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Abstract

A novel two stage multi-objective control strategy for optimal voltage unbalance compensation in low voltage microgrid sys-
tems consisting of inverter interfaced distributed generators (IIDGs) has been presented in this research. To ensure continuous
and safe operation of the IIDGs during unbalanced voltage sags, the proposed control strategy supplies the optimal positive
sequence voltage support and performs voltage unbalance compensation considering the current limitation of the inverters.
The control strategy also ensures that the DGs deliver maximum allowable active power during voltage sag. The positive and
negative sequence quantities of the IIDGs are controlled in such a way so that these objectives can be achieved simultane-
ously. The DGs are operated in coordination with each other to maintain the voltage profile as desired by the grid operator.
Prioritisation of active power and unbalance compensation can be set depending upon the requirement of the customer. Under
severe grid imbalance condition, the proposed technique can raise the positive sequence voltage to near nominal value from
below 0.9 per unit maintaining all phase currents of DGs within safety limit.To solve the optimization problem and to generate
the optimal references for the DG control unit, artificial cooperative search algorithm has been utilised. The two stage control
strategy includes a local control for each DG, which coordinates with the central control to provide the optimal references
for all the DGs. The multi-objective control strategy has been tested under different operating conditions and implemented in
real time digital simulator to ensure the robustness and effectiveness of the proposed approach.

Keywords Microgrid - Voltage unbalance compensation - Multi-objective control strategy - Artificial cooperative search
algorithm

Abbrevations v v Positive and negative sequence voltage at
bus k.
PCC Point of common coupling Vj*, 178 Negative sequence voltage at adjacent buses
VUF Voltage unbalance factor (j, D tobusk
DG Distributed generator Vpls Vp2 Voltage at point p1 and p2
ACS Artificial cooperative search algorithm fLf2 Objective functions
RES Renewable energy sources n Number of buses
LVRT Low voltage ride through I(ltibngit DG current limit
1IDGs Inverter interfaced distributed generators Omax> Oref Maximum and reference reactive power
RTDS Real time digital simulator Va+, V,:’, Vj Positive sequence phase a, b, ¢ voltages
CcC Central control Y ik Negative sequence admittance between
P,Q Active and reactive power of the DG buses j and k
Id+, I; Positive and negative sequence DG current Ij_ref, I(Zref Positive sequence DG current references (d
(d component) and g components)
Yo Negative sequence admittance of DG con-
B Yadala Pavankumar nected to bus k
pavankumaryadala008 @ gmail.com VUFmt VUF limit
. Iga 1g e I, Negative sequence d, g and 0 components
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V*T,V™, Vaom Positive sequence, negative sequence and
nominal voltage

I Negative sequence current at bus k

F Overall objective function

wl, w2 Weight coefficients

N,D Population size and problem dimension

1 ;;76 Positive sequence component of DG current

V, .V, , V. Negative sequence phase a, b, ¢ voltages

I, Negative sequence component of DG cur-
rent.

Vi Negative sequence voltage od DG con-
nected to bus k

Lupe DG current

1 Introduction

The usage of the renewable energy sources (RES) as a solu-
tion for the global climate changes and energy crisis brings
more attention towards the integration of renewable sources
into the power network. The microgrids are controllable enti-
ties consisting of multiple renewable energy sources, energy
storage devices and loads, which can be controlled and oper-
ated locally. The power electronic interfaces are used to
connect the RES to the microgrid, which makes the IIDG
control more flexible in non-ideal conditions [1]. The voltage
and current signals of the converter can be controlled by con-
trolling the positive, negative and zero sequence quantities in
dq reference frame to tackle different issues within the micro-
grid [2]. The power quality issues often become very critical
in the microgrids and the voltage unbalance is one of the most
severe issues which may lead to the violation of the grid stan-
dards [3]. There are different reasons for voltage unbalance in
the microgrid viz. faults, unmatched transformer impedance
and the most common one is the presence of single phase
loads and unbalanced loads [4]. Moreover, the IIDG control
systems are often exposed to voltage sags.

Due to voltage sags, IIDG control systems may experi-
ence disturbance which may hamper the continuous and safe
operation of power distribution network [5]. Moreover, the
operation of the sensitive loads may be disrupted. Therefore,
IIDGs should have voltage support abilities and low voltage
ride through (LVRT) capability for operation in non-ideal
conditions [6, 7]. In non-ideal conditions, the DG may pro-
duce high amount of current which may cause damage to the
semiconductor devices present in the IIDGs and also there
may be sudden loss in the active power injection. To handle
these issues viz. voltage support, unbalance compensation,
active power control and current limitations, the IIDG con-
trol systems should be flexible and should be able to respond
quickly as per requirement.
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In recent times the researchers proposed different tech-
niques for the DG control during unbalanced conditions.
The authors in [8] presented an analytical study on differ-
ent control strategies to reduce the oscillations in the active
and reactive power as well as in the DG phase currents. Ref.
[9] proposed flexible control strategy based on the reference
current generator to reduce the oscillations in the active and
reactive power outputs of the DG and is focussed to limit
the over current injection by the DG. Ref. [10] proposed
a control technique which can deliver constant amount of
reactive power from the DG to support the PCC voltage. The
main drawback of this control technique is that voltage is
not supported effectively and also it is difficult to select a
proper power reference which may result in overcurrent sce-
nario. To overcome this drawback, LVRT strategy has been
incorporated by which the DGs inject the required amount
of reactive current to mitigate the voltage drop. The authors
in [11] proposed an advanced voltage support scheme for
the DGs interfaced through the converters. The proposed
method utilised the zero sequence components to overcome
the drawbacks in the traditional voltage support schemes. The
symmetric sequence based voltage support scheme has been
proposed in [12], where the regulators are designed based
on the symmetrical components to support the voltage dip
in the system. The proposed method consists of three dif-
ferent current controllers and also linear quadratic regulator
to satisfy the LVRT requirements. The wrong selection of
the controller may lead to undesired performance of the sys-
tem. Ref [13] introduced asymmetrical ride through control
in which the control strategy enforces the DGs to properly
regulate the voltage and the control technique determines the
references for the current from the symmetric voltage compo-
nents. Based on the positive sequence and negative sequence
susceptance and conductance, the authors in [14] proposed a
control scheme utilising the instantaneous active power the-
ory, but it only focussed to compensate the short term voltage
sags. Ref. [15] proposed a current control scheme for three
phase voltage source inverter to mitigate the voltage sags
in the grid connected photovoltaic-based power plants. The
main drawback of this scheme is that it requires separate
control for each phase of the voltage source inverter. A novel
control strategy for the converter is developed in [16] to com-
pensate the voltage dips based on balanced positive sequence
current control and instantaneous active power control, but
the control strategy is more focussed to reduce the fluctu-
ations in the active power. In Ref. [17] a control strategy
is developed for the three phase grid connected inverter to
enhance the positive sequence voltage and also to reduce the
negative sequence voltage under non ideal conditions. How-
ever, these methods depend highly on the system parameters
and X/R ratio.

