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Abstract—The legacy of power distribution systems is evolving
towards more flexible and dynamically reconfigurable microgrids,
which substantially increases line-switching actions. This may
introduce undesirable transients, poor reliability, deteriorated
power quality, and significant wear and tear in switching devices.
Frequent line switching is significant in unbalanced inverter-based
islanded microgrids (UIBIM). This paper proposes an optimized
unsymmetrical per-phase droop-controlled approach to mitigate
the influence of line switching during UIBIM reconfiguration and
partitioning. To determine the unsymmetrical per-phase Optimal
Transitional Droop Settings (OTDS), a new mathematical formula-
tion is modeled to minimize power flow at the switching location(s).
Given the unbalanced nature of the system, the proposed unsym-
metrical droop will be optimized for each phase independently.
The activation start and end instants of the OTDS are selected
to reduce the UIBIM dynamics due to the transition between
the states due to switching. The superiority and effectiveness
of applying the proposed unsymmetrical OTDS are assessed via
Matlab/Simulink, utilizing case studies implemented on a 6-bus
and an IEEE 34-bus unbalanced systems. The simulation results
reveal that the proposed approach can independently minimize the
current flow in each phase during the switching process by nearly
98%. Furthermore, the transient voltage during the switching
process is significantly reduced.

Index Terms—Per-phase droop control, Line-switching, Recon-
figuration, Unbalanced microgrids,

NOMENCLATURE

A. Abbreviations

UIBIM Unbalanced Inverter Based Islanded Microgrids.
OTDS Optimal transitional droop settings.

DGs Distributed generators.

PR proportional-resonant controller.

P Proportional controller.

L-SHADE  Successful history-based adaptive differential evo-

lution with linear population size reduction
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1,7 Indices for the network buses.

ij Indices for the lines.

10} Indices for the phases (a,b,c).

QO Set of opened lines.

Q¢ Set of closed lines

QZTUOP Set of droop-based buses.

C. Notation

fr ¢ (o) Active power balance equation for bus <.
ff‘?q5 (o) Reactive power balance equation for bus <.
| o] Absolute value of variable e.

| ®min | Minimum limit of variable e.

| ®maz | Maximum limit of variable e.

oTDS* Global best OTDS vector.

©. (&

D. Parameters and variables

Opening and closing events.

K,v,K;y Proportional and resonant gains of PR voltage
control loop.

Kyr Proportional gain of P current control loop.

Ryir Resistive virtual impedance.

We Cut-off frequency of PR.

Vf Voltage of phase ¢ at bus .

I;?. Per-phase current in line ¢7.

Wo No-load frequency for a DG at bus .

9? Per-phase voltage angle for a DG at bus <.

P;; Generated per-phase active power at bus 4.

jS Generated per-phase reactive power at bus .

Pfi Per-phase active power demand at bus .

fi Per-phase reactive power demand at bus <.

S9 2 Per-phase magnitude of the apparent power flow
in the line 75 before opening.

SE;;O Per-phase magnitude of the apparent power flow
in the line 75 during closing.

By, Bf; Binary inputs for setting the status of the line ¢7.

mpf, an’ Per-phase droop settings for a DG at bus ¢, ¢.

nf Selector for droop type of DG ¢ and phase ¢.
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Yi; Branch ij admittance matrix.

0;; Bus admittance angle for branch j.

t1,13 Instant of activating and deactivating the OTDS,
respectively.

to Instant of switching action.

The time period of activating and deactivating the
OTDS, respectively.

I. INTRODUCTION

The high penetration levels of a wide variety of distributed en-
ergy resources (DERs) into existing power distribution networks
create a path toward having more microgrids, which could be
formed at different voltage levels, i.e., medium and low voltages
(MV/LV), and switch back and forth between different modes of
operation, e.g., grid-connected and islanded [1]. The formation
of these microgrids is expected to bring several benefits to
the grid operators and customers, such as improvements to
system reliability and power quality, a reduction of power losses,
and the deferral of grid infrastructure upgrades. Yet, in order
to maximize the outcomes of these benefits, the formation of
these microgrids needs to be associated with a high degree of
system flexibility. The realization of such flexibility could be
achieved by different means. Among these, dynamic switching,
reconfiguration, and self-healing of these microgrids, i.e., via
frequent and automated opening and closing of the system
switches over the branches [2], are the most prominent.

Several studies have investigated periodic system reconfig-
uration in seasonal, weekly, daily, or even hourly schedules
for active distribution networks with DERs [3]-[5]. However,
these studies have not considered the formation of microgrids
and their ability to operate in islanded mode. Further, several
other research works have proposed the dynamic clustering of
power distribution networks into microgrids that are able to
switch back and forth between grid-connected and islanded
modes of operation [6], [7]. Yet, the main focus of these
works is on the determination of the microgrid boundaries to
achieve certain system objectives such as loss minimization,
self-adequacy, etc., and thus aspects related to system control
and line switching during the transition between different states
and/or configurations have not been considered.

Most microgrids are dominated by inverter-based DERs. In
inverter-based islanded microgrids (IBIM), these DERs control
the microgrid (frequency and voltage) and share the load, usually
using the droop-controlled scheme [8]. The literature has widely
reported that conventional droop control suffers from several de-
ficiencies, including a trade-off between power sharing accuracy
and voltage deviation, unbalanced harmonic current sharing, and
a high dependency on the line impedance [9]. As such, tremen-
dous research efforts have been carried out over the previous
two decades to tackle these challenges via improving and/or
optimizing the power-sharing among the DERs. For example,
reference [10] constructed the droop equation in a nonlinear
form to minimize fuel consumption and reactive power-sharing
error. The work in [11] proposed coupling compensation and
virtual impedance as a vital component of the control scheme
to address the lack of the conventional droop of decoupling
ability. The works in [12] identified the droop control settings
using a multi-objective optimization approach to enhance the

loadability of the IBIM during the reconfiguration process in
the steady-state scenarios. Yet the authors did not study the
transient issues during the switching action. The authors in
[13] stained the light on the importance of updating the droop
setting after the reconfiguration process in steady-state scenarios
to avoid instability issues occurring after changing the IBIM
configuration. It is noticed that the works proposed in this
part for identifying the droop setting focus on the steady-state
scenarios for enhancing the loadability and minimizing the sys-
tem’s power loss while ignoring the system’s transient response
during the switching actions. Moreover, the vast majority of
previous techniques in the control and optimization of IBIMs
were developed and/or tested on balanced power distribution
systems. In contrast, in practice, MV/LV power distribution
networks are characterized as unbalanced systems, including
several single-phase and unbalanced three-phase loads.

