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A B S T R A C T

In this work, we investigate Cos Φ 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 Φ 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 2⁰C, 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

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 Φ) 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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