In recent times some researchers put efforts on the unbal-
ance voltage compensation. In [18] the authors proposed
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a proportional resonant controller in complex form using
communication link to mitigate the voltage unbalance. The
proposed technique shares the compensation burden with
each DG. Ref[19] proposed a multiple agent system in multi-
microgrids for voltage regulation in which the agents collect
data from each microgrid and communicate within the micro-
grids. To implement this method, large amount of data is
required to be collected and it is prone to malfunction due to
any communication failure. Based on the state space analy-
sis, a dynamic phasor method is proposed for the microgrid
consisting of multiple IIDGs [20]. The authors in ref [21]
proposed an optimisation based voltage unbalance compen-
sation for multi-bus microgrid, but there is no provision for
giving priority to voltage support. Lagrange multiplier has
been utilised in [22] to reduce the load bus negative sequence
voltage so as to maximise the voltage support. Ref [23]
introduced a new control strategy for grid tied IIDG but it
is mainly focussed to support the voltage by supplying the
maximum amount of reactive power. An imbalance voltage
mitigation technique based on the minimum current control
for the IIDGs is introduced in [24], in which the authors have
considered multi-objective control to handle different issues.
Ref. [25] introduced a novel control technique for the parallel
operated grid connected inverters in the microgrid, in which
the control strategy focussed to reduce the oscillations in the
active and reactive power outputs of the DGs, inject the reac-
tive power to support the positive sequence voltage and also
to avoid the over current limitation of the DG. But the pro-
posed scheme is not able to prioritise specific compensation
depending on the requirement.

From the existing literature survey it has been observed
that voltage unbalance is a major power quality issue in
electrical distribution network which adversely affects the
connected load and other equipment connected to the net-
work. The main cause of voltage unbalance is the connection
of single phase loads and the integration of small scale dis-
tributed generations in three phase networks. It can also
happen when faults occur on the generation side or due to
unmatched impedance of the transformers. Many recent lit-
erature addressed the voltage unbalance issue considering
the current limit of the inverters but there is a need to con-
sider multiple objectives such as voltage support, unbalance
compensation, current limitation and active power control.
The control objectives have to be considered simultane-
ously for better operation of the IIDGs in the microgrid.
Hence, this study presents a new optimization based two
stage multi-objective control strategy for the microgrid which
simultaneously addresses several issues. It always injects
maximum possible active power and voltage unbalance has
been mitigated with simultaneous active power management
and maximum possible positive sequence voltage support.
The two stage control viz. local control and central control

effectively monitor and addresses the issues related to volt-
age unbalance, positive sequence voltage support and active
power curtailment. The developed technique enables cor-
rection of voltage profile and voltage unbalance, satisfying
customized requirement of the consumers at different buses
abiding the current limitation. The contributions of the pro-
posed approach can be summarised as follows:

e A two stage flexible multi-objective control strategy has
been developed for the microgrid consisting of different
IIDGs. The control strategy operates locally and also cen-
trally. The local control works individually for each DG
and coordinates with the central control to deliver the opti-
mised references for each IIDG.

e The positive sequence voltage at the terminals of the DGs
has been supported as much as possible by supplying the
required amount of reactive power.

e The voltage unbalance factor (VUF) at the load buses has
been reduced as much as possible by supplying the neg-
ative sequence quantities from the DGs maintaining DG
currents within the safety limits.

e Unlike other conventional techniques, the proposed con-
trol strategy is able to inject the maximum amount of active
power during the compensation.

e The injection of positive and negative sequence quanti-
ties from the DGs can be suitably prioritised depending
upon the severity of the voltage unbalance and voltage sag
which has not been addressed in other voltage unbalance
compensation schemes.

e The proposed approach is tested for diverse conditions
including grid imbalance.

This article has been organised into six sections. In Sect. 2
different control objectives of this study have been explained
and also the problem statement and optimization algorithm
have been discussed. The proposed two level control strategy
(local control and central control) of the IIDG is explained in
Sect. 3. Section 4 presents the simulation results of the pro-
posed approach under different operating conditions through
case studies. The proposed approach has been compared with
similar approaches from the recent literature to explain the
superiority of the proposed approach in Sect. 5. Finally the
conclusion of this work has been presented in Sect. 6.

