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In this work, we investigate Cos @ and Q(U) control modes of smart inverters as outlined in EN 50549-standards,
aiming to improve the hosting capacity (HC) of a real-world distribution network. To improve the HC, an atomic
orbital search (AOS) optimization algorithm is employed to determine optimal location and size of DG, along
with optimal control setpoints of smart inverters. Furthermore, we delve into the implementation of direct power
finite control set model predictive control (DP-FCS-MPC) aimed at augmenting hosting capacity. DP-FCS-MPC
operates by directly using active power (P) and reactive power (Q) as control variables, thus facilitating fast,

simple, and decoupled power control without intermediate current loops. The DP-FCS-MPC-based controller
regulates the voltage within the targeted limits by tracking the optimal active and reactive power setpoints,
directed by the AOS optimizer. The proposed methodology is evaluated using the simulation model of Sundom
Smart Grid, a medium voltage distribution network located in Vaasa, Finland. The results confirm the efficacy of
the proposed Cos ® and Q(U) control in improving the HC of the distribution network.

1. Introduction

The Paris Agreement 2015 sketches the greenhouse framework to
reduce emission by limiting the global temperature rise under 2°C, with
periodic emission mitigation plans [1]. To avert the effects of global
warming, the goal of carbon neutrality must be achieved by 2055. In this
respect, the European Union (EU) has set a goal to achieve net-zero
carbon emission by 2050. To deliver on the European Union’s ambi-
tious climate mitigation plans, Finland targeted a 50 % share of energy
from renewable generation in gross final power consumption by 2030
[2].

However, the growing integration of renewable energy resources
also poses various challenges related to hosting capacity (HC). HC refers
to the maximum amount of additional distributed generation (DG) that
can be connected to the grid without comprising reliability and stability
[3]. Hosting capacity can be limited by various factors, including line
and transformer ampacity limits, voltage levels, power quality con-
straints, and protection coordination [4,5]. The report of Clean Energy
Group highlights a notable interconnection issue in Massachusetts, USA,
indicating that 2,321 megawatts (MW) of solar capacity and 429 MW of
energy storage capacity are in interconnection queues due to the limited
hosting capacity of the distribution network [6]. Considering the current
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scenarios in Finland, according to Yle news if large-scale solar power
farms continue to be built in eastern Finland, the capacity of FINGRID
transmission network could emerge as a bottleneck.

One of the major constraints that limit the HC of a distribution
network is voltage rise particularly during periods of high generation.
Therefore, optimal voltage regulation can play a key role in enhancing
HC of the distribution network. Most of the modern grid codes i.e. EN
50549-2 [7], IEEE 1547-2018 [8], FINGRID VJV 2018 [9], and Cali-
fornia Rule 21-2018 [10] stipulates that generating units wishing to
connect to the distribution grid must have the capability to manage
reactive and/or active power to keep the voltage within the continuous
operating range. DGs are usually connected to the distribution network
through power electronic inverters. These smart inverters can operate in
all four quadrants and can provide fast and flexible active and reactive
support by using various smart inverter (SI) control modes, such as volt-
var (Q(U)) and power factor (Cos ®) control, which can regulate the
voltage at the point of connection (PoC i.e. point where DG is connected
to the grid). Therefore, SIs equipped with advanced control functions
can be a promising option to increase the HC of the distribution network.

Various methods have been proposed in the literature to analyze and
improve the hosting capacity of the distribution network [11-13]. In
[14], Volt-Var and Volt-Watt control functions were utilized for HC
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Table 1
Comparison of control schemes for power converters.
Metric Linear Sliding mode  RL-Based MPC
Control control Control
Handling No yes yes yes
Nonlinearity
Predictive No No Implicit yes
Capability (through
learning)
Theoretical Mature Mature Weak Mature
background
Robustness Low Moderate High Moderate
Computational Low Low High High
cost
Constraint No Moderate Implicit Excellent
Handling (Limited)
Ease of High Moderate low Moderate to
Implementation High

maximization and voltage regulation in a distribution network. Also, a
new Volt-Var-Watt control mode was proposed to optimally manage
active and reactive powers for HC maximization. The research in [15]
employed modified particle swarm optimization algorithms to deter-
mine optimal power factors that prevent voltage violations across mul-
tiple generation, load, and PV allocation scenarios, thus maximizing PV
hosting capacity. Furthermore, the research in [16] utilized Monte Carlo
simulations to perform HC analysis across seventeen utility distribution
feeders. Also, a distribution network management system was proposed
that entails optimal operation of capacitors, controllable switches, and
smart inverters to maximize HC.

The allocation of DG units, which involves determining the optimal
locations and installed capacities, plays a pivotal role in maximizing HC
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[17,18]. The research in [19] employed two optimization algorithms
namely, particle swarm optimization and genetic algorithm, to deter-
mine optimal size, location, and inverter control set-points on a real-
world distribution feeder. The objective was to maximize PV hosting
capacity. The authors claimed a 32.1 % increase in HC with Volt-Var
control function. In [20], an equilibrium optimizer-based approach
was explored to maximize HC by optimizing locations, sizes, and control
settings of Volt-Var functions for multiple PV units. The proposed
method was tested on IEEE 123-bus benchmark system through MAT-
LAB and OpenDSS co-simulation. In reference [21], genetic algorithm
and particle swarm optimization were proposed to optimize the loca-
tion, size, and power factor of DG, considering minimization of energy
losses and voltage deviations as major objective. In [22], an
optimization-based method was proposed to determine HC in distribu-
tion networks. The proposed method leverages linear power flow
equations for linear programming formulation, enabling near-optimal
solutions in a short timeframe. Additionally, in reference [23] slime
mould algorithm was used to optimize oversize, dispatch, and control
settings of Volt-Var functions for both PVs and BESSs while determining
their optimal locations. The goal was to maximize PVHC and minimize
voltage deviations simultaneously.

Furthermore, an efficient control technique is required to inject
controlled active and reactive powers into the grid. One such control
technique is finite control set model predictive control (FCS-MPC), a
methodology that can optimally regulate SI inverter switching states to
track desired power setpoints [24-26]. Model predictive control (MPC)
has attracted increasing attention due to the advantages of the clear
concept, high dynamic performance and easy implementation[27].
Furthermore, the classical MPC schemes that require model knowledge
can be enhanced via data using learning-based [28,29] and adaptive
[30] approaches. In [31], the finite control set learning predictive

Table 2
Comparitive review of studies related to hosting capacity.
Ref. Objective DG Control of SI Test Network Solver Control Grid code
allocation . compliance
Q Cos optimization
()] o]
[19] HC maximization v v v Real Feeder PSO & GA — IEEE 1547
[14] HC maximization v v - - Real Feeder - PI IEEE 1547
VDM
[22] HC maximization - - — - IEEE 33-bus test system LP - -
[11] HC estimation - - - - IEEE 33-bus test system MILP - -
[12] HC maximization - - - - IEEE 33-bus test system RPSO - -
Loss minimization
[18] HC maximization v v — v IEEE 14 & 33-bus system  PSO — —
[23] HC maximization v v - v IEEE 33-bus test system SMA - IEEE 1547
VDM
[13] HC maximization — v — — 10 bus radial system — — —
[20] HC maximization - - v - IEEE 123-bus test system GA - —
[42] HC maximization - v - - - - ANN -
VDM
[43] HC maximization — v — — IEEE 9-bus system — MPC —
[44] HC maximization - v - — - — —
Real Feeder
[17] HC maximization v - — - IEEE 123 & 137-bus COA — —
VDM system
[21] VDM v — v v IEEE 33-bus test system PSO & GA — —
Power loss
minimization
[20] HC maximization v v — — IEEE 123-bus test system EO — —
[45] VDM — v — v IEEE 33-bus test system Cone — IEEE 1547
Loss minimization programming
[15] HC maximization v — v v Real Feeder PSO — -
This HC maximization v v v v Real Grid AOS DP-FCS- EN 50549
Study VDM MPC