In this regard, recent papers have been published to tackle the
control challenges of droop-based unbalanced IBIM (UIBIM).
For example, power-sharing issues in UIBIMs have been ad-
dressed in [14], where an online virtual impedance adjustment
strategy was conducted to enhance the imbalance of active and
reactive power and unbalanced harmonic power sharing. A mod-
ified voltage-current droop control was combined with the model
predictive control (MPC) technique to underrate the voltage
unbalance and system active power overload [15]. A mixed-
integer linear programming (MILP) model was formulated for
unbalanced three-phase droop-based IMG for minimizing the
generation cost, and the unsupplied demands [16]. The authors
in [17] integrated the negative sequence virtual impedance to
tackle the conventional droop control drawbacks of inaccu-
rate power sharing among the distributed generators (DGs)
due to the feeder/line impedance and the unbalanced loads in
UIBIM. Triple-droop control (three inversely symmetrical per-
phase droops) was proposed in [18] for managing the real and
harmonic power sharing in the LV microgrid under unbalanced
and non-linear loads. The work in [19] suggested a symmetrical
per-phase power controller for regulating the power-sharing in
the grid-connected mode and achieving a smooth transition
from grid-tied to islanding operation. It is noted that the
above-mentioned control and optimization techniques for both
balanced and unbalanced IBIM are specifically developed for
normal states of operation (fixed topology) and, thus, their
effectiveness hasn’t been tested during the transition of IBIM
from one state/topology to another via line switching for the
purpose of reconfiguring and partitioning the system.

In recent work, the authors in [20] emphasized that careful
consideration should be given to the problem of line switching
during the transition of low-inertia IBIMs between different
states. In particular, frequent line-switching at high current
flow in the switched lines (hard switching) causes severe neg-
ative effects on IBIMs, including but not limited to: (i) poor
power quality, shortening of some loads’ lifetimes, and harming
sensitive electronic loads due to voltage transients (sudden
voltage rise or dip) brought on by line-switching processes;
(ii) triggering the activation of inverter trip signals, which may
result in unnecessary system outages, thus, endangering the
system’s reliability; and (iii) wear and tear costs of the line
switching devices. Accordingly, one of the promising solutions
that could potentially alleviate the prejudicial switching impacts
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Fig. 1. Unbalanced test system to illustrate the significance of line-switching transients in 6-buses UIBIM.

is to minimize the power flow in the lines at which the switching
action occurs. With this solution, line switching at low power
flows leads to soft switching. Minimizing the power flow in
specific lines to achieve soft switching requires changing the
power-sharing among the dispatchable DERs. As such, the
work in [20] proposed to reduce the current flow over the
line at which switching occurs through the deployment of
optimal transitional droop settings (OTDS) at the instant of
switching. Yet, the application of such an optimization technique
is tailored for balanced IBIMs. A simple extension of this
technique to unbalanced systems is unlikely, given that UIBIMs
might face serious operation challenges when symmetrical three-
phase droop control settings are applied. Further, the authors
in [20] emphasized only on those cases in which a transient
overvoltage occurs due to the imbalance of power-sharing
during the line switching, and they paid no attention to the
occurrence of a transient undervoltage and the applicability of
their proposed control scheme in its mitigation. Indeed, both
transient overvoltage and undervoltage could be noticed during
the process of line switching and the transition of IBIMs among
different states. For this reason, OTDS and control approach
must ensure soft switching considering both over- and under-
voltage transient occurrences. Most notably, the work in [20]
recommends applying the OTDS at the instant of line switching.
In this regard, the immediate application of these settings will
create a step drop for the power/current flow, which could cause
a sudden disturbance, controverting the objective of providing
seamless switching.

Aiming to fill in the above-identified research gaps, this
paper’s contribution is to address the issues associated with the
process of line switching in UIBIM-based droop control during
reconfiguration and partitioning. To that end, the paper proposes
the implementation of an optimized per-phase unsymmetrical
droop control to force the power-sharing among the DERs in
UIBIM systems during the reconfiguration and partitioning pro-
cesses. Hence, a novel mathematical formulation is introduced
to determine the per-phase OTDS needed for the provision of
soft line switching while reconfiguring UIBIM. The proposed
optimization model is formulated in a generic form, where it
is applicable for both balanced and unbalanced IBIM, and it
considers any switching action, e.g., opening or closing. In
order to achieve a soft transition, the per-phase unsymmetrical
OTDS is activated gradually before the instant of line switching.
The main contribution of this paper is introducing an optimized
unsymmetrical per-phase droop-controlled approach in order to
minimize the power flow at switching location(s) and, thus,
achieve soft line-switching during the reconfiguration and parti-
tioning processes in UIBIMs. To this end, a general mathemati-
cal model has been formulated to determine the unsymmetrical
per-phase OTDS with consideration of single line-closing, single
line-opening, and multiple-line-switching events.
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Fig. 2. The dynamic system response before/after the line-opening process (0)
in UIBIM using conventional symmetric droop control scheme (a) per-phase
voltage at bus 6, and (b) per-phase current in Lsg.

II. LINE SWITCHING TRANSIENT IN UIBIM WITH
SYMMETRICAL DROOP SETTINGS

Frequent line switching at high currents may cause undesir-
able transients and poor power quality for MV/LV microgrids
due to their dynamics. The magnitude and impacts of these
transients could be exacerbated in systems such as droop-
based UIBIM, given their low inertia and high susceptibility
to system disturbances. To investigate the transients associated
with line switching events for a UIBIM, a 6-bus test system
feeding unbalanced three-phase loads, depicted in Fig.l, is
simulated in Matlab/Simulink. The test system has two DGs
and a conventional symmetric droop control, with one pair of
active and reactive power control settings for each DG, which is
considered for controlling the proportional power sharing among
the DGs during the switching events. Two switching events are
simulated at line Ls¢ : event 1 (opening (0)) and event 2 (closing
@). The measurement of the three-phase voltages at bus 6 (B6)
and the current flow in line L5 are recorded and displayed in
Figs.2 and 3 for (©) and @ events, respectively. The shown
results in Figs.2 and 3 are displayed per unit with 2 MVA and
4.16 KV base values.

As shown in Fig.2, a high voltage rise is observed at B6 during
event (0) because of the switch opening on a high current flow
at line Lsg where DG1 becomes lightly loaded. Such a sudden
increase in the voltage magnitude may cause a violation of the
IEEE standard 1547.7, which states that the voltage magnitude
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Fig. 3. The dynamic system response before/after the line-closing process @
in UIBIM using conventional symmetric droop control scheme (a) per-phase
voltage at bus 6, and (b) per-phase current in Lsg.

should not exceed 1.2 pu for a period ranging from 3 to 500
(millisecond) [21]. During event of Fig.3, and without an
update in the droop settings, DGI is required to immediately
share the microgrid load with DG2 based on the normal system
configuration. In such a case, a deep undervoltage is observed at
B6, and a high transient current (more than 10 pu) is withdrawn,
where DGI injects a high current to the system during the
transition towards the normal configuration in order to meet its
specified power sharing. After more than 0.5 sec, as depicted
in Fig.3(b), the current levels emigrate to the regular operation.
Both issues of severe over and under voltage observed during
line switching events in UIBIM could cause degradation in
the equipment’s performance. Consequently, it is essential to
implement appropriate control schemes for DGs and optimize
their droop settings during line switching events to mitigate
undesirable voltage changes and facilitate soft line switching
for UIBIM.

