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Abstract

Microgrids can be islanded to improve the reliability of the electrical energy supply during contingencies such as
faults. It is still unclear what stability phenomena can occur in microgrids without inertia during and immediately
after the fault-initiated islanding transient, and how the stability should be evaluated. To allow robust planning and
operation, a stability analysis methodology should be able to take into account the inherent uncertainty of load and
renewable energy sources. Therefore, this paper proposes a probabilistic stability analysis methodology for fault-
initiated islanding of microgrids based on a thorough analysis of the root causes of instability during islanding tran-
sients. To perform stability analysis within reasonable time and allow control actions during operation, dynamical
microgrid models in the dq reference frame are described and validated by comparing time-domain simulations re-
sults to previously validated component-based models. The stability analysis methodology is demonstrated in a case
study of a generic microgrid. The instability phenomena and the dq microgrid models are successfully validated, and
the results indicate that the stability analysis methodology can assist the microgrid operator to improve fault-initiated
islanding capability in order to improve reliability of supply.
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1. Introduction

Society is becoming increasingly dependent on the electrical energy supply, which motivates the research towards
more reliable and resilient electricity (distribution) networks. By designing distribution networks as grid-connected
microgrids, grid operators can utilize fault-initiated islanding (FII) to increase the reliability and resilience in case of
a contingency in the external grid such as a short-circuit fault [1, 2, 3, 4].

Instability may occur during the FII transient, and distributed energy resources (DERs) and loads in the microgrid
may disconnect, causing instability after the FII transient as demonstrated in [5]. Therefore, FII stability should be
taken into account when planning and operating a microgrid. During the planning of a microgrid the stability will be
evaluated using a set of expected operating conditions, which should be reevaluated when the microgrid properties
change (e.g. connection of new DERs or loads) during operation.

Due to the varying load and generation capacity of (renewable) DERs over time, a deterministic stability verdict
i.e. a stability verdict based on the “worst case” may underestimate the ability of microgrids to perform FII. In con-
trast, probabilistic approaches can provide insight in the probability of successful islanding to the microgrid operator.
This allows the microgrid operator to decide whether to enable FII based on the required reliability. However, a
probabilistic methodology to analyze FII stability is lacking in the literature.

Stability during grid-connected and islanded operation as well as planned islanding have been thoroughly re-
searched by e.g. [6, 7, 8]. However, the analysis of stability phenomena during and immediately after the FII transient
is limited in the literature. Stability after microgrid FII with a mix of synchronous machine-based and inverter-based
DERs has been previously analyzed for some cases by [1, 2, 3], however a rigorous analysis of the stability phenom-
ena and root causes for instability associated with FII is still lacking in the literature. The effects of inverter control
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Nomenclature

[Xmin> Xmax] Minimum and maximum condition val-

ues.

a VFED drop-oft parameter.

ag,Bs Shape parameters of Beta distribution.

o Internal speed controller state.

y DER internal PLL controller state.

Hiog> Tlog Shape parameters of Lognormal distribu-
tion.

w Network frequency.

We Droop controller low-pass filter bandwidth.

Wy Induction machine rotational speed.

Wy Nominal network frequency.

dq g-axis internal torque controller state.

Ve Induction machine flux reference.

/s Nominal induction machine flux.

Y,y dg-axis internal voltage controller states.
Wsds g dg-axis induction machine stator flux.

o VED input voltage angle.

0; Frequency estimated by PLL i.

Iii, I;’; dg-axis current reference after current limit-
ing.

T* VED torque reference after torque limiting.

{a.{y dg-axis internal current controller states.

Cue DC-link capacitance.

Cy DER LCL filter capacitance

C Constant impedance load capacitance.

1 Number of condition variables.

Ipq, Ip; dg-axis load input current i.e. the sum of the
input current of the node.

Lyc DC-link current.

Ling, Iing dqg-axis VFD input current.

T4, I;; DER inverter output current.

Il*d, 1 ,*q dqg-axis current reference.

Lim DER current magnitude limit.

iineds lineq dq-axis branch current.

114,11, Constant impedance load inductor current.

14,1, dg-axis DER LCL filter output current.

54,15, dg-axis induction machine stator current.

K, L Sets of stable and unstable conditions.

Kpw, Kiw Speed controller PI gains.

K, Ki. Current controller PI gains.

Kpr Flux controller P gain.

Kppii» Kipy PLL controller PI gains.

K, K Torque controller PI gains.

Ky, K;, Voltage controller PI gains.

L. DER LCL filter grid side inductance.

Ly DER scaled primary source series induc-
tance.

