances. Thus,
there is a trade-off in tuning the VSM parameters between the need of
inertial support and damping during grid-connected conditions and the
need of a reliable and fast island detection during an islanding event.



CHAPTER b

Experimental Verification

5.1 Description of experimental setup
Fig. depicts the implemented laboratory setup for verifying the perfor-

mance of the composite island detection method in an MG. The MG is powered
by an ac power amplifier, which emulates the electrical behavior of a VSM .

Evsm VPCC E grid

Y

I
1
=

- Breaker <
(b P vsm P, grid

Local power grid

4-Quadrant Power Base load (400 V)

Amplifier (30kVA)

Figure 5.1: Lab setup for evaluating the performance of composite island detection
method in an MG powered by a grid-forming inverter

The 30 kVA (Sacs) power amplifier is a 4-quadrant ACS power ampli-
fier from Regatron. The controller for VSM is implemented in dSPACE
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Microlabbox, which sends the reference voltage signals to the ACS running
in amplifier mode. The Z; represents the filter impedance of the VSC, i.e.
0.05 4+ j0.95 €. The local 400 V grid is highly resistive. In order to reflect
better the characteristics of a medium voltage distribution grid, an impedance
of Z. = 0.7+ j0.4750 Q is connected between the ACS and the 400 V grid.
This impedance reflects the X/R ratio of a 12 kV 150 mm? underground cable
[49]. The short circuit ratio between the grid at PCC and the ACS is 2.1. A
switchable resistive load rated 9 kW (0.3 p.u.) is connected to the PCC, with
power steps of 0, 4.5 kW, and 9 kW. A breaker is used to connect or disconnect
the grid for creating an islanding event. In this case, the ACS has a higher
rating than the 9 kW load which is typically not the case in reality. However,
this does not affect the analyses and conclusions of the results. This is be-
cause the purpose here is to vary the exchange power between the MG and
the main grid for evaluating the performance of the island detection methods,
especially when the exchange power is relatively small concerning the rating
of ACS. The controller parameters of the VSM are selected similarly to the
simulation model stated otherwise.

5.2 PQ-based vs dg-based load angle estimation
for voltage vector shift-based island detection
method

Fig. shows the power flow in the MG laboratory setup before and after the
disconnection of the main grid. Before the islanding event, the MG imports
0.833 p.u. of active power from the main grid. Fig. [5.3]shows the correspond-
ing measurement of the VSM load angle estimated using the dg-based and the
proposed PQ-based method during an islanding event. It is observed that the
load angle estimated using the PQ-based method (blue dashed curve) contains
not only fewer electrical transients within an electrical cycle, but also fewer
harmonics, as compared to the dg-based method (red curve). The three-phase
voltage in the local grid contains 5*"-order harmonic component, which be-
comes the 6*"-order harmonic in the synchronous dq coordinate. With no or
insufficient filtering of the grid voltage, the harmonic components are seen as
ac components by the integrator in the PLL. This may result in an amplified
harmonic component in the estimated load angle as shown in the solid red
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5.2 PQ-based vs dq-based load angle estimation for voltage vector shift-based
island detection method

curve in However, the 6'"-order harmonic content is almost unobservable
in the PQ-based method, because the method involves no integral action in
estimation.
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Figure 5.2: Power flow for MG lab setup to analyze the PQ-based vs dg-based load
angle estimation before and after an islanding event
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Figure 5.3: PQ-based vs dg-based load angle estimation for VVS-bsed island de-
tection of MG laboratory setup for APysm = 8.33%Sacs during an
islanding event

Fig. shows the power flow in the MG laboratory setup before and after
a load switching event. The load is switched from 0 to 4.5 kW (0.15 p.u).
Fig. [B.5 shows the corresponding load angle of the VSM using the dg-based
and the proposed PQ-based estimation method. Similar phenomena as in the
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islanding event are observed, where the electrical transients in the dg-based
method are clearly observable, and the PQ-based method provides a much
better estimation of load angle at the fundamental frequency with much less
harmonic distortion.
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Figure 5.4: Power flow for MG laboratory setup to analyze the PQ-based vs dg-
based load angle estimation in case of load switching