III. PROPOSED UNSYMMETRICAL PER-PHASE DROOP
CONTROL SCHEME

Minimizing the flowing of the active and reactive power in
switched lines of UIBIM is challenging as the feeding of the line
power may be injected from the same or the reverse direction
for each phase and with different values, as illustrated in Fig.4.
Accordingly, using the symmetrical conventional droop control
is inefficient for handling such a challenge. Therefore, in this
work, an unsymmetrical per-phase droop control scheme is
implemented to coordinate the injected power of each phase
of the droop-controlled DG units in the low-inertia UIBIM
separately. The block diagram of the proposed control scheme,
shown in Fig.4, contains a power-sharing control loop, resistive
virtual impedance loop, inner voltage, and current control loops.
The detailed functions of these loops are described as follows:

In the power control loop, droop control is adopted as
it is the most popular power-sharing mechanism among DG
units in islanded microgrids. Different droop control for-
mulas are proposed in the literature, which mainly vary
based on the system X/R ratio and the output impedance
of the DGs [20]. In the case of low voltage (LV) mi-
crogrids, which feature highly resistive lines (i.e., X/R <<
1), the (V; — Pgand db; — Qg) droop control is typically
applied, where the voltage/active power droop characteris-
tics are recommended because of the coupling between the
Vi and P, [22].In contrast, the (df; — Pyand V; — Qgi),
(d0; — Pyi — Qgiand  V; — Qg; — Py;) formulas are reported
as the most adequate droop representation for medium voltage
(MV) microgrids [23]. The (df; — Py and V; — Qg;) droop
characteristics, known as the conventional inductive droop,
is widely used assuming a highly inductive microgrid prop-
erty, i.e., the X/R >> 1 [24]. Meanwhile, when X/R ~ 1,
both active and reactive powers are participating in the droop
characteristics, i.e., (d0; — Py — Qgand  V; — Qg; — Py;) that
is known as a complex droop [20]. In this work, the un-
symmetrical per-phase droop is adopted in a general form

represented by (d@f’ - Pj; — 77? Qz)iand Vid) - Qii - 77? P 5)1) )

((b €a,b,c, nf €0, 1) to control the active and reactive power
of each phase and tackle the coupling issue between the active
and reactive powers. To that end, a binary variable (1;) is
defined to offer a flexible selection between the different control
approaches. When 7); is set to zero, the control scheme follows
the (df; — Pyand V; — Qg;) droop characteristics (X/R >>
1). While 7; is set at one for complex droop (where X/R ~
1). In the proposed approach, the voltage magnitude and angle
of each phase are controlled using the following mathematical
formulations, respectively:

VP = Ve —na? (Qp+nf Py M
dé’g5 =W, — mp? (P;’i — nbejZ) 2)

where i is a counter that refers to the DG number, w,, V. are
the nominal angular frequency in rad/sec and nominal per-phase
voltage, respectively. The 77;;5 is a binary variable to assign the
type of the implemented droop at each i** DG and phase ¢.
This variable is added to model a general control scheme where
the (dﬂf - P;;and Vf - QZ)Z-) is implemented for i‘" DG,
and ¢'" phase when the 17;75 is 0, whereas the complex droop
(dej’ —P%—Q%and VP - QY - P;;) is executed while 7,
is 1. As a result, the type of droop control for each DG and
phase can be determined. The per-phase droop coefficients are
given by an’ , mpj5 for each phase ¢ and i*" DG. The voltage
angle 9? is computed by integrating the droop output (d@f) of
(2). Then the average value of the per-phase angles is computed
for calculating the instantaneous reference voltage values via the
following relation:
Ve, = Ve1sin (6, +0%) 3)
where 9?(, is the nominal phase angle of specific values
(0,—2/3m,2/3m). The 0,,, refers to the average value of the
per-phase angles of the i'"* DG (0,,, = %Zqﬁ 0?).
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Fig. 4. Schematic diagram of the proposed per-phase droop control of inverter-based DG

The proposed per-phase droop control topology is equipped
with a resistive virtual impedance loop to regulate the voltage.
The fundamental idea is to simulate a voltage drop inside the
controller such that the DG perceives the primary network
[25]. This target is accomplished by multiplying the resistive
virtual impedance (R,;-) by each phase’s output current (/9)
and subtracting the result from the computed reference voltage
of (3). To filter the oscillatory component of the output current, a
low-pass filter (LPF) is added to the resistive virtual impedance,
as shown in Fig.4. Hence, an updated per-phase reference
voltage is generated based on the following formula:

Ve =VE = Ryl €

The inner control loop has voltage and current control loops
designed to regulate the inverter voltage. In the structured
control scheme of Fig.4, the proportional-resonant controller
(PR) is adopted to track the sinusoidal voltage references of each
phase of each DG unit, which is brought out of the power control
and resistive virtual impedance loops. The transfer function of
the PR control can be expressed as follows:

KiVS
2 2
5% + Wes + w§

PR?(s) = Kpy + (5)
where Ky, K;y are the proportional and resonant gain
factors, respectively. The w.,w, are the cut-off frequency and
resonant frequency, respectively. The output current reference
made by the voltage control loop is then applied to the pro-
portional controller in the current control loop to generate the
a, b, and c reference voltage for producing the pulse width
modulation (PWM) signals of the inverter. The proportional
controller transfer function is expressed as follows:
Py =K, 6)

K3

In the proposed control scheme, the a-b-c reference frame is
used in the implementation process. The selection of this frame
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Fig. 5. Schematic diagram for different switching events, (a) Single-line opening
(o) event, (b) Single-line closing (cl) event, (c) Multiple-line switching (o,cl),
and (d) Action time schedule.

yields remarkable advantages as it can be recognized without
any frame conversion, making the system easier to execute and
potentially faster.

Implementing the unsymmetrical per-phase droop control
scheme to achieve a soft switching requires identifying the
OTDS (ng?, mp?) for each i*" DG and ¢ phase. Therefore,
the OTDS identification process is a challenging task as it is
needed to determine 2 x N X ¢ variables, where N refers to
the total number of DGs in the system, ¢ is the total number
of phases, factor 2 is used because of calculating two droop
parameters, i.e., nq, mp, for each DG. For example, when the
system contains 2 droop-controlled DG units, it is required to
identify 12 variables for the unsymmetrical-phase droop control
settings (2 x 2 x 3). Accordingly, modeling a reliable and
general mathematical formula helps discover the optimization
problem landscape and detect the optimal OTDS for different
line-switching scenarios.