Ly DER LCL filter inverter side inductance.

Liine Branch inductance.

L Constant impedance load inductance.

mp;, ng; Droop control parameters of DER i.

N Planning or operation conditions set.

n Current condition value of set N.

p Number of induction machine pole pairs.
P*. 0" DER active and reactive power references.
P, Power absorbed by induction machine.

Di Probability of condition i.

P;, Q; Active and reactive power output of DER i.
Dss Sum of the probability of stable conditions.
T DER LCL filter grid side resistance.

Ric DER scaled primary source series resistance.

ry DER LCL filter inverter side resistance.

Rje  Branch resistance.

R, Constant impedance load resistance.

Sd dqg-axis rectifier voltage coeflicient.

T Planning or operation time horizon.

t Current time step of time horizon T

tr,tyris tesi Initiation time of fault, GFI and GSI
stages.

Tiim VEFD torque magnitude limit.

Va Nominal network voltage.

Viia» Viig dg-axis voltage of node i.

Veae  DC-link capacitance voltage.

Ved, Veq dg-axis DER LCL filter capacitor voltage.
Veia, Veig Constant impedance load capacitor voltage.
Vie DER scaled primary source voltage.

Vid,Vig dg-axis PWM reference voltage.

Vod» Vog DER LCL output voltage.

Vi, Vyy dg-axis induction machine stator voltage.

Vs Vg dg-axis induction machine stator voltage ref-
erences.

Vi Magnitude of PWM driver circuit triangular
signal.

Xy Sampled state values of condition 7.

Xo1, X02, X03, Xend Final states of prefault, fault, GFI
and GSI stages time-domain analysis.
Xtol Time-domain analysis state tolerances.

d0i:10.20944/preprints202005.0498.v1



https://doi.org/10.20944/preprints202005.0498.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 May 2020 d0i:10.20944/preprints202005.0498.v1

and the type of load on FII stability is investigated by [1], the impact of inverter control-mode swiching delay and the
demand/supply ratio is analyzed by [2], and the effect of different fault types is shown by [3].

Preliminary analysis has often considered microgrids with inertia from synchronous generators which serve as a
frequency and phase angle reference immediately after islanding [1, 2, 3]. However, this leads to dynamics differ-
ent from microgrids without synchronous generators, as respectively described for intentional islanding and larger
networks by [9, 10]. In microgrids without inertia the inverter-based DERs have to create a frequency reference by
switching from grid-feeding to grid-supporting control mode. Until now the stability phenomena in microgrids with-
out inertia during the FII transient and especially the period between islanding and control-mode switching has not
been analyzed in the literature.

Stability analysis of FII transients can be performed with time-domain simulations. Simulations of microgrid
transients are commonly performed using component-based models [11] which have a high computational burden.
This prohibits the time-critical stability analysis during operation of microgrids, which is required to determine the
probability of successful islanding and perform control actions to improve this probability.

To decrease simulation time and also allow seperate small-signal and large-signal stability analyis, microgrid
models in the dq reference frame have been proposed by [12, 13, 14, 15]. The microgrid dq models are validated for
small-signal phenomena, however the validation for large-signal phenomena such as FII transients is still lacking in
the literature.

The contributions of this paper are:

1. Proposition of a probabilistic stability analysis methodology to support planning and operation of FII microgrids
without inertia.

2. Description and numerical validation of the stability phenomena and root causes for instability of microgrids
without inertia during FII transients.

3. Description and numerical validation of the accuracy and computation time of dq microgrid models with
inverter-based DERs, and static and dynamic load for FII simulations.

4. Demonstration of the probabilistic stability analysis methodology with a case study of a FII microgrid without
inertia.

The stability phenomena and root causes for instability are described in the next section. In section 3 the stability
analysis methodology, dq microgrid models and validation methodology are discussed. The results of the instability
and dq model validation, and the case study are presented in section 4. In section 5 the results are discussed and finally
conclusions are given in section 6.

2. FII Dynamics and Stability

The FII transient can be separated into different stages with unique dynamics. In this section, the dynamics during
each stage are discussed in detail and finally an overview of the root causes of instability during each stage is shown in
table 1. This paper uses the microgrid stability classifications as defined by [8] and DER control mode classifications
as defined by [16]. The instability phenomena and root causes for instability discussed in this section are validated
with simulations described in section 3.3.