2 Problem formulation and control
objectives

The presence of single phase loads as well as unbalanced
loads causes several detrimental issues in the microgrids.
Voltage unbalance is one of the major issues that occur
due to these unbalance loads. Moreover, the voltage quality
becomes vulnerable at the load buses because of the reduction
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in the positive sequence voltage. The DGs are connected to
the microgrid via power electronic interfaces which neces-
sitate flexible microgrid operation by properly controlling
the DGs. The studies revealed that while compensating these
issues, the DGs present in the microgrid start to inject more
current and it may be possible that the overall DG output
current may exceed safety limit. Moreover, it creates uncer-
tainty in the active power management. To overcome all
these issues, this study aims to supply the positive sequence
quantities in order to support the positive sequence voltage,
minimise the unbalance voltage compensation through sup-
ply of negative sequence quantities and also ensuring the DG
overall current under the safety limit with proper active power
control. The control objectives of this study are explained in
the following subsections.

2.1 Active power control

During voltage sags there is always a risk of sudden active
power drop. To mitigate that and to use the full DG capacity,
the control strategy in the proposed method is designed in
such a way that the DG delivers the maximum allowable
active power to the grid. The average active power output of
the DG can be expressed in dg domain as given in Eq. (1)
[23].

P=1fVvt+1,V™ (1)

where, VT and V™~ are the positive and negative sequence
voltages. In this work, for simplicity the active power of the
DG is injected through positive sequence current Ij and 7,
is zero. Therefore, from Eq. (1) the reference value for Ij
can be obtained from Eq. (2) with the known value of active
power output (P) [23].

n P
1 d ref = W @)
The current reference obtained from Eq. (2) is the initial
reference which injects the maximum amount of active power
in the microgrid. The current reference (Id+ rof) can be updated
depending on the DG current limitation.

2.2 Positive sequence voltage support

To maintain voltage stability during non-ideal conditions, the
positive sequence voltage has to be maintained near to the
nominal voltage. The conventional methods may not be able
to fully support the positive sequence voltage. Therefore, in
this work the reactive power has been supplied by the DGs
as much as possible to support the positive sequence volt-
age. The reactive power supplied from the DG according to
voltage drop is given in Fig. 1. The reactive power reference
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Fig. 1 Reactive power requirement to support the positive sequence
voltage

has been calculated initially from Eq. (3), from which the ¢

component of the positive sequence current reference (/ ;‘_ ref)
is obtained.
O max if v<wup
0 p2—0Oma .
Oret = 1 Omax + ﬁ(v —Vp1) if vp1 <V <Vp
0 if vp2 <V < Upom
3)

where v is the voltage at Py, vy is the voltage at P, and
Vnom 18 the nominal voltage.

When the positive sequence voltage drops below 0.92 p.u,
the DG delivers the reactive power at full capacity. When it
is above 0.98 p.u., there is no reactive power support from
the DG and when the positive sequence voltage is between
the 0.92 p.u and 0.98 p.u., the reactive power reference is
calculated from Eq. (3).

2.3 Unbalance voltage compensation

The negative sequence current consumed by the unbal-
anced loads connected to load buses, flows through the line
admittance and causes the load buses to experience voltage
distortion. Due to the voltage distortion, the voltage qual-
ity deteriorates causing problems to the electrical equipment
which are sensitive to the voltage quality. If the DGs are
able to deliver the negative sequence quantities, the voltage
unbalance at the load buses can be compensated. Therefore,
by supplying the proper amount of negative sequence quan-
tities from the DGs, the load bus negative sequence voltage
can be regulated. This requires the power flow to be calcu-
lated. A benchmark low voltage microgrid network [21] as
shown in Fig. 2 has been considered to demonstrate the com-
pensation scheme. The load flow has to be calculated for this
purpose and the negative sequence equivalent network for
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Fig.2 Microgrid test system

Fig. 3 Negative sequence equivalent of bus k

the considered test system is required. The simplified nega-
tive sequence equivalent network at bus k is shown in Fig. 3
in which it is assumed that bus k is a DG connected bus.
From Fig. 3 by using the nodal analysis, the expression for
the negative sequence current at node k can be expressed as

shown in Eq. (4) [21].

L =Y (Vi = Vi) =Yg (Vi = Vi) + Vg = Vi )i
“

where I, =i~ + jil .
Equation (4) can be generalised and rewritten as Eq. (5)
[21].

n n
VarYor —Ie = Vi W+ 2 Y0 =D ViYy ()
k=1 j=1
Jj#k

where, n indicates the number of buses.

When there is no DG connected to bus k%, Ve and
Y, become zero. Based on Eq. (5), n number of linear
equations can be formulated with » number of unknowns
Vi, V,, ... V) for n number of buses. From Eq. (5)
it can be observed that the negative sequence DG voltages
(Va1: Vgas----Vg,,) and negative sequence bus voltages (V"
V, ,...V, ) are related to each other. Therefore, the negative
sequence bus voltage can be controlled by adjusting the DG
negative sequence voltage. Hence, by controlling the negative
sequence voltage, the VUF at each load bus can be reduced
below a certain level so that the voltage quality can be main-
tained at the load buses. If the positive sequence voltages
at the load buses are known, VUF can be calculated from
Eq. (6) which has been considered as one objective function.

n V-
k=1 "k

2.4 DG current limitation

To compensate the voltage unbalance, in addition to the pos-
itive sequence quantities the DGs in the microgrid will start
to supply the negative sequence quantities. It may cause the
overall current of the DG to rise above the safety limit of the
DG. The studies indicate that the inverter can operate safely
till the overall current of DG is 1.2 p.u of the rated current
[23]. Since the DG consists of the semiconductor devices, it
has to be operated below the safety limit of the DG output
current. Therefore, the control technique in this study makes
sure that the DG current is less than the safety limit of the
DG. The total current injected by the DG into the grid can be
calculated from Eq. (7) [9].