IV. FORMULATION OF THE PROPOSED OPTIMIZATION
PROBLEM

The aim of this section is to formulate a general mathematical
model to determine the OTDS that provide soft line switching
via minimization of the power flow in the switched lines of index
ij. To that end, two switching types are defined: single-line
and multiple-line switching. Fig.5 shows a schematic diagram
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for the single-line opening, single-line closing, and multiple-
line switching events. As shown in the figure, the proposed
model aims to minimize the power flow in the line(s) at which
switching occurs. In the single-line opening event depicted in
Fig.5(a), the identified OTDS target the minimization of the pre-
switching apparent power flow in each phase (Sgo) to avoid
the undesirable voltage rise due to a sudden drop in the DG
loading. The value of S‘fso is computed by solving for the
power flow in line ij considering the pre-switching network
configuration (state #1). For the closing event presented in Fig.5
(b), the aim is to close the switch with a smooth increase in the
line power flow. Hence the aim of this event is to minimize
the power flow of S? e during the close event of a specific
line 75 as if the network configuration is in state #2. In the
case of multiple-line switching, the system is reconfigured via a
number of line-opening and line-closing operations, where pairs
of opening and closing operations are simultaneously executed
while changing the network topology. Consequently, soft line
switching is realized in this case via minimizing the sum of the
apparent power flow in these pairs of lines, as illustrated in Fig.5
(c). A planned application of the OTDS has been conducted.
As shown in Fig.5(d), in each line switching event, the UIBIM
moves from its current state #1 to a new state #2. The OTDS is
activated at instance t; while the UIBIM is in state #1 before
the occurrence of the line-switching action at t. The OTDS
is then deactivated at instance t3 after the UIBIM reaches its
new state #2. It is worth mentioning that the activation and
deactivation periods, represented by dt; and dt,, respectively,
are user-defined parameters. These parameters are defined to
avoid a steep drop in the line power flow during the switching
event, which, in turn, helps achieve soft line switching. The time
periods dt; and dts, shown in Fig.5(d), are chosen to provide
an adequate time for the UIBIM to readjust the power-sharing
among its DGs and reach to steady state before and after the
transition of the states due to line switching. Such adequate
time is selected to be equal to or more than the settling time,
the time required for the response to reach the steady state
and stay within the specified tolerance bands around the final
value (to settle the power flow in the switched lines to zero or
closer to zero before the event instance). The settings of dt;
and dto are thus determined according to the dynamic response
characteristic of the studied microgrid system [26]. Accordingly,
a sudden drop or increase in the power flow in the opening and
closing events is avoided. The following formula is modeled as
a general objective function to obtain the OTDS:

Minimize S =
mpj’,nq?
7
> By Y Sho+ X B Y She
ij
ijoeﬂfj ¢=a,b,c ijcleﬂgjl; ¢=a,b,c

where (7) describes a minimization objective function for the
apparent power flow in the lines encountering opening and
closing events. The variables mp¢ an) refer to the per-phase

droop settings. The symbols of S D3, Sgd represent the per-
rl

phase apparent power in the line (z 7) durrng the opening state
(o) and the closing state (cl), respectively. The input parameters
By, BCl have binary values to identify the network switching
event as a single line opened (B}, = 1, BCZ =0V € Q7))

Fig.5(a), single line closed (Bd = 1 By,=0 V” € Q ) Frg 5(b)

or the network follows a multiple-line switching event as shown
in Fig.5(c), where (Bf} = 1, B;=1 V¥y; € Qf;,Q5%). The sets
Qljo,and Q"jlc,, in (7), are smgletons that refer to lines influ-
enced by the line-opening and closing operations, respectively.
The lines that belong to the opening event do not belong to the
closing event at the same time; hence there is no intersection
between the opening and closing sets (£27; N Qd = ()). The
optimization problem is subjected to a set of constrained as
described below:

- Subject to the power flow equality constraints:

nbr
P N _ po ¢
fio (@i wgi) = Pgienomop — Py~ § : E ,
j=1ph=a,b,c
J#i

|V¢Hy¢ (ph)— n||V-(ph)|cos(9?j(ph) + 5Z(ph) _ 5;/5) (8)

@1y (Ph)—n 1, (pR) #(ph) (ph) AN
= VAV eos (85 + 68 — 67)] = 0
ViV

nbr

¢
£ @) = Qi o — Q=D Y

j=1ph=a,b,c

J#i
[|Vi¢||Y¢(ph)_n||V}(ph)|sin(9¢-(ph) + 6§Ph) _ 5?) )
_ ‘Vlfﬁuyﬂph ||V ph)|szn(0$(ph) + 5Z(Ph) _ 5?)} -0
AR
Ve =V +ngf (Qp +nlPS) =0 v, € QPP (10)
a7 —w, + mpf (PS = n?Qf) =0 Vi € QPR (1)
Ve Rl =0 v, P (i)
2
671 1ot = 5 =0 Vi€ Q7O (13)
2 X
57 = 105 + - =0 v € P (14)
where fiP¢ (x;,24;) and fiQ(b (x;,24;) are an active and

reactive power balance equations for each i bus and ¢*" phase.
The (x;,x4;) define the state variables at each it" bus. The 0;;
in (8-9) is the admittance angle for line (ij) and the §; denotes
the voltage angle at bus i. For each droop-bus i (i € QP"%).
The (1,2,4) are implemented in the power flow constraints as
interpreted in (10-12) to model the per-phase droop-based buses,
and the virtual impedance loop based on the presented works in
[27], [28]. For maintaining the phase-shift balance between the
three-phase voltage at each droop-based bus, the relations in (13-
14) are involved in the mismatch equations and are implemented
in the control scheme of Fig.4 by using the reference voltage
generator. The power flow equations and constraints have been
solved using the Newton trust region presented approach in [27].

- The optimization problem is subjected to additional in-
equality constraints to set the upper and lower boundaries of
the microgrid operation and control parameters, including the
system voltage magnitude and angle, system frequency, active
and reactive power limits of DGs, and the active and reactive
power droo (;P parameters as listed below:

Tmin < sz o,c imaz VZV¢ (15)
Wmin < Wo,e < Wmag (16)
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67 < 000 <0, V¥, (A7)
¢ ¢ ¢

Pglmm < sz o < szmm ViV (18)

Qg’tmm < le o,c < ngm{” V2V¢ (19)

mpf, < mpl, . <mpg; Vs (20)

S ViYs  (21)

It is noteworthy that the values of the upper and lower
boundaries for the UIBIM operation and control parameters
defined in (15)-(21)are set to ensure that the obtained OTDSs
will maintain the operation of the UIBIM within the desired
operation limits. For example, the boundaries of the voltage
magnitudes and system frequency, defined in (15) and (16),
respectively, are set based on the applicable standards for voltage
and frequency operation limits [29], [30]. Also, the boundaries
of the droop parameters defined in (20) and (21) are set to
preserve the stability of the microgrid, as illustrated in [31]—
[33].