2.1. FII sequence

A typical microgrid without inertia containing two inverter-based DERs and two types of loads is shown in figure
1. In this paper it is assumed that microgrids operate normally in grid-connected operation and switch to islanded
operation after a fault has occurred in the external grid. In islanded operation, the grounding transformer located at
the PCC provides grounding to the microgrid. During normal operation all DERs in the microgrid operate in grid-
feeding control mode, as the main grid supplies the reference voltage and phase angle [16]. When a fault occurs
in the external grid, the microgrid is in the fault stage and supplies a fault current until the fault is detected by the
protection system located at the PCC. The protection system opens the PCC, islanding the microgrid. The microgrid
is now in the grid-feeding islanding (GFI) stage without voltage and frequency reference. The microgrid remains in
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Figure 1: Generic microgrid with two DERs and two types of loads.

this stage until the islanding detection system of the DERs detect the islanding situation. When islanding is detected,
the control mode of the DERSs are switched from grid-feeding to grid-supporting operation. The microgrid is now in
the grid-supporting islanding (GSI) stage where it will remain until the resynchronization sequence of the microgrid
and the main grid is initiated.

Note that DERs can also operate in grid-supporting operation or as virtual synchronous generators during grid-
connected operation to support the voltage and frequency of the main grid as discussed by [17]. In this case the GFI
stage does not occur. However when DERs provide voltage and frequency support at all time, the self-governance of
DER owners is strongly reduced. This prevents the DERs owners e.g. to maximize profit, to maintain a certain state
of charge of energy storage systems or to maximize self-sufficiency during normal operation. Therefore, the DERs
are assumed to normally operate in grid-feeding operation in the paper.

2.2. Fault stage

The duration of the fault stage depends on the operating time of the protection system, which is typically between
100ms and 600ms [18, 19]. During the fault stage, the voltage decreases and the DERs supply their limited fault
current, and the DERs and load devices may drop-oft depending on their fault-ride through (FRT) capabilities. The
FRT capabilities of DERSs are specified by the local grid-codes, while (power electronic) load devices switch off when
the DC-link voltage reaches a critically low value [20]. DERs and load drop-off impacts the power balance in the
microgrid, which can have a significant impact on the stability during the GFI and GSI stages.

2.3. Grid-feeding islanding stage

The duration of the GFI stage depends on the detection time of the islanding detection of the DERs, which is
typically between 10ms and 2s depending on the type of islanding detection [21]. During the GFI stage, DERs
attempt to inject power according to their active and reactive power references. If the power injected by the DERs
is larger than the power absorbed by the load the voltage in the network will increase, and vice versa. This leads to
voltage deviations from the nominal value which can cause DER and load drop-off.

During the GFI stage, the phase-locked loop (PLL) of the DERs has no phase angle reference. During this stage
the PLL of the DERs interact with the load, causing the estimated frequency to drift from its nominal value depending
on the properties of the PLL and the load [22]. This affects the frequency stability of the islanded microgrid as
the frequency will increase when the load is dominantly inductive, while the frequency will decrease if the load is
capacitive.

The PLL of the DERSs can also [ail to synchronize due to differences in bandwidth and/or structure of the PLLs, and
due to the interactions with the load. This can cause large circulating currents between inverters, affecting converter
stability in the microgrid.

The stability during the GFI stage is mainly impacted by the islanding detection time, DER power references, load
properties (voltage sensitivity and power factor) and PLL properties.

2.4. Grid-supporting islanding stage

During the GSI stage, the voltage and frequency are controlled by the DERs in grid-supporting mode according
to a power sharing strategy such as droop control [23].
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Table 1: Root causes of instability for each FII stage and stability type.

Stability type Fault Grid-feeding islanding Grid-supporting islanding

Large PLL bandwidth differences Poorly tuned droop parameters

Control system stability - Low load power factor Different islanding detection times

Imbalance of DERs power references and load power
Power supply & .. Highload voltage sensitivity
balance stability Fault characteristics ;04 pr 1 pandwidth

Low load power factor

Insufficient DERs primary source power
Large DERSs or load drop-off
Small DC-link capacitor

The grid-supporting DERSs inject or absorb active and reactive power to control the voltage and frequency to near-
nominal values. The primary source of the DERs (e.g. photovoltaics or battery energy storage) may have a lack of
power generation capacity, causing the voltage of the DC-link capacitor to decrease. When this voltage decreases, the
maximum output power of the DERs decrease which may cause voltage and/or frequency stability issues.

When DERs use droop control to ensure power sharing, circulating currents may occur between DERs when
the droop parameters are poorly tuned. This causes oscillations in the network affecting converter stability in the
microgrid [8].