*VDM: Voltage deviation minimization, *PSO: Particle swarm optimization, *GA: Genetic algorithm, *MILP: Mixed-integer linear programming, *SMA: Slime mould
algorithm, *EO: Equilibrium optimizer, *COA: Coyote Optimization Algorithm, *ANN: Artificial neural network, *AOS: Atomic orbital search algorithm, *DP-FCS-

MPC: Direct power finite control set model predictive control.
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Fig. 1. Graphical Summary of the Research.

control methodology was proposed for power converters to handle un-
known dynamics and disturbances. The study in [32] merges the
strengths of reinforcement learning with FCS-MPC, offering improved
control capabilities when dealing with parametric uncertainties and
disturbances.

A comparative analysis of MPC with other control techniques is
presented in Table 1.MPC’s predictive nature, constraint management,
and flexibility make it an advanced and practical choice for modern
inverter control, especially in applications requiring high precision and
adaptability, such as renewable energy integration and grid support.
Within the scope of MPC two main categories emerge: voltage-oriented
control (VOC) [33,34] and direct power control (DPC) [35,36]. In
general, VOC relies on inner current loops to compute the voltage
reference vector and uses space vector pulse width modulation
(SVPWM) to generate switching signals for the inverter. In contrast, DPC
operates by directly using P and Q as control variables, thus facilitating
fast, simple, and decoupled power control without intermediate current
loops [37]. Successful implementation of MPC based smart inverter volt-
var control has been reported in few research articles [38-41].

1.1. Contributions

A comparative analysis of literature review is presented in Table 2.
From the literature review, it is evident that the majority of the prior
research has relied on predefined default smart inverter control set-
points, rather than treating them as design variables to optimize.
Moreover, there exists a notable gap in research that focuses on inves-
tigating modern control techniques specifically aimed at improving
hosting capacity. In the light of this context, this research aims to
address these research gaps by pursuing two major objectives.

1) The first objective is to maximize the DGHC of the distribution
network. In this study, DG refers to both solar PV systems and wind
turbines. These technologies share common challenges, such as
intermittent generation and their impact on voltage stability. To
achieve this objective a nonlinear, non-convex constraint optimiza-
tion problem is formulated. The atomic orbital search (AOS)

algorithm is then employed to determine the optimal location and
size for DG installation on a distribution feeder, alongside identifying
the most effective control settings for the inverter. Subsequently,
utilizing these inverter control setpoints, the optimal reference active
and reactive powers (P, Q%) are determined. These reference
active and reactive powers are then sent to the controller to facilitate
optimal control operation.

Secondly, the research aims to explore an efficient control scheme for
three-phase grid-tied inverters, that ensures satisfactory steady-state
performance and quick transient response. To achieve this, the direct
power finite control set model predictive control (DP-FCS-MPC) is
utilized. DP-FCS-MPC operates by directly using the active power (P)
and reactive power (Q) as control variables, thus facilitating fast,
simple, and decoupled power control without intermediate current
loops.

2

—

This research contributes by addressing both optimization and con-
trol aspects, aiming to enhance the performance and hosting capacity of
the distribution network, ultimately leading to more efficient and
resilient distribution systems. The main contributions of our work are
listed below.

Detailed hosting capacity analysis of the Sundom Smart Grid, a real-
world grid located in Vaasa, Finland.

Investigating the Q(U) and Cos @ control modes of smart inverters to
maximize hosting capacity (HC), while ensuring compliance with EN
50549 standards. The results confirm the efficacy of the proposed
Cos ® and Q(U) control in improving the HC of the distribution
network.

e Implementation of Atomic orbital search algorithm (AOS) to opti-
mally determine the location, size, Volt-Var control slopes, and
deadband ranges for maximizing hosting capacity. The AOS algo-
rithm exhibits enhanced global convergence and stability, signifi-
cantly reducing time complexity, ensuring efficient and accurate
solutions.

Implementation of direct power finite control set model predictive
control (DP-FCS-MPC) that provide fast, efficient, and decoupled
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Table 3
Generator categories based on capacity and operating voltage.

Limits Generator Types
Type A Type B Type C Type D
Operating Below 110 kV Below 110 kv Below 110 kV At least
Voltage 110 kv
Europe 0.8 kW < 1 MW < P < 50 MW < Ppax >
Ppax< 1 MW 50 MW Prax< 75 MW 75 MW
Finland 0.8 kW < Ppax 1MW < Ppgx< 10 MW <Ppax Prax >
< 1MW 10 MW < 30 MW 30 MW
Great Britain 0.8 KW < Ppgx 1 MW <Ppax 10 MW <Pppax Prgx >
< 1MW <10 MW < 30 MW 30 MW
Ireland 0.8 kKW < Py 0.1 MW < 5 MW <Ppqx Prax >
< 0.1 MW Pnax< 5 MW <10 MW 10 MW
Baltic 0.8 kW < Py 0.5 MW < 10 MW <Ppnax Prax >
< 0.5 MW Prgx< 10 MW <15 MW 15 MW

control. The controller exhibits excellent transient and steady-state
response, meeting the tracking requirements specified in the EN
50549 standards.

e Proposing a novel optimal control framework in which DP-FCS-MPC-
based controller regulates the voltage within the targeted limit by
tracking the reference active and reactive power setpoints, directed
by the AOS optimizer. The proposed control framework proactively
manages voltage levels, maximizes hosting capacity, and ensure grid
stability under varying DG generation scenarios.

The main steps of this research are graphically illustrated in Fig. 1.
These steps include an overview of EN 50549 standard (Section 2),
modelling of smart inverter control modes (Subsection 3.1), HC
enhancement as optimization problem (Subsection 3.2), proposed
optimal control methodology (Section 4), test network and simulation
results (Section 5).

2. Overview of grid codes
Grid codes provide a collection of technical specifications and rules

that guide how electrical networks operate and interact. These collab-
oratively developed standards aid interoperability and coordination

Remote
Informaation
Exchange
Interface Switch
and Protection

Choice of

Immunity to
Disturbances

Power
Response to

Voltage Change Deviation

Grid Connection
Scheme

(a)

Switchgears

Normal Operating
Voltage and
Frequency Range

Active Response
to Frequency
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between various components of the power system. The grid codes ensure
reliable, secure, and economic functioning of the electric grid. Different
countries may have different grid code requirements based on their
infrastructure, energy sources, and regulatory frameworks. Grid code
compliance gives confidence to the distribution system operator that
asset wishing to connect to the grid will not endanger the security of the
supply.