For identifying the optimal droop settings that minimize the
apparent power flow in the switched lines of (7), successful
history-based adaptive differential evolution with linear popula-
tion size reduction (L-SHADE) algorithm [34] is integrated with
the power flow equations. L-SHADE was selected to optimize
the OTDS as it proved its reliability and superiority in several
real optimization problems. It is ranked the top in one of the
most comprehensive competitions of IEEE CEC 2014. Hence,
this work applies L-SHADE as a reliable optimizer to minimize
the modeled objective function of (7). The following pseudo-
code 1 summarizes the main steps while identifying the OTDS
based on the L-SHADE algorithm. In the first steps in the
pseudo-code 1, the L-SHADE parameters, including; search
agents (SA), number of iterations (7},4.) and control parame-
ters (MF,CMR,CR, F), upper and lower boundaries of the
unknown variables (OTDS) are defined. In the initialization
process, a set of initial solutions (OTDS) are generated randomly
with a dimension of (SA x dim), where (dim) is the number
of the unknown OTDS (for example, dim is 12 for two DGs).
For each initial OTDS vector per each search agent (1 X dim),
the described UIBIM power flow equations and constraints
in (1-4,8-21) have been solved using the newton trust region
approach in [27] to determine the power flow in the switched
line(s). Then the corresponding value of the objective function
in (7) has been calculated per each search agent. Throughout
the iteration numbers, the initial OTDS sets have been modified
based on the L-SHADE structure to fetch the minimal objective
function in (7). Since the power flow equations and constraints
in (1-4,8-21) corresponding to the updated solutions (OTDs)
have been recalculated using the newton trust region approach;
then the objective function is evaluated. After reaching the
maximum iterations (7,4 ), the best solution vector (OTDS*)
that corresponds to the minimum objective function is displayed
and then applied to the dynamic model of the UIBIM with
inverter-based DGs using the control scheme of Fig.4.

V. CASE STUDIES AND DISCUSSIONS

This section is divided into three subsections to evaluate the
performance of the unsymmetrical per-phase control scheme.
Subsection A is concerned with providing comparative stud-
ies about power-sharing in normal and sudden disturbance
conditions. Subsections B and C assess the proposed control

Algorithm 1 The Pseudo code of the L-SHADE for OTDS

Define: SA is the total number of search agents and Traz is the
total number of iterations, UIBIM specifications, Objective function
.

Define: L-SHADE parameters: archives vector for the mutation
factor (MF) and crossover operator (MCR) for storing the average
values of the mutation operator (F) and the crossover probability
(CR); two sets of SF and SCR to store all CR and F values.
Generate: the initial OTDS, OTDS = [mp?, ng?] for each SA.
Compute: Solve the UIBIM power flow equations and the constraints
in the 45 line using (1,2, 8-21) based on the newton trust region
approach in [27] to compute the initial values of the objective
function described in (7) by using the initial OTDS.

for T <Tpaz do

for k < SA do

Assign random M F,. and M C R, from the archives vectors of

MF and MCR.

Calculate F* = Gaussian(M F,0.1).

Calculate CR* = Gaussian(C'R,.0.1). o

Assign the best solution vector OT' DS} = [mpl 7nq2 1.

Select two rand OTD;?“”1 2) vectzors from the total SA.

OTDS (r1.r2)_ [mpl 7nq1 .

Generate a trial vector based on the following equation [34]:

Vi, = OTDSt + FH¥OTDS} — OTDS?) +

F*(OTDS% — OTDSk)

Update the solution (OTDS) using crossover operator[34]:
VT"'Hifrcmd < CRF

OTDSkyifrand > CR”

Solve the UIBIM power flow equations and the constraints in the

17 line using (1,2, 8-21) based on newton trust region approach

in [27] using the updated solutions.

Evaluate the objective function of (7) using the updated solu-

tions .

End For

Update the SR, SCR, MF. MCR and SA.

End For

Return OT'DS*

k —
Ur41 =

scheme and the considered approach for identifying the OTDS
in achieving the soft line switching operation. The 6 bus-2DGs
system of Fig.1 is adopted to appraise the performance of the
proposed approach for the single-line switching event, while the
IEEE 34-bus unbalanced system is embraced for evaluating the
proposed approach in cases of multiple-line switching. The time-
domain simulations are implemented on Matlab/Simulink, and
the optimization problem of identifying the OTDS is solved us-
ing a Matlab script. The simulations and analyses are conducted
on a personal computer with a Core 17 (2.5 GHz) processor and
16 GB of RAM.

A. Evaluating the performance of the proposed unsymmet-
rical per-phase droop control under normal and abnormal
operating conditions

This subsection investigates the effectiveness of the proposed
unsymmetrical per-phase droop control to enhance power-
sharing in UIBIM compared to the symmetrical droop control
under normal and abnormal operating conditions. The connected
DGs in the UIBIM schematic diagram of Fig.1 supply all the
unbalanced three-phase loads until t = 1 sec (normal operating
condition). To test the performance of the proposed control
under abnormal operating conditions, the loads at phase c”
of all nodes are disconnected until t =1.5 sec[18]. Afterward,
loads of phase “c” are restored, and the system returns to its
normal operating condition. Fig.6 shows the active and reactive
power-sharing of the DGs for the unsymmetrical per-phase
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Fig. 6. The DGs active and reactive power-sharing based on (a),(b) conventional symmetrical droop,(c), and (d) unsymmetrical per-phase droop control approaches.

droop control compared to the conventional symmetric droop
control under normal and abnormal conditions. To quantify the
performance of the implemented control schemes in the steady-
state operation, the percentage of active and reactive power error
between the desired shared power of DG; ((P/Q)fefi) and
the measured shared power at the i*" DG terminal has been
calculated using the following formula:

(P/Q)yes, — (P/Q),
(P/Q)feﬂ

For the time horizon of ¢ < 1 at normal operating condi-
tions, the ideal active power dispatched from phases “a,b,c”
of DG; are (0.418, 0.354, 0.337) pu, respectively. When the
conventional symmetrical droop is applied, Fig.6(a), the dis-
patched active power from phases “a,b,c” of DG and DG are
(0.388,0.363,0.378) pu and (0.457,0.359,0.311) pu, respectively.
Using (22), the percentages of the active power sharing error
are (7.177, 2.542, 12.166) % and (9.330, 1.412, 7.715)% for
DG and DGs, respectively. Meanwhile, the measured dis-
patched active power from phases ”a,b,c” of DG, and DGs
are (0.393,0.358, 0.338) pu and (0.419,0.3536,0.333) pu when
the unsymmetrical per-phase control scheme is applied as de-
picted in Fig.6(c). Accordingly, the percentages of active-power
error are (5.981,1.129,0.297) % and (0.239,0.113,1.187)%, re-
spectively. With regard to the reactive power, the percent-
ages of error from phases “ab,c” of DG; and DGs ex-
tracted from the results of Fig.6(b) are (15.609,15.012,11.227)%
and (16.932,15.012,12.613)% whereas that of Fig.6(d) are
(5.685,12.581,5.664)% and (0.054, 15.199,2.218)% for the sym-
metrical and unsymmetrical droop, respectively. From these
results, it is observed that the implementation of the unsymmet-

Joep/Q) = (22)

TABLE I
THE IDENTIFIED UNSYMMETRICAL PER-PHASE OTDS IN CASE OF UIBIM
WITH 6 BUSES AND 2 DGS.