Note that a situation with partly grid-feeding and partly grid-supporting DER can occur since not all DERs may
be able to switch to grid-supporting operation or the islanding detection time may differ between DERSs. In this case
the PLL of grid-feeding and droop control of grid-supporting DERs may desynchronize, causing high circulating
currents.

The stability during the GSI stage is mainly impacted by the power balance (DERs primary source power and load
power), size of the DC-link capacitor, islanding detection time and droop control parameters.

3. Methodology

3.1. Stability analysis methodology

The conditions of the microgrid before FII are uncertain as faults can occur at any given time and the properties
of microgrids are dynamic e.g. due to intermittent generation and changing network configuration and changing load
level. As discussed in section 1, microgrid operators should analyze the FII stability while planning and periodically
while operating of the microgrid. The probability of stable FII is determined in two steps. First the domain of operating
conditions which result in stable islanding is determined with time-domain analysis. Second, the probability of the
conditions lying within the stable domain is determined based on the probability distribution functions (PDFs) of the
condition variables. During microgrid planning the PDFs are based on the expected conditions during the operation
of the microgrid e.g. PV irradiation, load properties, while during microgrid operation the PDFs are based on forecast
conditions. The generation of these PDFs is considered to be outside of the scope of this paper, therefore they are
assumed to be known in advance.

As an input, the stability analysis methodology requires a set of time steps corresponding to the time horizon
to evaluate ¢t € T, the minimum and maximum condition variable values [Xin, Xmax] Which can occur over time T,
microgrid models for each FII stage, and PDFs for each condition variable for each time step ¢. n values are created for
each condition variable by interpolating between [X,in, Xmax] and all possible combinations of the interpolated values
are stored in condition set N as shown in figure 2.

3.1.1. Planning and operation conditions

The conditions to be analyzed with the stability analysis methodology should reflect the expected operating condi-
tions of the microgrid that may cause stability problems during FII. As discussed before the conditions during planning
consist of a predefined set of expected conditions which are used to design the microgrid, while the conditions during
operation consist of a set of forecast conditions.

As the root causes for instability are discussed in section 2, these can be used to determine the conditions which
should be analyzed. As can be seen in table 1, the DER power references and primary source power, and the load
power, power factor and voltage sensitivity are root causes for instability which vary over time. These condition
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Figure 2: Overview of the stability analysis methodology. PDF:probability distribution function, GFI: grid-feeding islanding, GSI:
grid-supporting islanding.

variables analyze possible control system, and power supply and balance instabilities caused by power imbalance, and
interactions between PLLs and the load. The impact of the fault duration should also be analyzed, since a longer fault
duration causes more drop-off of DERs and load which in turn impacts the power balance.

Note that in practical cases, not all parameters are exactly known while planning and operation of microgrids.
Depending on the microgrid modeling uncertainty, additional conditions can be created with different PLL, droop and
DC-link parameters to produce a robust stability verdict.

3.1.2. Time-domain analysis

Time-domain analysis of each condition n € N is performed to analyze under which conditions the microgrid is
stable after FII. The analysis of each condition is initiated with the prefault simulation. The final states of the prefault
simulation are used as the initial condition xy; of the fault stage simulation. The same procedure is executed with the
GFI and GSI stages. The final states of the GSI stage x,,4 are compared to a set of state tolerances x,,; to determine
if the condition is stable or unstable. The set x,,; is determined according to the fixed equilibrium point to which the
system should converge during the GSI stage and a tolerance set by the user.

3.1.3. PDF sampling and probability calculation

The PDF of the output power of DERs depends on their type of primary source. The power generation of photo-
voltaic and wind powered DERs can be described by Beta and Weibull PDF respectively [24]. Load power and voltage
sensitivity depends on the type of load devices, which can be described by lognormal distribution function [25]. The
fault duration PDF depends on the type of protection device and the fault characteristics. The modeling uncertainty
can be described with a gaussian PDF. The PDFs are sampled at values x, as shown in figure 2. The probability of
the condition r is described by p, = ]_[f: | pi- The probability of successful islanding is determined by the sum of the
probability of all stable conditions p,, = Zle Dk

Depending on the probability of stability and the required FII reliability, the microgrid operator can decide to
change the microgrid design, or control DERs or flexible load to improve the probability of stable islanding. During
the planning phase of a microgrid there are many options to improve the probability of stable islanding since the
design of DERs, loads and network can still be modified. In the operational phase the options are limited, however the
state of charge of energy storage can be increased to increase the share of certain generation capacity, or demand-side
management (DSM) can be applied to shift part of the load to a time with high renewable generation.
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Figure 3: Model from [5] (a) and proposed dq (b) grid-supporting DER model. DC: droop controller. VC: voltage controller. CC:
current controller.