> —>

Libe = Lo + Iy )

The positive sequence component of the DG current is the
summation of the d and ¢ components as shown in Egs. (8)
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and (9).
Iho=uy+j1;).e’? (8)
el = 42 + U2 ©)

With the knowledge of the bus voltage, negative sequence
DG voltage and line admittance, the negative sequence com-
ponent of the DG current can be obtained. The negative
sequence component of the DG current for the DG connected
to the bus k can be determined from Eq. (10) [21].
Ik = Ve Vii )Y (10)

By reverse Park’s transformation, the negative sequence
component of the current can be obtained from Eq. (11).

_ cos(—0) —sin(—0) 1 T
e = | cos(—6 = ) sin(-0 = Z) 1 | [15,1G, 160
sin(— — 27”) sm(—@ + 27") 1

(11)

From Eq. (11) the required amount of the negative
sequence component of the DG current can be obtained. But
in order to maintain the DG safety limit, it may be possible
that the DG is not being able to provide that much amount
of the negative sequence current since it is already supply-
ing required amount of positive sequence current Therefore,
after delivering the required amount of positive sequence cur-
rent the available capacity of the DG can be obtained from
Eqgs. (12-14).

13 > el (12)
15 |* + |1 |* < rhimic (13)
1o < 13m¢ — |1 2 (14)

Equation (14) gives the allowable amount of the negative
sequence component of the DG current at which the DG
operates safely. Hence, Eq. (14) determines the limit for the
negative sequence DG current. Therefore, the DG negative
sequence current obtained from Eq. (11) has to be less than
or equal to the allowable limit. To achieve this, in this study
another objective function as shown in Eq. (15) has been
formulated.

15)

| cle| | abc_ dva11able|

To solve the objective functions shown in Egs. (6) and (15),
an optimization approach is required. To minimise the VUF

@ Springer

and DG phase currents, optimised references are essential
for the DGs to properly supply the compensating quantities.
Hence, the optimization problem corresponding to f; and
f2 can be developed considering the weight coefficients as
shown in Eq. (16).

f=wixfi+tw*fo (16)

where, w1 and w» are the weight functions, wy has been given
higher priority so that the output phase currents of the DG
always stay well within the desired safety limit. The overall
optimization problem can be given as shown in Eq. (17).
The optimization algorithm will give the optimised values of
negative sequence DG voltages to minimise the VUF along
with the optimised positive sequence DG reference currents.

7)

) Minimise( f)
" | VUF < VUF™

2.5 Artificial cooperative search algorithm

To solve the optimization problem stated in Eq. (17), Arti-
ficial cooperative search (ACS) algorithm has been used in
this study. The behaviour of the natural species like butter-
flies, honey bees and bird species is the inspiration behind
the development of the ACS algorithm. The steps involved
in the optimization algorithm are given below:

Step 1 Initialising the population, decision variables and
its boundary limits. In ACS algorithm two superorganisms
(A, B) are initialised randomly using Eq. (18). Each superor-
ganism A and B, consists of sub-superorganisms.

A, j) = Low; + Rnd.(Up; — Low )

B, jy =Low; +Rnd.(Up; — Low;) (15)
where, i = 1,2,....Nandj = 1,2,....D

The objective function is defined as.

Minimise f(x),

where, x is subjected t0 Xjlow < xi < Xjup (i = 1,2,.....D).
For each sub superorganism of A and B the fitness (f (x)) will
be evaluated.

Step 2 The superorganisms consist of sub-superorganisms
(random population) migrating to the productive feeding
areas. In that process, the superorganisms A and B detect the
predator and prey using two random variables. When Rnd1
< Rand2, the predator will be initialised with superorganism
A and with a key value 1. Here, Rndl and Rnd2 are ran-
dom variables. If Rand1 > Rand2, then the predator will be
initialised with superorganism B and with the key value 2.
Similarly, the prey will be initialised.

Step 3 The superorganisms try to find the global mini-
mum and in that process both the superorganisms cooperate
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with each other to interact biologically. The organisms,
which interacted biologically are called active individuals
and the biological interaction depends on the scale factor (R).
After biological interactions, the new superorganism will be
formed as expressed in Eq. (19).

x(, j) = predator; ;) + R.(prey; ;) — predator; ;) (19)

Step 4: The fitness will be calculated for each sub-
superorganism of the new superorganism (x) and it will be
compared with the fitness of the sub superorganism of the
predators. If the fitness of the sub superorganism of x is bet-
ter than the predator, the predator sub-superorganism will
be updated. Finally, the predator gets updated and it will be
initialised into A or B depending on the key values assigned
earlier.

Step 5 Repeat steps 2—5 until the optimization problem
converges or up to the maximum number of iterations.

DG negative sequence voltages (V;,, V,,....V,) are
considered as design variables and VUF as constraint. The
optimization algorithm takes the IIDG data and load bus data
and converges the optimization problem (objective function).
Finally, it sends the optimised references to each DG.

3 Proposed multi-objective control strategy

To achieve the control objectives as mentioned in the above
section, the multi-objective control strategy has been imple-
mented in this study. The control strategy is aimed to supply
the reactive power through the positive sequence quantities in
order to support the positive sequence voltage and secondly
it is aimed to minimise the voltage unbalance as much as
possible by injecting the negative sequence quantities with
efficient balance between the active power production and
current limitation. To implement these objectives simulta-
neously in the microgrid test system consisting of several
DGs, the proposed control strategy has been developed in
two stages viz. local control and central control where the
central control coordinates with the local control.