Phase b

Phase a Phase ¢

mpy 8.8924 x 1076 9.9276 x 1076 5.9213 x 106
ng? 0.2097 0.2692 0.1379

mpy 9.6506 x 107 7.2285 x 1077 8.677 x 1077
ngs 6.8924 x 106 5.927 x 107 2.0213 x 1076

rical per-phase droop control enhances the unbalanced active and
reactive power sharing among the DGs in UIBIMs compared to
the conventional symmetrical droop control.

For the time of 1 < ¢ < 1.5 at abnormal operating conditions,
the dispatched active and reactive power from phase ’c” of
DG4 and DG are almost equal to zero while using the unsym-
metrical per-phase droop control. In contrast, the symmetrical
droop control performs improperly to attenuate the circulating
active and reactive powers. Moreover, the zoomed curves of
the power of phases “a, b” clarify that changing the power
of phase ”c” has a notable impact on other phases when the
symmetrical conventional droop control is applied as illustrated
in Fig.6(a). On the other hand, slight changes in the power of
phases “a, b” are observed in Fig.6(c) when the unsymmetrical
per-phase droop control is applied, where it nearly treats each
phase separately.

B. Single-line switching: UIBIM-6 buses and 2 DGS based on
per-phase droop control

In this part, the proposed control scheme is appraised while
the line between buses 5 and 6 of Fig.1 encounters two states
of switching: an opening event at a time of 2 sec (viewed as
(0)) (partitioning process), and a closing event at a time of
4 sec (viewed as @). The considered droop control scheme
is the (df; — Py; — Qgeand  V; — Qg — Py;) as the X/R ratio
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Fig. 7. The UIBIM dynamic response during opening ((0)) of the line Lsg (a) active power of DG1, DG2, (b) reactive power of DG1, DG2, (c) active and reactive
power at Lsg, (d) voltage at bus 6, and (e) system frequency while using per-phase droop controlled approach.

nearly equals to 1. The L-SHADE algorithm is adopted to solve
the optimization problem formulated in the previous section to
determine the OTDS corresponding to minimal flowing power
in the switched line for achieving soft switching. The identified
OTDS is reported in Table I for the (©) and @ events. For
exhibiting the dynamic response of the UIBIM while applying
the OTDS, the DGS active and reactive power, the injected
power to the switched line (Lsg), and the voltage at bus 6 of
the system are traced during the (0) and @ events as described
below.

Fig.7 displays the UIBIM’s dynamic response for the (0) event
at t = 2 sec. The identified OTDS presented in Table I is applied
before the switching action to avoid a sudden drop in the line
power flow. For example, it has been observed that applying
the OTDS one second before the switching action facilitates
seamless readjustment of the power-sharing among the droop-
controlled DGs, which in turn, provides smooth decaying of the
power flow in the switched line(s). Hence, the OTDS is activated
at time 1 sec. as shown in Fig.7. Figs.7(a) and (b) illustrate that
with activating the OTDS, the generated per-phase active and
reactive power from DGl is reduced gradually; hence, the per-
phase active and reactive power flow in line L5 is reduced to be

less than 98% from the initial one as illustrated from Fig.7(c).
To continuously feed the demand to the MG loads, the per-
phase active and reactive power of DG?2 is increased as shown
in Figs.7(a), (b) to substitute the lack of the injected power from
the DGI side. In consequence, the power flow in line (Lsg) is
diminished gradually until it reaches nearly zero before opening
the line, as depicted in Fig.7(c), meaning the current flow in the
line comes to zero as well. By inspecting the voltage profiles of
Fig.7(d) at time 2 sec, it can be noticed that the improvement in
the transient response due to the application of unsymmetrical
per-phase OTDS is significant as the switching voltage drops at
0.945 pu compared to 1.272 pu in case of applying conventional
symmetrical droop control as illustrated in Fig.2(a). This is due
to the fact that opening the line at near-zero current eliminates
the voltage rise that was observed previously in the system
response of Fig.2. According to the previous observations, it can
be seen that unsymmetrical per-phase OTDS controls the power
flow in each phase of the switched line; hence, it helps minimize
the unbalanced current flow in each phase separately via re-
coordinating the per-phase injected power into the switched
lines from the connected DGs in the microgrid. Furthermore,
Fig.7(e) shows that the system frequency varies between 1.0008
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Fig. 8. The UIBIM dynamic response during closing (@) of line Lse (a) active power of DG1, DG2, (b) reactive power of DG1, DG2, (c) active and reactive
power at Lsg,(d) voltage at bus 6, and (d) system frequency while using per-phase droop controlled approach.

pu and 0.9978 pu during the activation time of the OTDS. These
changes in the system frequency, which is in the range of +/-
0.02%, are within the acceptable steady-state system frequency
deviation limits of 3% [30]. The results demonstrate that the
process of activating and deactivating the OTDS does not cause
issues in the dynamic response of the UIBIM.

For the @ event at ¢t = 4 sec. of Fig.§8, the primary target of
applying the OTDS of Table I is achieving a nearly zero flowing
of power during the closing event to avoid high transient currents
flow. Hence the OTDS is applied pre-closing by 500 (millisec-
onds) before the switching action. The OTDS is deactivated after
one second from the closing event (at t = 5) after reaching a
steady state. Then the operation droop parameters are applied at
t = 5 sec to return to a UIBIM based 2 DGs configuration.
The activation and deactivation periods of the OTDS ensure
achieving a smoothing power flow until the getaway from the
transient state for reaching smooth steady-state operation. Fig.8
displays the dynamic response of the UIBIM when line Lsg
encounters the closing event at t = 4 sec and OTDS is activated
and deactivated at ¢t = 3.5, 5 sec, respectively. The DGs’ active
and reactive power curves of Figs.8(a),(b) at 3.5 < t < 5 reveal
the effectiveness of the OTDS in keeping on the DGs shared

power that achieves zero power flow in the line until reactivating
the operational system droop at t = 5 sec. In this way, the power
flow in the switched line at time 4 sec of Fig.8(c) is still zero
after closing action, which means the OTDS keeps zero current
flowing in the line to avoid a high dip in the voltage at bus
6 during the closing event as illustrated in Fig.8(d). The DGs’
active and reactive power after 5 sec of Figs.8(a),(b) divulge a
smooth power-sharing where the injected per-phase power by
the lightly loaded generator (DGI) is increased gradually in
front of the DG2 power, which is reduced for re-distributing
the shared power among the two DGs. The displayed results
illustrate the significant improvements that the unsymmetrical
per-phase OTDS provides to the dynamic response of the UIBIM
compared with the conventional symmetric droop of Fig.3. The
power flow in the switched line is smoothly increased; hence
the transient current in the case of using the unsymmetrical per-
phase droop is kept to be nearly zero after closing; meanwhile,
it reaches > 10 pu while using the symmetrical conventional
droop as illustrated in Fig.3(b). Furthermore, unlike the sym-
metrical conventional sag, which suffers from severe voltage
dip during the close switching event, the unsymmetrical per-
phase OTDS can maintain the voltage within its prescribed

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Power Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2023.3312406

TABLE II
THE IDENTIFIED UNSYMMETRICAL PER-PHASE OTDS CONSIDERING
SEQUENCE 1 OF THE IEEE 34-BUs UIBIM .