3.2. dq microgrid models

To simulate FII transients, four dq microgrid models are developed: prefault, fault, GFI and GSI. Each microgrid
model consists of grid-feeding DER, grid-supporting DER, parallel RLC load and variable frequency drive (VFD)
load subsystems connected via an underground cable network. The subsystem models are created by transforming the
component-based models described in [5] to the dq reference frame.

3.2.1. dq Reference frame

In the prefault and fault stage the frequency is dominantly determined by the external grid, therefore the frequency
of the dq reference frame is equal to the external grid frequency (w = w, = 100r). In the GFI stage the frequency
is determined by the PLL of the DERs in the microgrid as described in section 2. The reference frame frequency
is therefore equal to the frequency estimated by the PLL of DERI1 (w = 6;). In the GSI stage the frequency is
determined by the droop controllers of the DERs in the microgrid. Therefore, the reference frame frequency is equal
to the frequency calculated by the inverse droop controller of DER1 (w = nq; Q).

3.2.2. Grid-supporting DER

The component-based grid-supporting DER and the dq grid-supporting DER model proposed in this paper are
shown in figure 3. The boost converter is removed and the DC-link component parameters E,'n, R;) and L;; are scaled
to the nominal DC-link voltage as parameters V., R4, and Ly, then the DC-link dynamics are described by equations
1. The three-phase inverter of the original model is replaced by a power source P and voltage source Vg, described

by the inverse droop controller and equation 2 respectively, where w, = 10rad/s and ,/Vé + Vi{ < Vyi. The inverse
droop, voltage and current controllers are described by equations 3, 4 and 5, and 6 respectively. Finally, the Icl filter
dynamics are described by equation 7. Note that a sigmoid function is added to equation 6 to represent the output
current limit which is present is DER inverters.

. Rae 1
e R e (M
Vede Ce vy Ve 0
via | _ | Kica + Kpclzzi - Kyl )
Vig Kicgq + KPCII*(] - Kpcllq
0 0 0 -ngl||@ Wy — W
Pl=[0 —w. 0 ||P|+|150c(Vealod + Veglug) 3)
0 0 0 -] |0 1'5wc(Vcdloq - chlnd)
l!jd (//d —mPP + Vn - Vcd]
A1=10 + 4
1o 1 s @

|:I]*d:| _ |:Kivwd + va(—mPP + Vn) - vaVcd:| (5)

Ilt] - Kivlﬁq - vach
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Figure 4: Model from [5] (a) and proposed dq (b) grid-feeding DER model. PC: power controller. CC: current controller. PLL:
phase-locked loop.
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3.2.3. Grid-feeding DER

The grid-feeding DER model is similar to the grid-supporting DER model as they are the same devices with
different controllers as shown in figure 4. The grid-feeding DER model consists of equations 1, 6, 2 and 7 from the
grid-supporting DER model. As opposed to droop control, grid-feeding DER rely on a PLL to determine the phase
angle as described by equation 8. The output power reference determines the output current as described by equation

9.
yI_{ 0 Oy Ve,
[9] - [Kipll O} [‘9} ’ [Kppl/veq quwn - w} ®)
* 2P
[
lq Ve

3.2.4. Parallel RLC load

The dynamics of the parallel RLC load are described by equation 10 in terms of the voltage of the capacitor and
the current through the inductor.

: = = Ipa
Ve R, Y T 0] Ve <
\V% —w = 0 ol V. Ibg
Cl‘i — R/C (o] Clg + CI (10)

ILia Ll, 0 0 w||lu 0
Iy 0 L —w 0]l 0

3.2.5. Variable frequency drive load
The component-based VFD load model and the dqg VFD model proposed in this paper are shown in figure 5.

The three-phase rectifier of the original model is replaced by a transformer, where S, = %%i as described by [26].
The DC-link dynamics are then described by equation 11. The three-phase inverter is replaced by voltage source
Ve = V"” V:‘ o = ;/“,ij V:q and a power source P, = %(Vsdl sd + Viqlsg). The speed and direct torque controllers are

descrlbed by equatlon 13. The synchronous reference frame induction motor model is described by [27].