25+
Grid disturbance- L oad step
20+ - - - -PQ-based
——dg-based
151
°_10f
o

5h
0.98 1

1.02 1.04 1.06

Time[g]

1.08 11 112

Figure 5.5: PQ-based vs dg-based load angle estimation for VVS-based island de-
tection of an MG laboratory setup for APysm = 15%Sacs: load switch-
ing
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5.8 Impact of virtual impedance on non-detection zone of voltage vector
shift-based island detection method

5.3 Impact of virtual impedance on non-detection
zone of voltage vector shift-based island
detection method

Fig. illustrates the power flows before and after an islanding event. Fig.
[5.6 shows the corresponding results of active power output from the VSM, the
load angle of the VSM, and the cycle-to-cycle change of the load angle during
an islanding event. Two cases with two different values of virtual impedance
are tested, i.e. Z, =0.015+j0.15 p.u. and Z, = 0.254+j0.5 p.u. Although both
R, and X, are changed in the experiment, it is mainly the virtual reactance
that affects the area of the NDZ. According to the analytical expression in
and simulation results in Fig. the NDZ widens as the virtual reactance
reduces. This is verified in the laboratory test as shown in Fig. (b) and
(¢), where the red-dashed case with a lower virtual reactance failed to detect
the islanding event, even though the change of the active power experienced
by the VSM is more or less the same between the two cases according to Fig.

(a).

5.4 Impact of VSM control on the island detection
time of the frequency-based island detection
method

Three different cases as shown in Table are performed in the laboratory to
demonstrate the impact of the virtual inertia constant (Hysp, ) and the effective
damping on the island detection time. Two values of active power change 30%
(9 kW) and 15% (4.5 kW) are selected for the experiment. The detection time
obtained from the laboratory results matches closely with the analytical values
obtained from . This indicates that, when using rotor angle deviation
Af,-based IDM, the analytical expression developed in can be directly
used to evaluate the island detection time for a given virtual inertia constant
and damping constant without resorting to time domain simulation. The same
conclusion can be draw when the frequency deviation A f-based IDM is used.
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Figure 5.6: Island case: Impact of change of virtual impedance on the non-
detection zone of VVS-based island detection for A Pysm = 8.33% Sacs
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Table 5.1: Experimental tests of island detection time using composite IDM at
different settings of virtual inertia constant and damping

Cases AP(%Sacs) Analytical szb(szatory results
Hygm =3 s, Kp = 89.4 p.u. ?gg‘; 8:3; 8:Sé
Hyem= 0.1's, Kp = 89.4 p.u. i’gg‘j 8:2}1 8;;
Hyan = 3 s, Kp= 89.4/5 p.u. fgiﬁj 8:?3 8:?1

5.5 Risk of misdetection under grid disturbances

5.5.1 Load switching

Fig. shows the power flow before and after the resistive load is switched
from 0 to 4.5 kW (15% Sacs).

Fig. shows the corresponding dynamic response during the load switch-
ing event, in terms of active power from the VSM to the grid, load angle from
the VSM and the cycle-to-cycle load angle jump for two different values of
virtual impedances (Z,). For the given base value of Z, = 0.25+j0.5 p.u., the
change in the load angle is sufficiently large to increase the cycle-to-cycle load
angle jump above the threshold of 1°. This leads to a misdetection of the load
switching as an islanding event. However, if a low Z, = 0.015+j0.15 p.u. is
selected, the cycle-to-cycle load angle jump is small and the misdetection can
be avoided. This is because the change in the load angle is largely dictated
by the active power output from the VSM and the value of virtual reactance
Xy. According to 7 for a given active power change, a larger value of X,
causes a larger load angle change, which may lead to a misdetection of load
switching as an islanding event. Although a low Z, will avoid the misdetec-
tion in the case of grid disturbance such as load switching, it will increase
the area of a non-detection zone in case of an actual island as observed in
Fig. Typically, a high value of virtual impedance is selected for grid
connected operation to reduce the impact of grid impedance on the design of
voltage controller. Thus increasing the probability of misdetection for a grid
disturbance. One way to avoid misdetection is to increase the threshold of the
VVS-based method. But, this will decrease the sensitivity of the method to
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Figure 5.7: Misdetection by VVS-based island detection during a load switch-