Phase b

Phase a Phase ¢

mp? 1.0001 x10-6 8.0619 x10~° 9.9985 x10~7
ng? 7.0924 x10 6.0094 x10~? 1.0009 x10~4
mp 1.0230x10° 1.9300 x10~5 7.8308 x10
gy 9.4618x 107 6.2656x 10~ 2.2755%107°
mpg 6.3265x10° 3.7132x10° 3.9027 x10~°
ngs 5.0339x10-° 9.3446x 10~ 5.8007x10°

limits during the transition between different network states.
As per the system frequency in Fig.8(e). it is clear that the
defined operation constraints in the optimization problem result
in seamless activation and deactivation of the OTDS without
causing dynamic response issues to the UIBIM. As illustrated
in the figure, the maximum measured frequency is found to
be 1.0015 pu during the deactivation of the OTDS, which is
less than the acceptable standard deviation of 3% [30] from the
nominal frequency.

Based on the previous discussions, it is observed that using
the unsymmetrical per-phase OTDS mitigates the transients
associated with line switching, and thus soft opening and closing
events are realized in the UIBIM with 6 buses and 2 DGS
without causing issues in the dynamic response of the UIBIM.

C. Sequential multiple-line switching: UIBIM-34 IEEE bus
based on per-phase droop control

In this section, the proposed control scheme and the OTDS
identification approach performance are examined for sequential
actions of multiple-line switching by adopting the IEEE 34-
bus unbalanced benchmark system of Fig. 9. The IEEE 34-bus
contains different distributed and spotted loads. The load type in-
cludes constant current, constant impedance, and constant power
models (single- and two-phase loads, and wye/delta-connected
three-phase loads) [35]. Three inverter-based unsymmetrical per-
phase droop-controlled DGs are connected to the system at
buses 808, 832, and 848 through transformers. The depicted
configuration of Fig. 9 illustrates the IEEE 34-bus UIBIM with
four switches (SW1, SW2, SW3, and SW4). The initial states
of the switches are: SW2 and SW4 are closed, while SW1 and
SW3 are open. The IEEE 34-bus UIBIM is reconfigured via
two sequential switching events: in sequence 1, the initial states
of (SW1 and SW2) are changed with keeping on the initials
state of (SW3 and SW4). Then, in the second sequence, the
initial states of (SW3 and SW4) are changed with considering
the (SW1 and SW2) states as in sequence 1 to obtain the final
construction of the reconfigured IEEE 34-bus UIBIM. The order
of the multiple lines switching sequences is based on the works
in Ref [20], as the sequence of the switching that achieves a
minimum apparent power flow in the switched lines is the rec-
ommended one. By following this strategy, the switching action
of (SWI and SW2) is selected as a first sequence, then the
switching action of (SW3 and SW4) in the following sequence.
The following subsections present the dynamic response of the
IEEE 34-bus UIBIM when implementing sequential multiple-
line switching as described above:

1) Sequence 1: changing initial states of SWI1 and SW2

In this sequence, a pair of two lines are encountered to
switch-exchange events simultaneously for providing the first
reconfiguration of the IEEE 34-bus UIBIM. For that purpose,
the initial states of SW1 and SW2 are changed so that SW1
is closed and SW2 is opened simultaneously at ¢ = 0.7 sec.

The SW3 and SW4 are kept in their initial state. Towards
achieving soft switching, the L-SHADE algorithm is adopted to
optimize the proposed objective of (7) to determine the OTDS
corresponding to minimal power flow in the pair switched lines
(Cgmate SDr,,, T LgmapeSpa ). The yielded OTDS is
listed in Table II. A short period is considered for activating the
OTDS before conducting the switching actions to re-distribute
the shared power among the DGs and emphasize the soft
switching events. Hence, the OTDS is activated at ¢ = 0.2
sec. The dynamic response of the test system before and after
conducting the first sequence of the reconfiguration process is
depicted in Fig.10. The DGs’ generated active and reactive
power before and after the switching process are measured
and displayed in Figs.10(a), (b). Furthermore, the power on
the switched lines is measured and plotted in Figs. 10(c)(d).
Based on the indicated direction of the power flow in Fig.9, the
line power is positive when it flows in the same direction as
the arrowhead, and it is negative when flowing in the opposite
direction to the arrowhead. It is worth mentioning that before
applying the OTDS (¢ < 0.2 sec.) of Fig. 10(c), the three DGs
were sharing the power flow of L2, and hence the measured
powers are in positive and negative signs. By inspecting the
L2 active and reactive power values at (¢ < 0.2 sec), it can
be observed that the DGI injects a significant active power
for phases (b,c) to the DG2 and DG3 side. On the other
hand, DG1 participates by a bit of the active power of phase
(a) for the side of DG2 and DG3. For the reactive power
of the three phases (a,b,c), DG2 and DG3 feed the line by
remarkable values compared to DG1. Given the complexity of
power sharing among the DGs in each phase, minimizing the
power flow in this scenario cannot be achieved with symmetrical
droop control schemes. Thus, appropriate unsymmetrical phase-
independent droop control is paramount. The unsymmetrical
per-phase complex droop of (1) and (2) of section III is the
implemented controller in this section.

The recorded active and reactive power of the DGs of
Figs.10(a), (b) and the power flow in L2 of Fig.10(c) after ap-
plying the OTDS before reconfiguration process (0.2 < ¢t < 0.7
sec) reveal the effectiveness of using the unsymmetrical per-
phase droop control in minimizing the line power by controlling
the power of each phase separately. In phase (b), for example,
before the switching time, the active power flow in L2 comes
from the DGI side; hence it is visualized in positive sign at
t < 0.2 sec, as shown in Figs.10(c); hence the proposed control
scheme and OTDS works on reducing the injected power of
phase (b) from DG1 in front of increasing the production from
DG?2 and DG3 side as shown in Fig.10(a) to minimize the power
flow of phase (b) through the line. The reactive power flow of
phase (b) in the L2 is measured in a negative sign, meaning
it is supplied from DG2 and DG3 sides (the power flows from
the opposite side to the measurement direction). Accordingly,
applying the OTDS minimizes the generation from the DG2
and DG3 side instead of increasing the DGI1 generation as
exhibited in Fig.10(b) to reduce the transmitted power through
the line L2. Similarly, for phase (c), the active power flow
in the line before switching is injected from DGI1 side (it
is visualized in positive sign as shown in Fig.10(a)); hence,
the OTDS increases the generation from DG2 and DG3 side
to minimize the flow from the DGI1. For the reactive power

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Power Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2023.3312406

DG-based per phase droop control
Switch

S
- - Tie line

_'47_ Three-phase distributed loads
% Three-phase spotted loads

/f\ Direction of powermeasurement

800 802 806 808 812 814
L L

| s per / H

BMVA [

He?| T05:105,05: qectana |
mpPelan.e)

Fig. 9. IEEE 34-bus UIBIM with multiple locations of switches and per-phase droop control of inverter-based DG [36].