8
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Figure 5: Model from [5] (a) and proposed dq (b) variable frequency drive model. DTC: direct torque controller. SC: speed
controller.
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Variable « is used to model drop-off behavior of the VFD load. DC-link undervoltage leads to temporary drop-
off, therefore @ = 0 when V¢ye < 327V and @ = 1 when Vg > 351V (due to hysteresis). Permanent drop-off
occurs when the rotational speed of the induction motor is equal to zero, therefore @ = 0 when the rotational speed is

equal to zero (wy, = Orad/s). The current absorbed by the VED load I;;,q = S glgc cos(0), Iing = S algc sin (o), where
o= arctan(%). Wsa, Wyq are the d-axis and q-axis stator flux, Ty, = 75Nm, " = 4, Vege > 0, | /ij + V;‘qz < Vi

and I;. > 0.
3.2.6. Network
The network is modeled as series RL branches. The current through the branch is described by equation 14.
. Ry Viia=Vbja
Tiined _ﬁ w L—]
= + i 14
[Ilineq - —% _thz[izqu a4

3.3. Validation of instability phenomena and dq microgrid model

To validate the FII instability phenomena described in section 2 and the dq models described in section 3.2, FII
simulations are performed of the network shown in figure 1. The results of the simulations using the dq models arc
compared to simulation results using previously validated component-based models described in [5]. The parameters
indicated as the root causes for instability as described in table 1 are varied in the simulations.

In the base scenario the RLC load has a resistance, inductance and capacitance of 10.6Q, 505mH and 20.1uF,
and the VFD drives a mechanical constant torque load of 20Nm. The 50mm?Al underground cables 1, 2 and 3 are
100m, 150m and 50m long respectively with an impedance of Z;;,, = 0.71 + 0.075 j%. The duration of the fault and
GHI stages depend on the fault and islanding detections times respectively as described in section 2. The fault and
islanding detection times are both assumed to be 0.2s, while the total simulation time is 1s. The active and reactive
power inverse droop parameters of both DERs are mp, , = & 1135 ow and ngy 2 = 0110” l??:r respectively, the proportional
and integral voltage controller gains are kj,, = 0.37 and k;, = 241 respectively, the power of the DC sources is 10kW
and the DC-link capacitors of the DERs have a rating of 0.5mF. All other model parameters of the grid-supporting
DER, grid-feeding DER and VFD load devices are determined in [5]. The grid-feeding active power reference of both
DERs is 7.5kW. All scenarios use the same parameters as the base scenario, unless specified otherwise.
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Figure 6: Probability distribution function and their mean of PV and load power over time in the case study before (a) and after (b)
shifting load with DSM.

In scenario GFI1 the resistance and capacitance of the RLC load are increased to 31.7Q, 401uF, and the pro-
portional, integral controller gains of the PLL of DER1 and DER?2 are K,,,;; = 10, Kj;; = 500 and K2 = 200,
Kipin = 10000 respectively. In scenario GFI2 the resistance and capacitance of the RLC load are increased to 63.52,
401uF and the active power reference of both DER is decreased to SkW.

In scenario GSI1 the load torque and the drop-off voltage of the VFD are changed to SONm and 220V. Scenario F
is equal to scenario GSI1 where the fault stage duration and total simulation time are increased by 0.2s. In scenario
GSI2 the DC-link capacitance of both DERs is reduced to 100uF, the power calculation low-pass filter bandwidth

w, = 5rad/s, and the active, reactive droop parameters of DER 1 and 2 are mp; = lesk%, and ng; = %f\% and
mpy = %% and ng, = O‘lﬂ %'Zsr respectively. In scenario GSI3 the islanding detection time of DER?2 is increased

by 0.2s, inductance of the RLC load is decreased to 25.3mH, and the PI controller gains of the PLL of DER2 are five
times larger.

3.4. Microgrid planning and operation case study

The planning and operation of the network shown in figure 1 is treated in the case study of this paper. The
probability of stable islanding is analyzed over a day, representing either the planning conditions or a day-ahead
forecast during operation of the microgrid. The condition variables in the case study consist of the PV output power
and the load. DERI is a battery energy storage system and DER?2 is a PV generation system both with a nominal
power of 10kW. The microgrid parameters are equal to the base scenario described in section 3.3. The PV output
power varies between OkW and 10kW, and is modeled by changing the output power reference and resistance of the
primary source of DER2. The RLC and VFD loads vary between OkW, 20kW and ONm and 70Nm respectively,
modeled by changing the RLC impedance and the load torque.