ing event for APysmn = 15%Sacs and two different values of virtual
impedance
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an actual island thereby increasing the NDZ.

5.5.2 Estimation of rotor angle deviation under grid
frequency variation

For a grid disturbance of load switching or voltage angle jump VVS-based
method will trigger the estimation of Af,. From Fig. (b), it can be
observed that the A6, is calculated using the deviation of VSM frequency
Wysm (k) from wo vem (k), where wg vsm (k) is VSM frequency wyem (k) averaged
over past five cycles at the instant of triggering. In reality, the grid frequency is
not constant and has small but continuous deviation from the base frequency
of 50 Hz. Hence, for a grid connected case, the BESS frequency exhibits
the same deviations as it follows the grid frequency. This causes the A6, to
continuously accumulate. Over time this may lead to the misdetection of the
grid disturbances as an islanding event. Fig. (a) shows the measured
frequency of the grid using a PLL (red) and BESS internal frequency (green
with markers). The A#f, calculated using the fpre—disturbance value is shown in
Fig. |5.8| (b). The A6, continues to accumulate and reaches the threshold of
-45° around 11.5 s.

One way to tackle this problem is that for the composite IDM, replace the
Af,-based by the A f- based method. The threshold value for the A f- based
method should be sufficiently large to reduce misdetection in case of grid
frequency variation, but not too large to activate the over- or under-frequency
relay that will disconnect the local generators and/or loads. Another approach
could be to use the remote measurement of grid frequency and track the angle
separation between the virtual back EMF angle of the VSM and the grid
angle at a remote measurement point. However, the method will no longer
be a ’local passive’ IDM and relies on a communication medium to receive
the remote measurement. Further analysis on a more effective passive IDM is
required in the future.
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Figure 5.8: Impact of the use of an internal VSM frequency on the estimation of
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5.6 Summary

5.6 Summary

The proposed PQ-based load angle estimation method and the composite
passive IDM are tested in an MG setup in the laboratory. The VSM-based
GFM control is implemented in the Regatron ACS power amplifier, which
emulates the electrical behavior of a BESS. The conclusions are summarized
as follows:

e The laboratory experiment confirms the observation from the simula-
tion that the PQ-based method for load angle estimation is better than
the dg-based estimation method. The PQ-based method contains fewer
harmonics and electrical transients within an electrical cycle both during
the actual islanding event and during a grid connected load switching
event.

o The area of a non-detection zone (NDZ) for the selected VVS-based
passive IDM is affected principally by the virtual reactance. The area
of NDZ is increased for the decrease in the virtual reactance value as
observed in laboratory experiments, which is in line with the conclusions
drawn from the simulation results and the theoretical analysis.

e The island detection time values obtained in the lab experiment for
different cases verify the analytical expression of island detection time
as a function of VSM-based GFM controller parameters.

o For a grid connected load switching event, a small value of virtual reac-
tance is preferred to reduce the risk of misdetection. However, a small
virtual reactance increases the NDZ of the VVS-based IDM. A trade-off
in the selection of the virtual reactance is thus needed.
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CHAPTER O

Conclusions and Future Work

6.1 Conclusions

This work has identified key factors that influence the performance of passive
island detection methods in an MG powered by a grid forming IBR using
VSM control. The key factors are related to the parameter settings of the
VSM controller, including virtual impedance, virtual inertia constant, effective
damping, and voltage controller integral gain. Table[6.I]summarizes how these
controller parameters affect the performance of the analyzed passive IDMs.
The following conclusions can be derived from the simulation and experimental
results obtained in the thesis:

e To achieve a small area of AP — AQ NDZ of a VVS-based IDM, a
relatively large virtual reactance is desired.