2.1. EN 50549 standard

EN 50549-1 and EN 50549-2 are grid-integration standards that are
issued by CENELEC in 2019. EN 50549-1 and EN 50549-2 specify re-
quirements for type A and type B generating plants connected to and
operated in parallel with low voltage and medium voltage distribution
network respectively. Generators can be classified into four categories
based on generating capacity and operating voltage as explained in
Table 3. Most European countries follow EN 50549 standard as a
reference for the grid connection of distributed energy resources (DERs).
The architecture and evolution of EN 50549 series is shown in Fig. 2.

2.2. Voltage support by reactive power

From a European perspective, grid codes increasingly require
inverter based distributed generation to provide various ancillary ser-
vices to the grid. According to EN 50549 standard the DG shall have the
capability of managing reactive and/or active power generation, when
voltage support is required by distribution system operators (DSOs). The
Generating units wishing to connect to the distribution grid must have
the capability to manage reactive and/or active power to keep the
voltage within the continuous operating range. The continuous oper-
ating voltage range, as defined in EN 50549 standard, lies between 90 to
110 % of the nominal operating voltage at PoC.

Furthermore, EN 50549 standard stipulates that the DSO and the
responsible party (transmission system operator or regulating authority)
shall decide the reactive power requirements. However, if no such re-
quirements are defined then the default reactive power requirements

are:
K EN 50549 D
EN 50438:2013:Requirements for micro-

2013
generating plants to be d in parallel
with low voltage distributi twork
CLC/TS 50549-1:2015 :Requirements for
generating plants to be connected in parallel
with low ge distributit K
CLC/TS 50549-2:2015 :Requirements for 2018
generating plants to be connected in parallel
with di Itage distributi ks
EN 50549-1:2019: Requi forg ting 2019
plants to be connected in parallel with a LV
distribution network
EN 50549-2:2019: L forg ating
plants to be connected in parallel with a MV
distribution network
Until
EN 50549-10:2022: Tests for conformity now
of g ing units

(b)

Fig. 2. (a) Scope of EN-50549 (b) Evolution of EN-50549.
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P - Stringent Requirement
1,0 Spax
pf=1 _
p =093 p.f=0.95
d pf==0.9 _ pf=09
Restricted area
0,2 Py
0,1 P, /
TN
0,1 Smax
-0,484 —0,33 0 0,33 0,484
Absorption of Var Injection of Var
Fig. 3. Required Reactive Power Capability according to EN 50549-2.
Furthermore, generating units manufactures have flexibility in sizing
Table 4 th . . X

. . e output capacity to balance operational benefits and drawbacks. For

Smart inverter control modes in different standards. .. .. . R
example, oversizing can help minimize active power curtailment when
Control STANDARDS meeting EN 50549 requirements, such as managing voltage fluctuations
Modes EN IEEE FINGRID VJV California Rule- or reactive power exchange. This is indicated by the design freedom area

50,549 1547 2018 21 in Fig. 3.
Q setpoint a v v In case of overvoltage, EN 50549-2 permits the exchange of addi-
QW) v v v v* tional reactive power up to the rated current, thereby allowing an in-
Q®) v v v crease in the apparent power. Moreover, generating units shall have the
Cos :D int / 7" / / capability of operating in the control modes outlined in Table 4. The Cos
setpoin . . .

Cos £(P) v ® setpoint and Q setpoint modes control the power factor and reactive
P(V) v/ v/ power respectively, according to the predetermined setpoints. The Q(U)

*: Default control mode.

e When active power (P) is greater than 20 percent of the demanded
power Py, generating unit shall have the capability to inject/absorb
reactive power (Q) up to 33 % of the Pg.

o If P is less than 20 percent of P4, the generating unit should have the
capability to inject/absorb Q according to Fig. 3.

e Considering stringent requirements, generating units should have
the capability to inject/absorb reactive power up to 48.4 % of the Py,
when P is greater than 20 % of Py.

e Similarly, if P is less than 20 percent of P4, the stringent Q re-
quirements should be according to Fig. 3.

Fig. 3 gives a graphical representation of the minimum and optional
capabilities at nominal voltage. The default requirements are less
demanding and are meant to ensure a basic level of compatibility with
the grid. According to EN 50549-2, the default reactive power re-
quirements (depicted by the grey region of figure) are 33 % of the
demanded active power P, which corresponds to a power factor of
0.95. When operating at active power below 20 % P, reactive power
shall be provided according to Fig. 3 to a minimum power factor of 0.52.
The stringent requirements (depicted by blue region in figure) are more
demanding and aim to enhance grid support. According to stringent
requirements, inverters must operate within a wider power factor
range, 0.9 leading to 0.9 lagging, which corresponds to the reactive
power injection/absorption capability of up to 48.4 % of the P4. When
operating at active power below 20 % P, reactive power shall be pro-
vided according to Fig. 3 to a minimum power factor of 0.38.

mode regulates reactive power output as a function of voltage. The Q(P)
and Cos ®(P) control the reactive power and the power factor respec-
tively based on the changes in the active power output.

3. Modelling and problem formulation

EN 50,549 stipulates that generating plants shall have a capability to
inject/absorb reactive power in the range of 0 to 48.4 % of demanded
active power (Pg). Furthermore, from Fig. 3 it can be seen that the
required reactive power range corresponds to the power factor varia-
tions from + 0.9 to 1. However, no guidelines are provided regarding
optimal reactive power that should be injected when voltage exceeds the
continuous operating range. Under various load and generation condi-
tions, it is possible to restore the voltage within the continuous operating
region by injecting/absorbing Q less than the specified upper limits
(48.4 %). In such scenarios, unnecessary injection/absorption of Q can
potentially overload the distribution network, creating a hosting ca-
pacity bottleneck. This hosting capacity bottleneck can be alleviated by
determining optimal slopes in case of Q(U) control or by choosing
optimal power factors in Cos @ control, thus maximizing renewable
energy penetration, and increasing the hosting capacity.

3.1. Modelling smart inverter control functions

DGs are usually connected to the distribution network through
power electronic inverters. These inverters can operate in all four
quadrants and in addition to supplying active power they can also inject
or absorb reactive power. From a European perspective, grid codes
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Fig. 4. Q(U) curve.

increasingly require distributed generators to provide both static and
dynamic voltage support. In this research, the Cos ® and Q(U) control
modes are selected for their widespread adaptation and their proven
effectiveness in voltage regulation.

3.1.1. Cos @ control

In Cos @ control, smart inverter regulates both active and reactive
power based on the selected power factor (pf). The pf can be adjusted
within the range of + 0.9 to 1. When operating at unity power factor,
smart inverter exports all the generated active power to the grid. A pf of
0.9 implies 11.12 % curtailment in the available active power to create
head room for reactive power as oversizing of inverter is not considered
in the proposed Cos ® Control. When SI is operating in Cos ® mode, the
reactive power output is dynamically adjusted based on the voltage
magnitudes and the specified power factor settings, as modelled in (1).

Ppe =Spc .
VI < Yy < VT
Q=0 o
Foo = Soapf IV > Ve > VI
Qpe = a(Ppg*tan(cos ' (pf)) P
a= Vref - Vpuc (2)
[Vref — Vpoc|

Here Ppg, Qpg, and Spg are the active, reactive, and apparent powers
from the DG. a represents the sign index. The value of @ could be either 1
or —1. The positive value of @ means pf is leading, and reactive power
should be injected while negative value of a implies reactive power
absorption. v,, is measured voltage at the point of connection, V""& v
are the specified lower and upper voltage limits and v, = 1. Equation
(1) clearly shows that, as the pf decreases, the curtailment of active
power increases to accommodate the necessary reactive power. By
selecting optimal power factor settings, the smart inverter can effec-
tively manage reactive power outputs, ensuring minimum curtailment
and maximum HC.