3.1 Local control

The microgrid test system consists of different IIDGs con-
nected at different buses viz. DG;, DG,,, DG; and DG,,. The
local control is the control which controls the DGs individ-
ually. The main task of the local control is to monitor each
DG individually, track and control the positive sequence DG
currents (/ ;’ A ;‘ ) locally and update it after getting feedback
from the central control. Secondly, it will receive the refer-
ences for the reactive power support (Qrer) and active power
production (IdJr L) from the central control and track the d

and g components (Ij,l q+ ) of the positive sequence current
which will be fed to the grid side inverter.

3.2 Central control

The central control (CC) operates globally in the microgrid
and it coordinates with all the DGs. The central control tracks
the positive sequence bus voltages (V1+ , V2+, ...V D), nega-
tive sequence load currents at each bus (/ -1, ....07)and
the DG positive sequence currents. Initially, the CC detects
the voltage sag and depending on the voltage sag, the CC clas-
sifies the scenario. In this study two scenario classifications
are considered, which are (1) Active power prioritisation dur-
ing small voltage sag at the PCC. In this scenario, the first
priority is given to the active power production of the DG and
the DG will get the reference current to deliver the maximum
active power. The next priority has been given to the posi-
tive sequence voltage support and finally remaining capacity
of the DG, if any, is utilised for unbalance voltage compen-
sation. (2) Positive sequence voltage support prioritisation
during large voltage sag at the PCC. In this scenario, the first
priority is to provide the reactive power to support the voltage
magnitude. The DG starts to supply the maximum amount
of the reactive power, then the unbalance compensation is
prioritised and finally the remaining capacity is used for the
active power injection.

3.3 Application of the proposed multi-objective
control strategy

Initially the control system detects the voltage sag and the
scenario classification is performed depending on the positive
sequence voltage. The control strategy follows the following
steps:

Step 1 For scenario 1: The active power injection of the DG
is prioritised in this scenario. Therefore, the initial reference
current for active power (I; ref) Which injects the maximum
amount of active power into the grid will remain same. Then
to support the positive sequence voltage, the required reactive
power from each DG will be calculated depending on the
voltage level as given in Eq. (3). These references are initially
fed to the local control and it tracks I; and / q+ values. Then
the optimization problem which is mentioned in Eq. (17) is
solved using the (ACS) algorithm.

For scenario 2: In this scenario, since the voltage sag is
more, the DGs prioritise to deliver the full capacity of reac-
tive power and therefore, the initial / I ref will be fed into the
control system. In this scenario, it is assumed that the second
priority is given to the voltage unbalance compensation. To
achieve that, voltage unbalance constraint has been included
in the optimization problem as given in Eq. (19). Here, the DG
is delivering maximum amount of reactive power, providing
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Fig. 4 Overall control structure of the proposed scheme
unbalance compensation in addition to the active power pro-  PWM.
duction. Therefore, it may be possible that the DG overall N
current will exceed its limit. In this case, the control tech- Va Vs Va
nique has to sacrifice the active power production so that Vb | = Vb+ +|V, (23)
the DG can accomplish other objectives. For this, the active V. s V-
c c

power current reference (Ij_ref) will be updated accordingly
following Eq. (20).

Oref = Omax (20)

VUF < VUF™ 1)
+ + +

Ly ve =1y s £ ALy (22)

where, A ; is considered as 10% of the initial current refer-
ence and the optimization algorithm will update I; rof Which
results in active power curtailment until the DG currents
reach the safety limits. The positive sign is considered during
the restoration of the active power and the negative sign is
considered during active power curtailment.

Step 2 Next the optimised values of the positive sequence
DG current references and DG negative sequence voltage
references are fed to the DG inverter control as shown in
Fig. 4.

Step 3 Finally, the voltage reference signal which is a com-
bination of positive and negative sequence voltages as shown
in Eq. (21) is fed to the power converter with the help of
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4 Simulation results

To evaluate the performance of the proposed flexible multi-
objective control strategy, the simulation is carried out for
the test model shown in Fig. 2 in MATLAB/ Simulink envi-
ronment. The three phase three wire low voltage test system
have four DGs which are connected at j, m, [ and n buses
and seven three phase loads. The rated capacities of the DGs
that are connected to the buses j, m, n and o are 10 kW,
10 kW, 3 kW and 5 kW respectively. The power electronic
interfaces (i.e. three phase three leg inverters) are utilised to
connect all the DGs to the microgrid. The rated voltage of
the test system is considered as 400 V and the frequency is
50 Hz. The DG tie line admittances, feeder tie line admit-
tances and the delta connected three phase loads at each load
bus are given in Table 1. To create unbalance, several sin-
gle phase loads are connected in the microgrid at different
time intervals. The population size is considered as 50 and
it is observed that the average computational time of solving
optimization objective is 0.17 s (converged within 50 itera-
tions). The optimization algorithm runs for every 0.2 s and
the obtained optimal references are given to each DG, which
guarantees safe convergence in each run. A low-bandwidth
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Table 1 Feeder line data and L
three phase load data Tie lines Conductance (S) Susceptance (S) Bus Load (£2)
Between i & j 0.1269 0.6379 i 588.2
Between j & k 0.3032 1.7148 J 1425.6
Between k & [ 0.4683 3.9230 k 588.2
Between [ & m 0.0332 1.7148 l 588.2
Between [ & n 0.3032 1.7148 m 588.2
Betweenn & o 0.3032 1.7148 n 588.2
DG’s 0.3032 1.7148 o 588.2
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Fig.5 VUF at each load bus in case 1 Fig.6 Active power output of the DGs in case 1
communication link is capable enough to perform the man-
agement of the whole task. Different case studies are carried ’Z_T 117 DGj
out to evaluate the robustness of the proposed control strat- b= DGm| |
j= DGn M
egy. S 17 = 1
= DG
>
@
4.1 Case 1 S gt
(5}
=
4.1.1 During small voltage sag 3
o 0.8
=
The performance of the proposed method is assessed dur- Z
ing small voltage sag in this case study. In addition to the o 07
balanced delta connected three phase loads, the single phase y . : .
0 2 4 6 8 10