To determine the stability boundaries 11 values are created for the PV and load condition variables by interpolating
between the minimum and maximum values, resulting in a total of 121 different conditions. Time-domain analysis of
all conditions are performed using the dq microgrid models. As instabilities are reflected in the voltage and frequency
in the network, these states can be used to detect instable conditions. The voltage, frequency and VFD rotational
speed state tolerances x,,; are 32.5V, 1Hz and 10rad/s respectively. As described in section 3.1.1 the output power of
the PV is described by a Beta distribution with parameters az = 4,8z = 2, while the power absorbed by the RCL load
and VFD is described by a Lognormal distribution with parameters y;o, = 0,07, = 0.69. The PV and load profiles
are shown in figure 6 (a), where the mean of the load is based on the average of the E1A (household demand) load
profile defined by [28].

To analyze the impact of DSM on the probability of stable islanding, 20% of the load power during 17h-22h is
shifted to 10h-15h. This results in a lower load during the evening and a higher load around noon when the probability
of PV generation is high as shown in figure 6 (b).

To analyze the impact of the energy storage device rating on the probability of stable islanding, the case study
is analyzed with different DER1 power ratings. The power rating of DER1 is increased to 15kVA by modifying the
resistance of the primary source of DER 1 Ry.
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Figure 7: Voltage at the load (a) and output current (b) of DER1 of component-based and dq models in base scenario.
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Figure 8: Rotational speed of the component-based and dq VFD induction machine models in base scenario (a) and output current
of DERI and DER?2 of component-based and dq models in GFI1 scenario (b).

4. Results

4.1. Instability and dg model validation

The voltage and current during FII of the component-based (denoted by .5 .sin) and d-axis component of the dq
models (denoted by ) in the base scenario are shown in figures 7 (a) and (b) respectively. The initiation of the fault,
GFI and GSI stages are denoted by t/, t,/; and f,;. During the fault stage, the voltage decreases which causes the
DERs supply a high current depending on the fault current limit. Due to the low voltage the VFD drops-off which
causes the rotational speed to decrease as shown in figure 8(a). The voltage recovers to a lower than nominal value
during the GFI stage as the total load is larger than the DER power references. Finally, the voltage recovers during
the GSI stage which causes the VFD rotational speed to increase to above the nominal value and slowly decreases to
the nominal value.

The output current of the DERs in scenario GFI1 is shown in figure 8(b). The different PLL bandwidth causes the
PLLs of the DERs to estimate a different phase angle during the GFI stage, which is accelerated by the low power
factor of the RLC load. The phase angle difference leads to control system instability visible as high circulating
current during the GFI and GSI stages.

In scenario GFI2 a large frequency deviation from nominal occurs during the GFI stage due to interactions between
the PLLs of the DERs and the load as shown in figure 9(a). The load is dominantly capacitive which causes the
frequency to decrease during the GFI stage to approximately 29Hz. The network frequency during the FII transient
using component-based and dq models is shown in figure 10.

The voltage in scenario GSI1 is shown in figure 9 (b). The power absorbed by the load is higher than the DER
power output, causing power supply & balance instability visible as low network voltage. The low voltage causes
the VFD to continuously drop-off, which increases the voltage until the VFD recovers which in turn decreases the
voltage.

When the fault duration is increased in scenario F, the rotational speed of the VFD reaches zero and permanent
drop-off occurs. This causes the voltage to remain stable during the GFI and GSI stages in scenario F as shown in
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Figure 9: Voltage at the load of component-based and dq models in GFI2 scenario (a) and GSI1 scenario (b).
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Figure 10: Network frequency in microgrid using component-based models and the proposed dq models in scenario GFI2.

figure 11(a).

The larger droop controller parameters cause the phase angles of the DERs to desynchronize during the GSI phase
in scenario GSI2 as shown in figure 11(b). This causes control system instability visible as high circulating current.

When 0.6s < t < 0.8s in scenario GSI3, the droop controller of DER1 and the PLL of DER?2 fail to synchronize
causing a high circulating current and a voltage dip during the GSI stage. After control-mode switching of DER2 at
t = 0.8s the DERs fail to synchronize, resulting in a high circulating current and a low network voltage as shown in
figures 12 (a) and (b).

The simulation time of the validation scenarios with component-based models is between 1193 and 1525 seconds,
while the simulation time with the proposed dq models is between 18 and 25 seconds. As the simulation time is 98%
to 99% smaller when the proposed dq models are used, this allows a large set of conditions to be analyzed to support
network operators during microgrid operation.

4.2. Microgrid planning and operation case study

Out of the 121 tested conditions in the case study, 83 and 72 conditions resulted in instability with a DER1 power
rating of 10kVA and 15kVA respectively when the load power was high compared to the generation capacity.