3.1.2. Q(U) control

In the proposed Q(U) control, the smart inverter employs a combi-
nation of fixed and dynamic dead bands, along with optimal slopes, to
effectively regulate reactive power output in response to the variations
in grid voltage. The Q(U) curve shown in Fig. 4, illustrates how reactive
power of the inverter varies with changes in voltage magnitudes. In the

proposed scheme static and dynamic dead bands are introduced to
accommodate various voltage ranges. Within the static dead band range,
set between 0.95 pu to 1.05 pu, inverter does not provide any reactive
power support. This means that when the voltage at PoC falls within this
range, the inverter remains inactive in terms of Q support. However,
when the voltage at PoC falls within the dynamic dead bands the
inverter can respond to the voltage variations by managing reactive
power.

The upper and lower dynamic dead bands are not fixed. The upper
dynamic dead band can vary between 1.05 V (pu) to 1.09 V (pu), while
the lower dynamic dead band can vary between 0.95 V (pu) to 0.91 V
(pw), respectively. In this study, dynamic dead bands are optimized to
maximize HC by selecting optimal vgy, and vg,. When the voltage at PoC
is greater than vgp,, the inverter operates in inductive mode and absorbs
reactive power. Conversely, if vy, is less than vg, the inverter operates
in capacitive mode and injects reactive power. Additionally, when v, is
between vg,, and v, or between vg,; and v;, the smart inverter absorbs or
injects reactive power based on predefined slopes k, and k; respectively.
These slopes determine the rate at which the inverter absorbs or injects
reactive power. Therefore, by selecting optimal volt-var setpoints, smart
inverters can effectively regulate reactive power to maximize HC. The
reactive power as a function of voltage and control setpoints can be
expressed mathematically as:

a(}vpoc - VdBu‘ ) ku, ifVpoc > Vau
a(|vpoc - VdBl| )klv lfvpoc < Vdnl 3)

= Spe* 1
Qoo = e a*0.484,if v, > Vo > Vi
07 i;deBl < Vpoc < VdBu
k= M 4
Vul — Vdbu,dbl

Furthermore, it is worth noting that in Q(U) control inverter is
oversized to create head room for reactive power. For reactive power
injection/absorption of 48.4 % of the Py, the inverter is oversized by
11.12 %. Therefore,

Ppg = Spe 5
3.2. Problem formulation
The hosting capacity maximization problem is formulated as a non-

linear, non-convex constraint optimization problem. The objective
function is to maximize the DGHC of the distribution network.
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Here, the vector x = [n, Spg, pf, ki, ku, Vasu, vdBI]T, represents set of de-
cision variables which includes location, size and setpoints of the smart
inverter control. Np¢ represents the number of buses that contain DGs.
The set of potential DG locations is represented by n and Sp; represents
size of the DG. In case of Cos ® control the control setpoint is power
factor (pf); while control setpoints for Q(U) control are k;,k;,Vap,,andvg.

The HC maximization problem is subject to the following constraints:

Gen
P DGd

©

Nous
2 +PJPG *Pjp = |VJ| Z |Vk‘ (ijCOSij +Bjksin0jk)

@)
k=1
Nous
Q@ +Q° —Q = V| D |Vl (Gysinby + Bjrcosty) (8)
k=1

Here, P8 and Q¢ represent active and reactive powers from the grid
respectively; P}’?G and Q]PG are the active and reactive powers of distrib-
uted generators; P]D and Q]l? are the active and reactive load demands;
Nyys represent total number of buses in the distribution network; V; and
Vi are the voltages of buses j and k; Gj and By, are the real and imaginary
part of Yy, matrix corresponding to j-th row and k-th column; 6y is the
voltage angle difference between bus j and k. Equations (9), (10) & (11)
represent voltage, current and DG installed capacity limits.

VI V; < VIV € Ny ©)
Tje < TEj € Ny 10)
Sp™ < Spgj < Spg™™Vj € Npg an

Moreover, inverter oversized limits and power factor (pf) limits of

Cos @ control are represented by Equations (12) and (13), respectively.
Also, the slope (kj’.“l) limits, variable dead band upper and lower limits
(vdgj’f'l) and upper and lower voltage (v;"l) limits that defines Q(U) curve

of the smart inverter at bus j are given by equations (14), (15), and (16),
respectively.

Spcos™™ < SpGes < Spe.os™™ 12)
Pf™< pf; < pf"™Vj € Npg 13)
ki < I < k™ € Npg 14)
V™ < vag)" < Vas"™Vj € Npg (15)
V™ <V < vy ") € Npg (16)

4. Methodology

The methodology of the proposed DP-FCS-MPC based optimal con-
trol for a three-phase grid-connected inverter is illustrated in Fig. 5. The
system is composed of two main blocks: (1) the Optimizer block, which
determines the optimal reference active and reactive power signals
P& Q) using atomic orbital search algorithm such that DGHC can be
maximized; (2) the MPC block, which select inverter switching states
such that active and reactive powers injected to the grid from the DG are
directly controlled to their reference values (P& Q'¥).

4.1. Atomic orbital search (AOS) optimization

The atomic orbital search (AOS) optimizer is used to determine
optimal active and reactive power reference points by solving the opti-
mization problem formulated in section 3.2. The AOS is selected because



M.K. Khan et al.

International Journal of Electrical Power and Energy Systems 165 (2025) 110472

PDF

Layers

YoY1Y2Y3Ya Vi

Fig. 6. Distribution of potential candidates using PDF.

it is simple, requires only a single tuning parameter, uses dynamic
weights that adjust according to the number of iterations to achieve a
perfect balance between exploitation (refining and utilizing known so-
lutions) & exploration (searching for new solutions) and has an excellent
global optimum finding capability.

4.1.1. Mathematical modeling

The AOS optimizer uses analogy of electrons around a nucleus to
conceptualize the optimization process [46]. In this algorithm imagi-
nary distributed layers around the nucleus represent the search space,
while the electrons represent potential solution candidates. The energy
level of an electron is analogous to the objective function. The electrons
are distributed in imaginary layers around the nucleus using a Proba-
bility Density Function (PDF) as shown in Fig. 6. The electrons with
lower energy levels represent the better solution candidates, while those
with higher energy levels represent solution candidates with the worst
fitness value. The algorithm is initialized using equation (17).

m m m m c=1,2-.t
p. (0) :pc,min +rand x (pc,max 7pc,min)7 { m=1.2....d (17)

pr(0) is the initial position of the solution candidates in the m-th
dimension. p[, ,, and p7 . represent the maximum and minimum limits,
and rand is the random number between 0 and 1. Here, t represents the
total number of solution candidates and d is the dimension of the
problem.