loads are connected at different buses. The single phase loads
(50€2, 452 and 143€2) are connected to the two phases of the
three phase balanced loads at the load buses j, m and i at2 s,
3 sand 4 s. All the DGs in the microgrid are producing max-
imum active power and the load buses experience increment
in the negative sequence voltage because of the presence of
the single phase loads which makes the VUF to rise at each
load bus as shown in Fig. 5. Moreover, the positive sequence
voltage at the DG terminals are also reduced due to the extra
burden of the single phase loads. The positive sequence volt-
age at the terminals of DG;, DG,,, DG; and DG, after 4 s
is observed as 0.978 p.u, 0.976 p.u, 0.973 p.u and 0.974 p.u

Time (s)

Fig. 7 Positive sequence voltages at the terminals of the DGs in case 1

respectively. At 4.5 s the control strategy is started and the
positive sequence voltages at all the DG terminals are above
0.92 p.u. Therefore, the control strategy works in scenario 1
mode. Figure 6 illustrates that even after 4.5 s all the DGs
continue to deliver the active power at full capacity. Also, as
shown in Fig. 7 and tabulated in Table 3, the positive sequence
voltages at the terminals of the DGs rise near to the nominal
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Table 2 VUF in different cases

Load Case 1 Case 2 Case 3 Case 4 Case 5
buses
VUF (%) VUF (%) VUF VUF VUF
(%) (%) (%)
After After5s  After After After7s  After After After
45s 55s 6.5s 35s 45 45s
i 1.1 1.8 52 4.7 3.5 6.6 1.7 2.7
J 1.1 2.7 8.5 6.4 4 4.9 23 44
k 0.8 3.1 9.4 6 3 6.6 2.7 4.9
l 0.7 32 9.4 5.5 2.5 7.4 2.8 5
m 1.1 34 9.2 43 1.6 8.3 4 6.1
n 0.3 3.38 9.2 4.9 2.1 7.6 24 4.6
o 0.3 3.38 9.2 4.9 2.1 7.6 24 4.6
voltage at each DG, since the DGs are supplying the reactive ot i
power. VUF has been reduced at each bus at 4.5 s as shown DG}
in Fig. 5, since all the DGs are producing the compensating = gg L
currents. At 5 s another single phase load of 75 €2 has been T 1 el
added to bus n and all the DGs receive the updated references. g ol
The reactive power support has been adjusted as per the new 5 i
references and the positive sequence voltages at the terminals E 0 |
of the DGs which are connected to the load buses j, m, i and Los
n are tabulated in Table 3. The reactive power support from g
each DG is shown in Fig. 8. Here, since the active power o
is prioritised, the DGs are producing full active power and 151 .
to maintain the DG phase currents within the safety limits, 0 1 2 3 4 5 6 7 8 9 10

the control has to sacrifice the voltage unbalance compensa-
tion since the DG currents are already operating near to the
safety limit as shown in Fig. 9. Therefore, as given in Fig. 5
and Table 2, the VUF has been increased slightly at each load
bus after 5 s.

Fig.9 Three phase DG currents

Time (s)

Fig. 8 Reactive power output of the DGs in case 1

1 I ] presrwen Y Y Limit
in case 1 i I - Phase A
O | ) i I i i | | I DGJ Phase B
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! NIV
0
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47
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Fig. 11 VUF at each load bus in case 2

4.2 Case2
4.2.1 During moderate voltage sag

The voltage sag is created in this study by connecting the
various single phase loads during different time intervals at
different load buses. A 5082, 2582, 50€2, 602, 3582 and 7522
single phase loads are connected to the load buses i, j, k, [, m
and n respectively between 2 and 5 s. The positive sequence
voltages at the terminals of the DGs which are connected to
the load buses j, m, i and n after S s are observed as 0.91 p.u,
0.88 p.u, 0.89 p.uand 0.88 p.urespectively and the maximum
unbalance at the load buses has been observed as 32.5%.
Here, the PCC voltages of the DGs are less than the 0.92 p.u.
and therefore, priority has been given to the supply of the
reactive power. The unbalance compensation is prioritised
by adding the constraint that VUF at each bus should be less
than 10%. The compensation control strategy is started at
5.5 s and all the DGs are injecting the maximum amount
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Fig. 13 Reactive power output of the DGs in case 2

of reactive power. Hence, the positive sequence voltages at
the DG terminals are raised as tabulated in Table 3 which
can also be observed from Fig. 10. Figure 11 shows that
the VUF is reduced to below 10% at 5.5 s at all the load
buses. Since all the DGs are supplying the reactive power
at full capacity and also the majority of the DG capacity
is utilised for the unbalance compensation, the DGs had to
curtail the production of the active power to maintain the DG
phase currents within the limits. From Fig. 12 it is visible that
the active power is curtailed at 5.5 s and the reactive power
injected by the DGs is shown in Fig. 13. The DG currents
are within the safety limit as shown in Fig. 14. To test the
robustness of the proposed control strategy, it is assumed
that at 6.5 s the single phase loads which are connected to
the load buses m and n, are removed. The central control
sends the updated references to each DG and it can be seen
that the positive sequence voltages at the terminals of the
DGs have been raised above 1 p.u after 6.5 s as shown in
Fig. 10. Since two unbalanced loads are removed, the DGs
have extra capacity and therefore, the active power injection
of the DGs is enhanced after 7 s as shown in Fig. 12. Again,
another single phase load at bus & is removed at 7 s and the
control technique updates the references of the DGs. It can