The stability results of the case study for different DER1 power ratings are visualized in figure 13 together with
probability contour plots indicating the probability of the PV and load power at t = 12:00 and ¢+ = 17:00. The
probability contour plots indicate what conditions have the highest probability as described by the PDFs of the PV
and load, with the inner ring being the conditions with the highest probability.

At t = 12:00 the probability of the condition variables being in the stable domain is much higher than being in
the unstable domain, while at ¢ = 17:00 a larger part of the probability contours are within the unstable domain. Note
that the probability contours are different at each time step, while the stability boundaries are independent of the time
step. A higher rating of DERI1 increases the size of the stable domain and therefore increases the probability of the
conditions being stable.

The probability of stable FII over the day with and without DSM for different DER1 power ratings is shown
in figure 14. As the generation capacity of the microgrid strongly depends on the intermittent PV generation, the
islanding capability greatly varies over the day without DSM. In the case with a DER1 rating of 10kVA and without
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Figure 12: Voltage at the load (a) and output current of DER 2 of component-based and dq models in GSI3 scenario (b). #,y:
DERI1 control-mode switching, #,4,: DER2 control-mode switching.

DSM, the probability of stable islanding up to 15:45 is between 92% and 97% due to the small load in the morning
and high PV around noon. In the afternoon and evening the probability drops to 57% due to high load and low PV
generation.

When DSM is applied the load is shifted from a period with low PV generation to a period with high PV generation.
This significantly increases the probability of stable islanding in the afternoon and evening is to over 80%, while the
probability around noon is slightly decreased. When the power rating of DER1 is increased to 15kVA the generation
capacity in the microgrid is higher and less volatile. As shown in figure 14 (b) this drastically increases the probability
of stable islanding over the day.

Each condition was simulated for 2 seconds to determine stability. The total computation time of the 121 condi-
tions is between 704 and 727 seconds using an Intel Xeon E5-2670 and 16GB of RAM.

5. Discussion

The description and validation of the stability phenomena which can occur during and right after FII provides new
insights, which are an addition to the analysis performed in [1, 2, 3, 8]. Desynchronization which can occur between
PLLs, and between the PLL and droop controllers of DERs during the islanding transient has not been identified
before. Additionally, the impact of load drop-off, and interactions between the PLL of DERs and the load on the
stability during the islanding transient have also not been investigated before. Different instability phenomena may
arise during resynchronization of the microgrid with the main grid, which will be analyzed in future research.

As can be seen from the model validation results, the dq model significantly reduces the computation time com-
pared to the component-based models, while accurately representing the magnitude and frequency of the states of the
microgrid even during large voltage and frequency transients, or desynchronization of DERs as shown in scenarios
base, GFI1, GFI2 and GSI1. During severe desynchronization of DERs the dq model is not able to accurately represent
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Figure 14: Probability of stable FII over the day with and without shifted load by demand-side management (DSM) for DER1
ratings of 10kVA (a) and 15kVA (b).

behavior, however the instabilities are visible in the dq model as shown in scenarios GSI2 and GSI3. This validates
the dq microgrid models to detect the instabilities which can occur during FII. However, dq models inherently cannot
be (directly) used for the analysis of unbalanced microgrids or detect harmonic instability phenomena. To include
harmonics and analyze unbalanced situations, the models can be extended to dynamic phasor models [29].

The total computation time of the case study indicates that the proposed stability analysis can be performed in
near real-time, allowing the network operator to use it for both planning and operation decisions. As the proposed
stability analysis methodology generates a probability of stable islanding, these decisions can be based on a quantified
cost-benefit analysis. As shown in the case study, both DSM and changing the energy storage rating can be used to
increase the probability of stable islanding. The cost of load shifting and increasing the DER rating can be compared
to the cost of an outage. Future research should investigate the options to improve the probability of stable islanding
and perform detailed cost-benefit analysis of larger microgrids.

6. Conclusion

Fault-initiated islanding microgrids can improve the reliability of the electrical energy supply. The probabilistic
stability analysis methodology is proposed in this paper allows microgrid operators to make microgrid design choices
and take control actions based on quantified probabilistic results. The root causes for FII instability described in the
paper can be used to identify critical unstable conditions and to validate the FII capability of microgrids. The dq
models proposed in the paper are compared to previously validated component-based models and show high accuracy
while significantly reducing the computation time.
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Future research should investigate the instability phenomena during resynchronization with the main grid, cost-
benefit analysis of FII microgrids, and the application of dynamic phasor models to analyze harmonics and unbalance.
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