The binding state (BS”) and binding energy (BE”) in the y-th hypo-
thetical layer can be calculated by averaging the positions and objective
function values of solution candidates.

t
Ty Zc:lpz C:1=2>""7t
BS =< > {y:1727“ 1 (18)
SELE [c=1,2, .t
Y Luc=1"c P TR
BE = t y=12 - ,1 19,

Here, p? represents the location and E! is the fitness value of solution
candidate in layer y; y represents number of layers and ¢ shows potential
solution candidates in a particular layer. Similarly,

t
BS — Zc?pcm 1.2t (20

t
BE:ZC?E%: 1.2, et 1)

Here, BE and BS refers to the binding energy and binding state in the
whole search space respectively; E. and p. represents the fitness value
and location of the c-th solution candidate, respectively. Photon rate
determines the likelihood of the photon action on an electron. A uni-
formly distributed random number (0) between 0 and 1 mathematical
represents the potential of photon action. If the likelihood of photon
action is low, the optimizer further explores the search space by using
(22).

(22)

€=1,2,3,t
pzﬂ_p{’”“{y 1,2,3, .1

3Ly 0y ey

Here, p¥ and p},, are the current and updated locations for the
electrons of layer y; u, represents random number that lies between
0 and 1. The control parameter photon rate (pr) is important in deter-
mining the balance between exploitation and exploration phases. Lower
value of pr results in large exploitation but it may limit the exploration of
the search space and vice versa. In a particular layer if EY > BF, the
potential candidates are updated using (23).

Pl =p+Le 23)

X (ye XLE—6.xBS) [¢=1,2,3,..,t
y y=1,2,3,.,1

p? and p),, are the current and updated positions for potential can-
didates; LE = global best position; fic, . and 6. are the random numbers
between 0 and 1. If EY < BF, the position is modified using:

c=1,2,3, .t

y=1,2,3 .1 @4

Pl =Pl 4B x (ye x L — §. % BS"){
Here, LE’ represent best position in layer y; fc, y. and 6. are uniform
random numbers between 0 and 1.

4.1.2. Proposed AOS based HC enhancement

The objective is to maximize DG active power generation (Fitness
Function) by properly choosing decision variables (location of elec-
trons). The decision variable vector x for Q(U) and Cos @ control is
mathematically represented in (25).

{x = [n Spe ki ky Vay Vdsz]T, forQ(U)control 25)

x = [n Spg pf]", forCos®control
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Fig. 7. Flowchart of proposed HC enhancement method.

where n and Spg represent location and size of DG, pf is the power
factor, k; & k, are the Q(U) curve slopes, and vgp, & 4z are the upper
and lower deadband limits. The fitness function for Q(U) and Cos ®
control is,

(26)

P47 = Spa, forQ(U)control
PS¢ = Spe*pf, forCos®conirol

The purpose of utilizing smart inverter control is to optimally
manage reactive power in such a way that the active power of DG can be
maximized without violating the constraints. The reactive power as a
function of decision variable x is calculated by using equation (1) for Cos
@ control and equation (3) for Q(U) control as derived in section 3.1.

A flow chart representation of the proposed method is shown in
Fig. 7. First, distribution network is modelled by collecting power sys-
tem parameters, load data and renewable generation data. Then, AOS
optimizer parameters such as size and dimensions of the populations (x),
max iteration, iteration counter and photon rate are initialized. Utilizing
the initial population active and reactive powers are calculated using
equations derived in section 3.1. After that, a load flow analysis is per-
formed to determine bus voltages, currents, active and reactive power
flow between buses. Then, fitness function is calculated using equation
(26) for the initialized population, and the decision variables that give
best fitness function value are sorted. If any of the operational con-
straints as specified by equations (9) and (10) in section 3.2 is violated,

the fitness function is penalized. We add a maximum penalty and make
fitness function value zero if any of the operational constraint is
violated. Subsequently AOS optimizer is used to determine a new set of
candidate solutions for the next iteration and the whole process is
repeated until the stopping criteria is met. Finally, when maximum it-
erations are reached, the best location, size of DG and control setpoints,
which gives maximum fitness function (hosting capacity) value are
selected as output.

4.2. Direct power model predictive control

Recently, FCS-MPC has emerged as a prominent technique, offering
robust and flexible control for grid-tie inverters. FCS-MPC is employed
to apply a direct PQ control strategy such that the active and reactive
powers (P and Q) injected to the grid from the DER are directly
controlled to their reference values.

4.2.1. Control problem formulation
The aim of the DP-FCS-MPC controller is to enable flexible power
regulation. Therefore, control objective can be written as:

f=PI-Pk+1))’+(Q7-Qk+1)) 27)

where P¥ and Q¢ are the desired active and reactive powers to be
injected to the grid through the 3-® inverter. The first term of the cost
function aims to minimize the active power deviation, while the second
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Fig. 8. Sundom smart grid test network.

term aims to minimize the reactive power deviation. Solving a Model
Predictive Control (MPC) problem for flexible power regulation typi-
cally involves the following three steps: (a) Defining system model, (b)
developing prediction models to forecast future states over a predefine
prediction horizon, and (c) determining optimal control actions to
minimize the selected cost function [37].

a) Defining system model: The MPC controller uses system model
to predict system behavior at each sampling instant. For achieving
flexible power regulation, an inverter model is designed using active and
reactive power as state variables. As depicted in Fig. 5, the mathematical
model of the grid-connected inverter system can be described in
orthogonal aff reference frames as:

dr,

Vin :L_O+RIO +Vpoc

at (28)

T. . T

Here, Vioy = [Vina Vi) is the inverter voltage, Vpoe = [Vpoca Vpocs]
is the voltage at the point of connection and, I, = [I,, IO‘/,}T is the line
current. Specifically, the inverter can be controlled to produce seven

distinct voltage vectors that correspond to a specific combination of
inverter switching states, as modelled in equation (29).

0,5=0,7
Vinys = %Vdcei(s—l)gﬂ,s =1,-,6 29
Also, considering a balance three-phase system, we can write:

DVpoc.a 3

% = — O Vpocy (30)
d

% = Q)*Vpoc,a (31)

Where o is the angular frequency. To implement direct power model
predictive control a system model is required that uses active and
reactive powers as state variables. The state equations that govern active
and reactive power injection by a grid-tie inverter can be mathemati-
cally expressed as:

Vpoc.p

x = p 7% Vpoc,a Ia.a
Q 2 vpoc.ﬂ 7Vpoc,a Io‘/i

Taking derivate of state variable x = [P Q]"yields

(32)

Genration
d£ Dpoca  Vpoey dl,,
dt _ § dt 7 |:Io.a:| § |:Vpoc.a vpoc./} :| dt
dQ| 2| Vs Vpoea | LTos] T 2 [Voocs Vioca] | dl,
dt dd dr
(33)

Combination of equations 28-31, 32 and 33 gives state-space equa-
tion of the grid connected inverter with P and Q as state variables.

dp
dx | dt 3 3
E = dQ =Ax+ iBV,_m/ - i Cvpoc (34)
dt
Here,
R,
L
A= 35
ok 35)
L
B= |:Vpoc,u Vpoc,/} :| (36)
Vpoc,ﬂ 7Vpoc,a
_ Vpoc.a vpoc./»’
C= { 0 0 } (37)

Equation (34) represents grid-tied inverter by a state-space model
with inverter voltage (Vi) as the input, and P & Q as the state variables
(X); Vpoc can be measured. The state-space model describes how the
active and reactive power states evolve over time based on state vari-
ables (P and Q) and inputs (Vi and vyec).

b) Developing prediction model: In the second step a prediction
model is developed to forecast future states over a predefined prediction
horizon. Considering the sampling time T, a prediction model can be
formulated.