o The slope of the AP — AQ@Q NDZ increases as the R/X ratio of the virtual
impedance increases.

e A fast synchronization loop, with a low value of inertia constant and
damping power, reduces not only the island detection time but also the
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risk of misdetection when facing a large variation in the grid frequency
or angle jump in the grid voltage.

e A low inertia constant implies a low inertial contribution during the
grid-connected condition and a high RoCoF for the VSM when subject
to a large active power disturbance.

¢ Low damping also leads to a high power oscillation between the VSM
and the grid under a small disturbance in the grid.

e Overall, when tuning the VSM control parameters, one needs to weigh
the importance between the need of the inertial support and damping
during grid-connected conditions and the need of a reliable and fast
island detection method.

e A slow voltage controller overestimates the cycle-to-cycle load angle
jump creating a possibility of mis-detection of grid disturbances as an
islanding event

e The proposed PQ-based method gives a more stable performance than
the dg-based method in estimating the cycle-to-cycle load angle jump
for the VVS-based IDM. This is because the PQ-based method is less
sensitive to the electrical transients within each electrical cycle.

6.2 Future Work

The thesis has focused on a simple MG with a single grid forming inverter
to analyze the impact of the VSM-based grid forming controller parameters
on the passive island detection. In reality, the MG may consist of both grid
following and grid forming inverters along with the traditional synchronous
generators. It will be interesting to extend the analysis presented in this thesis
to a MG comprising of both grid forming and grid following inverters. More-
over, with the increasing inclination towards grid-forming inverter, stability
case studies for multiple grid forming units, especially during coordination
between frequency controller and load shedding will also be interesting. Fur-
thermore, the thesis has focused on passive island detection methods, whereas
active detection methods can be further explored to reduce the non-detection

60



6.2 Future Work

Table 6.1: Summary of VSM controller parameters that affect the performance of
analyzed passive island detection methods

VSM based During Grid-Connected Mode For Island Detection
(‘G;;gri(ﬁ::mg gl::}t;g)pmt Mitigate misdetection Fast Island Flat slope of | Small area
parameter Grid fre- | Grid voltage detection AP -AQ of AP - AQ
’ Load switch- NDZ NDZ
quency phase angle ing
variation jump
A f-based or
VVS-based or composite IDM composite VVS-based IDM
IDM
High- less
sensitive
to grid
Virtual reac- | impedance Low N/A Low N/A High* High
tance, Xv for  voltage
controller
design
High- to
damp the dc X .
Rv/Xv High N/A Low N/A Low Low**
component
of current
. High-  iner-
Inertial con- | . Low Low Low Low N/A N/A
tial support
stant, Hysm
High- power
Damping, Kp | oscillation Low Low Low Low N/A N/A
or 1/ag damping
Moderate-
Voltage con- | stable volt- | High N/A High N/A N/A Low
troller integral | age control
gain K vy
* - High value of virtual reactance is due to the low value requirement of R, /X,
** - Low value of R,/X, is due to the high value of high value of virtual reactance

zone and to improve the island detection time. Moreover, the benefits of indi-
vidual MGs such as reliability improvement and ancillary service support can
be enhanced by connecting the two adjacent MGs together to form a nested
microgrid (NMG)[7]. Within NMG each MG may have its own IDM and its
respective threshold settings. Because of the different thresholds, one MG
may detect the island sooner and update the protection settings accordingly
while the other operates as grid connected. This may lead to unnecessary
tripping and disconnection of sections of the MG. Thus the analysis of the
impact of IDMs with different island detection criteria for different MGs on
protection coordination, voltage and frequency stability of the NMG could
be a challenging task. Another topic of future investigation is to use MG
with blackstart capability to assist the blackstart of another MG lacking the
blackstart capability.
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