@ Springer



216

Electrical Engineering (2025) 107:205-222

Table 3 Positive sequence

voltages (V) at the terminals of DGs Case 1 Case 2 Case 3 Case 4 Case 5
the DGs V* (p.w V* (p.w V*(p.u) V* (p.w V* (p.w
After After After After After After After4.5s  After
45s S5s 55s 6.5s Ts 35s 45s
DG; 1.03 1.021 0.98 1.03 1.031 0.982 1.018 1.017
DG, 1.045 1.031 0.98 1.05 1.05 1.002 1.014 1.013
DG, 1.04 1.026 0.965 1.04 1.041 0.994 1.017 1.016
DG; 1.04 1.025 0.96 1.038 1.039 0.994 1.018 1.017
T 5 T — =2 T
Oy { 1 )
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Fig. 14 Three phase DG currents in case 2

be seen from the results that the DGs are able to support the
positive sequence voltage and unbalance compensation fully
and also the active power injection of the DGs is restored to
full capacity. The detailed VUF at each load bus during each
step has been tabulated in Table 2. The DG phase currents
are shown in Fig. 14 and it can be observed that all the phase
currents are well within the safety limit.

4.3 Case3
4.3.1 Under grid imbalance

The proposed control strategy has been evaluated under grid
imbalance to ensure its effectiveness. An unsymmetrical fault
has been created at 2 s near to the grid to create the grid imbal-
ance [26] as a result of which VUF at the grid becomes 24%
and it is observed that the positive sequence voltage at the
DG connected buses are dropped below 0.9 p.u. The control
strategy is started at 3.5 s and all the DGs start injecting reac-
tive power. It can be observed from Table 3 that the positive
sequence voltage of each DG has been raised to near the nom-
inal voltage. The reactive power sharing of each DG is shown
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in Fig. 15. Simultaneously, as shown in Fig. 16, the VUF at
each load bus is reduced after 3.5 s, when all the DGs start
to supply the negative sequence quantities. Since the DGs
are prioritised to inject the reactive power at full capacity
with unbalance compensation, the active power injection of
the DGs has been curtailed as shown in Fig. 17 to operate
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Fig. 17 Active power output of the DGs in case 3

the DG under safety mode. In this case, the fault persists till
10 s. To validate the real time application of the proposed
approach, this case study has been implemented in OPAL-
RT with RT lab version 19.3.0.228 and RTS OP5600 chassis.
The observed grid voltage in DSO from OPAL-RT is shown
in Fig. 18, from which it can be observed that due to fault, the
grid voltage remains unbalanced till 3.5 s as during this time
no compensation is provided and after the DGs start the com-
pensation, the unbalance is reduced. All the phase currents of
the DGs are maintained within the safety limit. The positive
sequence voltage in DSO under this case study is presented
in Fig. 19. The positive sequence voltage is shown in p.u.
in Fig. 19. The voltage per division is 0.5 V and the probe
multiplier is 1. Therefore, it can be observed from Fig. 19
that the voltage before unbalance is 2 x 0.5 x 1 =1 p.u.

4.4 Case 4
4.4.1 DG unavailability

In this case study the proposed control strategy is tested under
the condition of DG unavailability. It is assumed that DG,
cannot participate in the compensation control. Initially, the
central control gets the signal from the local control about the
unavailability of the DG and the control system considers the
remaining DGs for the compensation control. The loads are
considered same as in case 1 till 4 s and at 4.5 s the compen-
sation control has been initiated. From Table 3, it is evident
that the positive sequence voltages at terminals of the DGs
have been raised near to the nominal voltage. Here, it is note-
worthy to mention that even though DG, is not supplying
any reactive power, the positive sequence voltage at this par-
ticular bus is also raised near to the nominal voltage since all
the other three DGs are supplying sufficient reactive power
which affects the voltage at the terminals of DG,,, as shown
in Fig. 20. Further, the VUF at each load bus is tabulated in
Table 2 and also shown in Fig. 21. From Table 2 it is revealed
that the VUF at every load bus is slightly higher compared to
the VUF in case 1 because in this case the compensation is
done only by the three DGs, since only three DGs are avail-
able for compensation. All the DGs in this case study are
delivering the maximum amount of active power and also it
is observed that the compensating DG output currents in all
phases are well within the safety limit.

4.5 Case 5
4.5.1 Communication failure

The communication between the local control and the cen-
tral control plays an important role in the control strategy.
It is possible that there might be a communication problem
between the local control and the central control and to illus-
trate this scenario it is assumed that initially all the DGs are
available for the compensation control. The central control
sends the optimal references to all the four DGs, but due to
the communication failure DG,, could not receive the opti-
mal references. The single phase loads are considered as in
case 1 till 4 s. At 4.5 s the control strategy started to work.
Three DGs participated in the compensation process and one
DG only supplied the active power since it did not receive the
references. In Table 2 the VUF information at each load bus
is tabulated which is also shown in Fig. 22. It can be seen that
VUF is more at the load buses compared to case 4 because
in this case only three DGs participated in the compensation
control, even though the central control sent the references to
all the four DGs. The positive sequence voltage at the DG ter-
minals is well supported up to the nominal voltage as shown
in the Fig. 23.
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Fig. 19 Positive sequence voltage at the terminals of the DGs in case 3 from RTDS