P(k+1) =P(k)+ {AP(k) + %va(k) - % CVpoc(k) } T, (38)
3 3
Qlk+1) = Q(k)+ [AQ(k) + iBVi,W(k) —or CVpoc (k) } T, (39)

Equations (38) & (39) can be used to predict the behavior of state
variables (P and Q) in terms of voltage space vectors V, ; for the next
step, as illustrated in MPC block of Fig. 5. The measurements of the line
currents (I,) and grid voltages (Vin, & Vpoc) are used to calculate the

10
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Table 5
Details of the test Network.

Sundom Grid Details

Number of metering 2500 (Residential and small commercial users)

points
Maximum wind 3.6 MW
generation
No. of feeders 4
Length of feeders JO6 Sulva: 25.24 km (Overhead line) + 7.93 km (Cable) =
33.18 km
J07 Sundom: 12.95 km (Overhead line) + 10.19 km (Cable)
= 23.14 km
JO8 Wind: 0 km (Overhead line) + 0.733 km (Cable) =
0.733 km
J09 Vaskiluoto: 5.91 km (Overhead line) + 1.12 km (Cable)
= 7.03 km

Conductors Used AHXCMK-W 3x185, Sparrow AF40, Raven AF62, Swan

AF25, AHXW 185, AHXW 3x95, AL 132, SAX-W 50

active power P(k) and reactive power Q(k) at the current sampling
instant k. Equations (38) & (39) are then employed to predict the power
values at the next sampling instant P(k +1) and Q(k +1), for all possible
voltage space vectors (7 in this case).

c) Cost function minimization: The optimal space vector for the
next sampling period is determined by comparing predicted power with
reference power using a cost function as defined in equation (40). Each
voltage vector is evaluated utilizing the cost function. The voltage vector
that minimizes the differences is chosen and applied at the next sam-
pling period. The utilized cost function is:

f=PI-Pk+1))’+(@Q7-Qk+1)) (40)
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located in Vaasa, Finland. Fig. 8 outlines the single line diagram of the
Sundom Smart Grid. The primary substation connects the 110 kV and
the 21 kV grids while the secondary substations connect 0.4 kV low
voltage distribution networks to the power system. The grid encom-
passes approximately 2500 metering points, serving residential and
small commercial consumers and comprises four feeders named J06
Sulva, JO8 Wind, J09 Vaskiluoto and JO7 Sundom [47]. The feeders
contain both overhead lines (68.2 %) and underground cables (31.8 %)
[48]. A 3.6 MW wind turbine is connected to the grid through a dedi-
cated feeder JO8 Wind. The details of the test network are presented in
Table 5.

The Sundom Smart Grid served as a unique lab pilot, equipped with
state-of-the-art intelligent electronic devices (IED). Collaborating
closely with the University of Vaasa’s Smart Grid laboratory, the Sun-
dom grid facilitated direct communication and data collection, sup-
porting a range of research activities. A cloud service was established to
gather IEC 61850 sampled values and Generic Object-Oriented Sub-
station Event (GOOSE) measurements from various points across the
grid. In this research, the load profiles of the feeders and generation data
from the wind turbine are extracted from these measurements as
depicted in Fig. 9. Hourly average measured data over a period of one
year, from May 1, 2017, to April 30, 2018, is used in this analysis.

5.2. Hosting capacity

To showcase the effectiveness of the proposed methodology,

Table 6
Simulation parameters.

Here, P¥ and Q% represent the desired values of the active and Parameters value
reactive powers optimally determined by the AOS optimizer, while Population size 50
P(k+1) and Q(k+1), are the predicted active and reactive powers. To Maximum iterations 50
minimize this cost function, the control algorithm adjusts inverter Photon rate 0.05
output to match the predicted power with the desired power, thus Range of v, 1.05—1.09 pu
e . the power error Upper limit of Q(U),v, ™™ 1.15 pu
minimizing p . Range of slope (ky) 4—48
Range of power factor 0.9-1
5. Results Installed DG capacity range,Spg 2 MW — 16 MW
Voltage threshold, V"> 1.1 pu
Inverter oversizing,Spg os™™ 11.12 %
5.1 Test network Maximum wind generation 3.6 MW
Lumped minimum load on each J06 = 0.456 MW, J09 = 0.15 MW, J07 = 0.49
The proposed methodology is evaluated using the simulation model feeder MW
of the Sundom Smart Grid, a medium voltage distribution network
~ 4000 T T T T T T T T T T T T T T T T
g 4000 Load Profile J07 Sundom
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Fig. 9. Hourly measured Generation and Load data.
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Fig. 10. Test network with potential DG locations.

Table 7
Detailed HC analysis of Sundom Grid.

Feeder JO7 Sundom Feeder JO6 Sulva

Location Distance (km) HC (MW) Location Distance (km) HC (MW)
8 23.104 4.146 14 33.222 2.821
9 23.045 4.203 15 32.231 2.914
10 19.445 5.564 16 25.471 4.521
11 15.845 8.287 17 21.962 5.279
12 13.930 9.736 18 18.684 6.793
13 12.974 10.941 19 15.531 8.288

extensive simulations were conducted using MATLAB/Matpower soft-
ware. The aim was to determine maximum DG capacity that can be
installed in the Sundom grid without violating over-voltage and thermal
loading limits of the feeder, while adhering to EN 50549 standards. The
analysis was performed considering extreme operating conditions such
as minimum load and maximum DG generation. The generation and
lumped feeder load values used in this analysis are presented in Table 6
and marked with green circles in Fig. 9. Three test cases were executed
to verify the effectiveness of the proposed method. In the case I, DGHC
was examined considering DG size and location as decision variables
without utilizing smart inverter control functions. In case II, smart
inverter Cos @ control mode was activated, and optimal location, size
and power factor were determined to maximize the HC. In case III, smart
inverter Q(U) control mode was activated and optimal volt-var control
setpoints were determined to maximize the HC. In all cases the mini-
mum installed capacity was set to 2 MW. Additionally, for a single DG
the maximum installed capacity was capped at 16 MW, while for two DG
units, it was constrained to 8000 kW. The simulation parameters are
presented in Table 6.

Sundom grid contains 4 feeders: J0O6 Sulva, JO8 Wind, JO9 Vaskiluoto
and JO7 Sundom. Feeder JO8 contains a wind turbine of 3.6 MW and in
this analysis no more installation is considered on feeder JO8. Feeder J09
is a small feeder of 7.035 km. The analysis on feeder JO9 showed that HC
was not limited by over-voltage curtailment and thermal loading con-
straints. Therefore, the proposed HC enhancement method was not
applied on feeder J09. A comprehensive analysis on feeders J06 and JO7
showed that overvoltage was the primary constraint limiting higher
installed capacities. Furthermore, HC was significantly influenced by the
location of the installed DGs. Therefore, six potential locations for DG
installation were selected on each feeder (JO6 and J07) based on

12

Table 8
Results for case I: No SI control.
Scenarios Feeder JO7 Sundom Feeder JO6 Sulva HC
MW
Location/Generation (MW) Location/Generation (MW) (W)
DG #1 DG # 2 DG #1 DG # 2
Scenario 1 13/10.94 10.94
Scenario 2 - - 19/ 8.280 - 8.288
Scenario 3 13/10.793 - 19/ 7.990 - 18.783
Scenario 4 13/ 7.000 12/ 3.559 — — 10.559
Scenario 5 - - 19/ 5.223 18/ 2.101 7.324
Scenario 6 13/7.000 12/ 3.021 19/ 4.135 18/ 2.315 16.470

climatic, environmental, and topographical considerations as shown in
Fig. 10. The HC analysis is presented in Table 7. The analysis results
show that for feeder J0O7, the 13th location, situated nearest to the
substation, enables the highest DG installation, whereas for feeder JO6,
19th location permits the highest DG installation. The analysis clearly
shows that HC tends to increase as the distance from the substation
decreases.