P B Py P By Py Py Py Pl 0y 0l =00 @
o s S L
S 06- H _—_—:-‘ll‘—‘::::.'_ ———————————————————————————— A — O'IL‘ '
= sz=b=z=7""" | ' a
w041 i i 1 = ok
= | ! | ™ T
0.2 e —— : = : e .
-2 : : 2-0.1p : :
2= of ' N . 1 <= ' ' '
0 SActivate OTDS | *Deactivate OTDS | % MActivate OTDS  ™SDeactivate OTDS
0. ‘ — : 02— : : ‘
0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6
Time [sec.] Time [sec.]
() (b)

0.2 fg _PLbz _PIJSQ - QGLQ B 'IQ%Q - Q%z! 0.2 : |_|Pg1 _Pgl _IPISl 'I'Qil - Q'21 - Q%1|
e 5 = | SActivate OTDS | Deactivate OTDS
= i & : : :

o I ; oy i X -_:.;-i ______________
S 0 | S N | R
o - " SDeactivate OTDS E T T T
A s SActivate OTDS | 02 (STERCIEEN f :
' 0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6
Time [sec.] Time [Sec.]
(©) ()

1.04 Vi-v V- 1.04 v V V

SwD | ' @ o '
= @ rSDeactivate OTDS = Il/l il | SDeactivate OTDS
Al 5 i =T - w i 1
o LT — : ! Iy ;
R e e e My &
~ i ! f S 5 i
! Activate OTDS | i Activate OTDS |
0.94 : : : : : 0.94 : ' : ' ' :
0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6
Time [sec.] Time [sec.]
(© (f)

Fig. 10. The IEEE 34 UIBIM dynamic response during the reconfiguration of sequence 1: (a) active power of DG1, DG2, DG3, (b) reactive power of DGI,
DG2, DG3, (c) active and reactive power at L2, (d) active and reactive power at L1, (e) voltage profile at bus 850, and, (f) voltage profile at bus 828 while using
per-phase droop controlled approach.

of phase (c), applying unsymmetrical per-phase OTDS shows power in the line in front of increasing the reactive power
its superiority in minimizing the injected reactive power from contribution from DG1. Following the same concept, the OTDS
DG2 and DGS3 side to reduce the negatively measured reactive minimizes the reactive power of phase (a). For the active power
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of phase (a), the OTDS tries to minimize the active power flow
of the phase before the switching action, while phase (a) is
highly loaded; hence the DG2 and DG3 contribute a bit for this
phase to feed the demand before the reconfiguration process
continuously. Applying the OTDS of the unsymmetrical per-
phase droop minimizes the apparent power in L2 from 0.3
pu at ¢ < 0.2 (at point X of Fig.10(c)) to be 0.165 pu at
t = 0.7 (at point Y of Fig.10(c)) before the switching action,
accordingly the line power is minimized by nearly 50% before
the switching action. Furthermore, applying the OTDS before
connecting the tie-line (L1) helps in achieving smooth flow
for the power through the line until it reaches its steady state
value, then the OTDS is deactivated, as illustrated in Fig.10(d)(at
points X, Y, respectively). In the end, this strategy significantly
impacts achieving a soft-reconfiguration event at ¢ =0.7 sec
and improves the voltage transients produced by the switching
operation, as shown in Fig.10(e) and (f). The displayed three-
phase voltages at buses 850 and 828 are being in the standard
limits during/after the reconfiguration process. Based on these
observations, the unsymmetrical per-phase droop and OTDS
prove their ability to control each phase separately to achieve
minimum power flow during switching events.

2) Sequence 2: changing initial states of SW3 and SW4.

This subsection examines the effectiveness of the proposed
optimized unsymmetrical per-phase droop with the second se-
quence of the multiple line switching of IEEE 34-bus UIBIM. In
this sequence, the initial state of SW3 and SW4 are exchanged
simultaneously, considering the new topology of the IEEE 34-
bus UIBIM after implementing sequence 1. Then, the L-SHADE
is executed to identify the OTDS that minimizes the power in the
switched lines (L3, L4) using (7) and the updated power flow
of the reconfigured IEEE 34-bus UIBIM based on sequence 1.

TABLE III
THE IDENTIFIED UNSYMMETRICAL PER-PHASE OTDS CONSIDERING
SEQUENCE 2 OF THE IEEE 34-BUs UIBIM .

Phase b

Phase a Phase ¢

mp? 24481 x10~7 1.9158 x10=° 26221 x10~7
ng? 1.7623 x10~2 52342 x1073 1.0040 x 102
mpy 1.0265x10~3 9.4540 x10~° 1.9598 x10~3
ngd 1.2316x1072 1.1684x1072 1.0213x1072
mp? 8.1286x 106 2.0380%10~5 8.1467 x10~°
ngd 5.7238x1073 8.8034x 1073 5.1089x 1073

The obtained OTDS is listed in Table III. The dynamic response
of the UIBIM before and after implementing sequence (2) of
switching is depicted in Fig.11 to illustrate the DGs active and
reactive power, the power in the line L4 and the voltage at the
834 bus. The power flow in line L3 and voltage at bus 824 are
not included in the figure because of the limit in the number
of pages. The exhibited Figs.11(a),(b), and (c) emphasize the
superiority of the proposed approach in minimizing the power
flow in the switched line of each phase individually hence the
apparent power of Fig. 11(c) is minimized from 0.71 pu at point
X to 0.48 pu at point Y. Using such approach, the displayed
three phase voltages at bus 834 are being in the standard limits
during/after the reconfiguration process. Accordingly, a soft
reconfiguration process of the IEEE 34-bus UIBIM has been
achieved by implementing the unsymmetrical per-phase droop
and OTDS.

VI. CONCLUSION

Towards seamless reconfiguration and soft line switching in
unbalanced inverter-based islanded microgrids, this paper pro-
poses an optimized transitional per-phase unsymmetrical droop
control. To that end, a general mathematical formula is mod-
eled for optimizing the transitional per-phase droop settings to
minimize the power flow in the switched lines. The formula
considers single line-closing, single line-opening, and multiple-
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line-switching events. The effectiveness of the proposed soft
line switching approach is proven for minimizing the power
flow in the switched lines considering the 6-bus system and the
IEEE 34-bus benchmark system with different switch locations.
Regarding a single-line opening event, a significant reduction in
the switched power of more than 98 % is attained. This reduction
improves the switching operation’s voltage transients. Regarding
a single-line closing event, a gradual increase in the power flow
is achieved that controls the current transients produced by the
switching. Finally, considering a multiple-line switching event,
using the unsymmetrical per-phase droop control and OTDS
proves their ability to minimize the unbalanced power flow in
each phase separately by re-coordinating the per-phase injected
power in the switched lines from the connected DGs in the
microgrid.
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