4.6 Case 6

The proposed control strategy is able to inject the max-
imum active power into the system even when the DGs
are participating in the compensation process. The proposed
approach tracks the DG phase currents and allows the DG
to inject maximum active power until the DG phase cur-
rents reach the safety limit. Therefore, the active power
curtailment in the proposed approach is less compared to
the conventional approaches, which makes the proposed
approach more reliable. To highlight this feature of the pro-
posed approach, an analysis has been carried out for the active
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power injection by the IIDGs with the active power maximi-
sation (proposed control strategy) and without active power
maximisation (conventional control strategy). For this pur-
pose, it is assumed that all the loads are same as in case 2.
Here, the PCC voltages of the DGs are less than 0.92 p.u. and
therefore, priority has been given to the supply of the reac-
tive power. The compensation control strategy is started at
5.5 s with all DGs injecting the maximum amount of reactive
power. Since all the DGs are supplying the reactive power
at full capacity and also the majority of the DG capacity is
utilised for the unbalance compensation, the DGs had to cur-
tail the production of the active power to maintain the DG
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phase currents within the limits. From Fig. 24 it is visible that
the active power is curtailed at 5.5 s. At 6.5 s the single phase
loads which are connected to the load buses m and n, are
removed and another single phase load at bus k is removed at
7 s. The control technique updates the references of the DGs.
It can be seen from Fig. 24 that in the proposed approach,
the DGs are able to increase the active power injection, since
the compensation burden has been reduced. The DGs curtail
the active power injection at 5.5 s to maintain the DG phase
currents within the safety limits, but the DGs fail to increase
the active power injection after some unbalanced loads are
removed in conventional approaches without active power
maximisation. Therefore, from this analysis it can be con-
clude that in the proposed approach, the control scheme can
inject maximum amount of active power which makes the
system more reliable.

4.7 Case?7
4.7.1 Communication delay

The proposed control strategy requires communication
between the local and central control and hence, any commu-
nication delay may disturb the performance of the system.
The communication delay may happen either from central
control to local control or from local control to central con-
trol. To illustrate the first scenario, it is assumed that all the
loads are considered as same as in case 2 and the central con-
trol sends the optimised signals to each DG at 5.5 s, 6.5 s and
7 s. But due to communication delay, DG connected to bus
m receives the signals delayed by 0.1 si.e. at 5.6 s, 6.6 s and
7.1 s. It can be seen from Fig. 25a and b, that there is a slight
delay in the response of active and reactive power outputs of
DG,,. But since the remaining 3 DGs are having no delay,
the VUF and positive sequence voltages are maintained well
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within the required limits as shown in Fig. 25c¢ and d. On
the other hand, if communication delay is present from local
control to central control, the central control considers the
previous data as reference from the local control and executes
the optimization algorithm and sends the optimal references.
It is noteworthy to mention that, the optimization algorithm
runs for every 0.2 s. Therefore, the optimal references will
be updated as per requirement after every 0.2 s.

5 Comparative assessment

To highlight the robustness of the proposed approach, com-
parative study has been conducted with the recently proposed
methods in the literature. In this study, a flexible multi-
objective control strategy for the IIDG based microgrid
is implemented which can support the positive sequence
voltage at the DG terminals, provide unbalance voltage com-
pensation and maximise the active power whereas, in [19, 21]
and [24] only the unbalance voltage compensation has been
considered. Unlike the methods presented in [21] and [22],
in the proposed approach, the positive sequence voltage has
been supported near to the nominal voltage during voltage
sag. In this study, the developed method is able to compensate
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moderate voltage sags whereas, in [24] only small voltage
sags have been mitigated. The methods proposed in [21] and
[24] inject constant amount of active power and therefore,
these approaches cannot adjust the active power injection
depending on the requirement, whereas, the proposed method
is able to prioritise and curtail the active power production
of the DGs depending on the situation. Moreover, the unbal-
ance compensation control in the proposed method does not
depend on the type of the unbalance and it works satisfacto-
rily during grid imbalances, which has not been considered
in [19] and [24]. The proposed method only utilises the local
data of the measured voltage and current in the control strat-
egy whereas, ref [19] requires the data from multiple agents
and from multiple microgrids which increases the chance
of malfunction. The communication between the microgrids
plays an important role in the control strategy. The failure
of communication link, which may cause severe disturbance
in the system performance, has not been considered in [19],
whereas, the authors in the proposed method investigated the
effect of communication link failure on the performance of
the algorithm and obtained satisfactory results.
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6 Conclusion

This work presents a resilient multi-objective control strat-
egy for microgrid to simultaneously support the positive
sequence voltage and compensate the voltage unbalance at
the load buses. By supplying the reactive power from the
DGs, the proposed approach is able to support the positive
sequence voltage at all PCC near to the nominal voltage and
it is also capable of compensating the voltage unbalance
at the load buses as much as possible by supplying nega-
tive sequence quantities, maintaining the DG phase currents
within the safety limit. Unlike other methods, the control
strategy used in this study is able to prioritise the active power
injection when the voltage is near to its nominal value and
adjusts the negative and positive sequence components to
mitigate the voltage sag and voltage unbalance. During small
voltage sag, the unbalance compensation can be prioritised
and during severe voltage sag the DGs can be prioritised to

inject reactive power at full capacity. The grid operator can
maintain customized voltage profile at different load buses
using this flexible control strategy. The robustness of the pro-
posed technique is tested for grid imbalance and other diverse
conditions. The simulation results show that the performance
of the proposed approach is satisfactory in the event of any
communication link failure or when any DG is not taking part
in the compensation process. The test results from the real
time digital simulator establish that the scheme is suitable
for execution in real time.
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