The AOS algorithm was executed five times to generate results for the
three test cases. The solution with the maximum HC value was selected
as the optimal solution. For each test case, various scenarios were
considered to evaluate the impact of single and multiple DG installations
on the HC. In scenarios 1 and 4, feeder-level HC analysis was performed,
considering one and two DG units on feeder JO7, respectively. Similarly,
scenarios 2 and 5 focused on feeder JO6. In scenarios 3 and 6, grid-level
HC analysis was performed by simultaneously installing DG units on
both feeder JO6 and feeder JO7. Specifically, scenario 3 involved
installation of one DG unit on each feeder, while scenario 6 involved two
DGs on each feeder.

The results of case 1 are presented in Table 8, depicting scenarios
with one and two DG units on each feeder. The results reveal that for
feeders JO7 and J06, the HC values of 10.941 MW and 8.288 MW are
observed by installing DGs at 13th and 19th locations respectively.
Furthermore, the highest HC value of 18.783 MW is achieved by
installing one 10.793 MW DG on feeder JO7 and another 7.99 MW DG on
feeder JO6. Notably, installing DGs on separate feeders yields higher HC
values compared to deploying them on the same feeders. Moreover,
when 2 DGS are installed on feeder JO7, the hosting capacity value of
10.559 MW is achieved. Similarly, for feeder J06, a hosting capacity
value of 7.324 MW is achieved by connecting two DGs at locations 19
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Table 9
Results for case II: Cos @ control.
Scenarios Feeder JO7 Sundom Feeder JO6 Sulva HC
- X . R Mw)
Location/Generation Location/ Generation
(MW)/ {p.f} MW)/ {pf}
DG #1 DG # 2 DG #1 DG # 2
Scenario 13/13.821/ — - - 13.821
1 {0.9}
Scenario - - 19/ 9.827/ - 9.827
2 {0.9}
Scenario 13/15.750/ - 19/11.608/ - 27.358
3 {0.9} {0.913}
Scenario 12/7.314/ 11/5.674/ - - 12.988
4 {0.913} {0.938}
Scenario - - 19/6.211/ 18/2.347 / 8.558
5 {0.934} {0.951}
Scenario 12/6.936/ 11/2.555/ 19/7.081 / 18/5.545 / 22.117
6 {0.913} {0.917} {0.964} {0.911}
and 18.

For Case II, the results shown in Table 9 underscore the effectiveness
of Cos @ control function in enhancing HC. In all considered scenarios,
the smart inverter operates in inductive mode and absorbs reactive
power. The results show that the highest HC value of 27.358 MW is
achieved when one DG is connected at location 13 of feeder JO7 and
other DG is connected at location 19 of feeder J06. The optimally
determined power factors are 0.9 and 0.913 respectively. The achieved

International Journal of Electrical Power and Energy Systems 165 (2025) 110472

HC is 45.65 % higher than the HC achieved in case 1. Furthermore, HC
enhances to 12.988 MW when 2 DGs of 7.314 MW and 5.674 MW are
connected at locations 12 and 11 of feeder JO7 respectively. Similarly,
installing 2 DGs at location 19 and 18 of feeder JO6 results in HC in-
crease to 8.558 MW, compared to 7.32 MW of case L.

The results for Case III, as outlined in Table 10, show the achieved
hosting capacities values when Q(U) control is activated. When Q(U)
control is activated, installing one and two generators on feeder seven
yield hosting capacities of 13.817 MW and 12.987 MW respectively. The
optimal location for a single generator scenario is 13, while for two
generators, the optimal locations are 13 and 12. Similarly, for feeder six,
the installed capacities for one and two generator scenarios are 9.826
MW and 8.558 MW respectively. The best outcome of 27.305 MW is
attained when one generator of 15.730 MW is connected to feeder JO7
and the other generator of 11.575 MW to feeder J06. Interestingly, in all
cases, the maximum HC can be achieved by strategically placing a single
DG unit on a distribution feeder, rather than connecting multiple DG
units across two or three locations. Moreover, most of the determined
optimal locations are found to be closer to the substation. The optimally
determined Q(U) curves for various scenarios of Case III are depicted in
Fig. 11.

For all considered cases, the convergence curves that represent
maximization of objective function with the number of iterations are
shown in Fig. 12. In the initial iterations, large fluctuations can be seen
due to random initialization. However, these fluctuations gradually
diminish when the exploration phase of the AOS algorithm concludes.

Table 10
Results for case III: Q(U) control.
Scenarios Feeder JO7 Feeder JO6 HC
M
Location/Generation (MW)/ { Vg, , ku} Location/Generation (MW)/ {vap, , ku} (MW)
DG #1 DG # 2 DG #1 DG # 2
Scenario 1 13/13.817/ - - - 13.817
{1.077, 10.637}
Scenario 2 — — 19/ 9.826/ - 9.826
{1.083,14.491}
Scenario 3 13/ 15.730/ - 19/ 11.575/ - 27.305
{1.068, 6.246} {1.051, 5.105}
Scenario 4 13/ 7.290/ 12/ 5.699/ — - 12.987
{1.050, 8.864} {1.050, 7.014}
Scenario 5 - - 19 / 6.396/ 18/ 2.155/ 8.551
{1.050,8.705} {1.062,9.132}
Scenario 6 13/ 6.119/ 12/ 2.776/ 19/ 6.750/ 18/ 6.371/ 22.016

{1.081,5.043} {1.058,11.255}

{1.077,13.081} {1.069,8.800}
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Thereafter, the AOS algorithm swiftly converges towards global maxima
leading to stable and consistent results. The results clearly show that the
adaptive balance between global exploration and local exploitation
ensures efficient exploration, rapid convergence, and optimal power
extraction, ultimately enhancing overall hosting capacity.

To validate the effectiveness of the proposed AOS algorithm in HC
computations, a comparative analysis was conducted against Slime
mould algorithm (SMA) [49], Equilibrium optimizer (EO) [50], and
Particle swarm algorithm (PSO) [51]. The convergence comparison plot
for various algorithms is illustrated in Fig. 13. Fig. 13 (b) shows that the

(e

Fig. 12. Convergence curves for case I, case II and case III (a) Scenario 1 (b) Scenario 2 (c) Scenario 3 (d) Scenario 4 (e) Scenario 6.
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HC achieved by AOS is 27.35 MW, followed by SMA 27.18 MW, EO
27.13 MW and PSO 26.94 MW. Furthermore, each algorithm is inde-
pendently subjected to twenty-five calculations, and the results of these
computations are represented in the box plots, as depicted in Fig. 14.
The results clearly show that AOS algorithm outperforms the compar-
ative algorithms in terms of precision, stability, and reliability.

5.3. DP-FCS-MPC based Q(U) and Cos @ control.

In this section, we delve into the implementation of Model Predictive
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Table 11 dispatched to the DP-FCS-MPC controller. The DP-FCS-MPC adjusts
able

Simulation parameters for DP-FCS-MPC controller.

Parameters Value

Simulation platform MATLAB Simulink

DC link voltage 1200 V
Sampling time 20 psec
Inductance 2 mH
Resistance 0.084 Q
Grid voltage 0.4 kv
Grid frequency 50 Hz

Control (MPC) aimed at augmenting hosting capacity. The aim was to
design a Direct Power Finite Control Set Model Predictive Control (DP-
FCS-MPC) system to regulate inverter switching in response to voltage
violations. The real-world Sundom grid test network was replicated
using MATLAB Simulink, considering the grid specifications elaborated
in Table 6. The simulation parameters are shown in Table 11. To vali-
date the efficacy of the proposed DP-FCS-MPC controller, a DG unit was
installed at bus 3 of feeder JO6 Sulva. The test network underwent
simulations considering three operational modes: No smart inverter (SI)
control, Q(U) control, and Cos ® control. An optimizer block was inte-
grated as a MATLAB function within the Simulink model. The optimizer
block receives measurements from the Simulink model, estimates the
system state, and computes optimal reference points for active power
(P) and reactive power (Q"%). Subsequently, these reference points are

15

inverter switching to track the reference signals sent by the optimizer
whenever voltage violations arise. By dynamically optimizing the con-
trol actions of the DG unit, the MPC controller aims to alleviate voltage
violations and amplify the hosting capacity of the grid.

A. Case 1: Optimal PQ management

This case evaluates the effectiveness of the proposed method for
optimal P and Q management under specific load and generation con-
ditions. The scenario was created by installing a DG at bus 3. Initially,
the DG was generating 0.9 MVA of apparent power, and the voltage at
the point of connection (PoC) was 1.033 pu. To analyze the response of
the controller, the generation was increased to 2.9 MVA att = 1.3 s. This
additional generation caused the voltage at the PoC to rise to 1.103 pu,
thereby violating the overvoltage limits as depicted in Fig. 15 (a). The
voltages at the PoC, as well as the active and reactive power of the
inverter system for Q(U) and Cos @ control, are shown in Fig. 15 (b, ¢). It
can be observed from Fig. 15 (b) that the Q(U) controller absorbs
reactive power of 0.89 MVar at t = 1.3 s in response to the voltage rise,
effectively reducing the voltage to 1.0986 pu, which falls within the
acceptable limits. The optimal control setpoints are presented in
Table 12. The optimal P and Q references were calculated by using Q(U)
control setpoints in equation (3):

PY =Sy = 2.9MW

Qref = SDG*a(|Vpoc - VdBu| )ku
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Fig. 15. Power and Voltage response for optimal PQ management (a) Considering No Smart Inverter control (b) Considering Q(U)control (c) Considering Cos
@ control.

curtailed active power to 2.859 MW in response to the voltage rise,
resulting in a voltage reduction to 1.098 pu. The optimal P and Q ref-
— _0.80MVar erences were determined by using Cos @ control setpoints in equation
(1):

=2.9%(—1)(1.1029 — 1.085)17.285

Similarly, Cos ® control absorbed reactive power of 0.483MVar and

16
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Table 12
Control setpoints for case 1 and case 2.

Case No. Q(U) control Cos @ control
Case 1 ky =17.28,v45, = 1.075 pf =0.986
Case 2 ky =17.28,v4, = 1.075 pf =0.90

PY = Spe*pf = 2.9%0.986 = 2.859MW

QY = a(Pp*tan(cos™* (pf)) = —1(2.859*0.169) = 0.483MVar

B. Case 2: HC capacity maximization

In this case, the effectiveness of DP-FCS-MPC based Q(U) and Cos @
control for maximizing hosting capacity is validated. When smart
inverter control functions were not considered, the maximum power
that could be injected into the grid without violating the voltage limits
was 2.8218 MW, as shown in Fig. 16 (a). However, with Cos ® and Q(U)
control, the inverter absorbed reactive power of 1.435 MVar and 1.434
MVar, respectively, to increase the hosting capacity to 2.966 MW and
2.963 MW, as shown in Fig. 16 (c) and 16 (b). These results clearly
demonstrate that the proposed controller optimally selects inverter
states to inject/absorb reference active and reactive power into the grid,
thereby enhancing the hosting capacity.

Results of both considered cases show that DP-FCS-MPC strategy
provides excellent transient and steady state response by efficiently
tracking the reference active and reactive powers P& Q) with
minimum overshot. According to EN 50549 standards, the reactive
power set value shall be reached within 10 s, with a maximum tracking
tolerance of 5 %. The results clearly indicate that the proposed DP-FCS-
MPC controller effectively maintains its tracking response within the
specified bounds. Overall, results suggest that the proposed method has
the potential to offer robust and efficient control in managing both
active and reactive power in power systems.

Improving distribution network hosting capacity involves addressing

(©

Fig. 15. (continued).
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several technical challenges, particularly with high penetration of DGS.
Distributed generation causes voltage fluctuations and overvoltage is-
sues, reducing the hosting capacity. MPC optimally adjusts reactive
power (Q) from inverters to maintain voltages within limits. The pro-
posed control framework proactively manages voltage levels, maximizes
hosting capacity, and ensure grid stability under varying conditions.
Traditional control methods often involve complex intermediate current
loops, which can add to the system’s design and operational complexity.
This work emphasizes a decoupled power control mechanism without
requiring intermediate current loops, simplifying the control architec-
ture. Furthermore, by combining FCS-MPC with the AOS optimization,
this work targets both precise power tracking and optimal distributed
generation (DG) placement, enhancing network robustness.

6. Conclusions

This research comprehensively addresses the hosting capacity (HC)
enhancement problem within the Sundom Smart Grid, spanning from
the planning stage to controller-level implementation. Both feeder-level
and grid-level HC analysis was performed considering extreme oper-
ating conditions such as minimum load and maximum generation. Re-
sults spotlight overvoltage as a primary constraint, particularly on
feeders JO6 Sulva and JO7 Sundom, limiting higher installed capacities.
Furthermore, HC was significantly influenced by the locations of the
installed DGs. The maximum feeder-level HC was achieved by con-
necting single DG at the optimal location rather than installing multiple
DGs at different locations on the same feeder. Moreover, grid-level
hosting capacity analysis reveals that installing DGs on separate
feeders yields higher HC values compared to deploying them on the
same feeders. Also, HC tends to increase as the distance from the sub-
station decreases.

The research also investigated smart inverter control modes, spe-
cifically Cos @ and Q(U) control. The results show that HC increases by
45.65 % when SI control is activated. Notably, the effectiveness of SI
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Fig. 16. Power and Voltage response for HC maximization (a) Considering No Smart Inverter control (b) Considering Q(U)control (c) Considering Cos ® control.

control decreases as the distance from the substation increases, with Cos
® mode exhibiting superior grid voltage support capabilities, albeit with
some active power curtailment trade-offs. Additionally, the research
proposes an optimal DP-FCS-MPC strategy for managing reactive and
active powers, aimed at curtailing overvoltage and enhancing hosting
capacity. Results indicate that the proposed optimal control framework
provides a robust and efficient response within the bounds specified in

18

EN 50549 standards. Given the absence of specific guidelines on smart
inverter control setpoints in EN 50549, the proposed optimal control
framework can be used by distribution system operators (DSOs) to make
decisions regarding smart inverter control setpoints during voltage
violations.
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