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ABSTRACT

Voltage violations are the main problem faced in distribution networks (DN) with a higher penetration of
inverter-based generations (IBG). Active and reactive power control from smart inverters (SI) can mitigate
such violations. Optimal power flow (OPF)-based control provides more accurate operating set points for
the coordinated operation of Sls. Therefore, this paper presents a three-phase OPF-based control on SI-
enriched unbalanced distribution networks. To consider this, first three-phase model using the current
injection model (CIM) is developed. Later, the optimal active and reactive power set points for Sls are
obtained by solving a quasi-dynamic optimization problem. The uniqueness of the proposed method is
that it regulates the voltage at the affected nodes by obtaining the optimal set points for the smart
inverter. The OPF is implemented with a mathematical CIM in Pyomo and solved using the Knitro solver.
The proposed method is compared with the sensitivity-based Volt-Var Control (VVC), Volt-Watt Control
(VWC), and combined VVC and VWC methods. The effectiveness of the proposed method is verified in
a European low-voltage and CIGRE medium-voltage distribution network with 100% penetration. The
analysis shows that the OPF-based control optimizes with less network loss and can maintain voltage
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violations with less reactive power support.

1. Introduction

The integration of inverter-based generations (IBG) into the low
voltage (LV) power distribution network is increasing over time
(IEA 2019). With a higher penetration of IBG, distribution net-
works experience many technical challenges, especially the
increase in the voltage of the grid above critical values
(Khodayar, Ramin Feizi, and Vafamehr 2019). In particular,
voltage violations are an essential problem that needs to be
addressed to incorporate a high penetration of IBG. Voltage
violations are more noticeable when loads have a low/high
power demand and IBG have high/low power generation
(Wang, Yan, and Saha 2019). Furthermore, the inherent resistive
nature (high R/X) of the LV network makes the voltage increase
issue more vulnerable. Single-phase loads in LV networks are
initially connected in different phases with the intention of
maintaining balance in all phases. But with an increasing num-
ber of customers, the LV networks become unbalanced. And
this will increase more when the single-phase IBG is connected
to the LV networks. The optimal size and location
(HassanzadehFard and Jalilian 2018) of such an IBG may solve
some of the problems but not all of the challenges. Conventional
voltage regulating devices (VRD), such as on-load tap changer
transformers (OLTC), step voltage regulators, and switched
capacitor/inductor banks may not be reliable solutions in such
cases due to their limited capacity and slow operating response
(Liu, Canizares, and Huang 2009). And they may not be effective
in handling the voltage problem more precisely when the power
fluctuation from IBG and loads is high.

One of the appropriate approaches to handling voltage
problems in the LV distribution network is the application of
active and reactive power control from smart inverters (SI)
(Song and Kim 2022). Since SIs are equipped with an advanced
communication and monitoring infrastructure, they are con-
sidered suitable for control and monitoring applications.
Active and reactive power control from SI has its own advan-
tages and challenges. Reactive power control is less effective in
the case of LV networks, as this method increases network
losses due to the high R/X ratio of the interconnecting lines.
Also, the high value of R/X in LV networks limits the effect of
reactive power control in LV networks (Nour et al. 2019).
Moreover, the amount of reactive power contribution from
the SI is limited, and hence it might not regulate the voltage
within the acceptable range. Active power curtailment (APC)
is considered another effective and efficient method of regulat-
ing voltage in LV networks (Nour et al. 2019; Singh and Lather
2020; Tonkoski and Lopes 2011) when power generation is
extremely surplus and power curtailment is the only available
solution. However, APC is not suitable for those instances
where voltages are below the prescribed limits due to the
unavailability of power production from IBG. Furthermore,
the reduction in power generation to regulate voltage may not
be a motivating factor to increase the integration of green
energy. Therefore, it is recommended to take advantage of
the power control capability of SI in an optimal way, minimize
active power curtailment, and regulate voltage in LV distribu-
tion networks.
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Controlling the output of active and reactive power from SI
can be achieved using various methods (chaudhary and
Rizwan 2018). Several studies on local control strategies are
considered in the literature (Acosta et al. 2021; Ceylan,
Paudyal, and Pisica 2021; Ghosh, Rahman, and
Pipattanasomporn 2017; Kim, Song, and Jang 2020; Ku et al.
2015; Li et al. 2020; Molina-Garcia et al. 2017; Nithara and
Anand 2021; Wagle et al. 2021; Zhang, Ochoa, and Valverde
2018). Local control strategies are fast and can act with local
settings to mitigate voltage problems. In addition, local control
operates as an independent entity, so it does not require a huge
investment in monitoring and controlling infrastructure.
However, the main challenge of the local control technique is
the lack of coordinated operation. Additionally, local control
techniques suffer from the unequal contribution of SI for
voltage regulation. The SI nearest to the substation contributes
less, whereas the SI farther away from the substation bears
more responsibility. Moreover, local control methods require
information about the threshold settings for voltage and power
for the controller to become effective. These settings for Q(V),
Q(P), and P(V) are defined in the IEEE 1547-2018 standard
(IEEE standard 2020). Before implementing the control action,
users can set these values based on the type and nature of the
network under consideration.

The implementation of centralized methods is one of the
solutions to problems related to the coordinated operation of
multiple smart inverters (SIs). Since today’s SIs are equipped
with advanced communication infrastructure, they can be
used in centralized control without the additional financial
burden of installing a communication system. Additionally,
IEEE 1547-2018 requires that all SI have communication
capabilities. Therefore, a centralized OPF-based strategy for
inverter control may be practical in IBG-enriched distribution
networks. When centralized control is implemented, optimal
SI operation can be achieved. In (Weckx, Gonzalez, and
Driesen 2014), a centralized optimization-based method is
proposed to generate linear control functions for local con-
trollers for reactive power control. In (Su, Masoum, and Wolfs
2014), the authors suggested using an OPF-based method to
determine the optimal set points of active and reactive power
for the inverters. Similarly, in (Zhao et al. 2015), an OPF-based
formulation with adaptive weight on the objective function is
used to ensure uniform curtailment. Recent studies combine
centralized and distributed methodologies. To determine the
ideal PV curtailment, the authors in (Ferreira et al. 2013)
proposed a local control technique and a linear centralized
optimization strategy based on sensitivity. Distributed control
was suggested in (Olivier et al. 2016) to methodically regulate
the reactive power and reduce the active power. In some recent
studies, dynamic optimization is also performed considering
dynamic load and PV model (Liu et al. 2022).

Although the OPF-based control approach is not a new
field in the optimization of distribution networks. Several
attempts have been made to formulate the optimization pro-
blem (ali 2019). However, in most of the earlier literature,
modeling of the distribution network is given less priority.
The mathematical model of the distribution network is done
either considering the balanced network or using sensitivity-
based modeling. The authors in (Ceylan, Paudyal, and Pisica

2021) proposed a local control strategy based on nodal sensi-
tivity and the OPF-based method to regulate voltage using
smart inverter reactive power control. However, the authors
consider only the generic formulation of the OPF and solve the
optimization problem by co-simulation. In (Ma et al. 2021),
worst-case voltage scenarios are presented to reduce voltage
fluctuations in distribution networks using centralized voltage
control in a generally balanced distribution network. Modeling
of the distribution network considering the balance nature and
using single-phase modeling may not represent a realistic dis-
tribution network. Due to some specific characteristics of dis-
tribution networks, such as their radial nature, unbalanced
operation, mixed loading models, and the number of nodes
and branches, classical load flow models such as Newton-
Raphason or Gauss-Seidal may not converge. To cope with
such challenges in distribution networks, several three-phase
power flow methods are proposed in the literature, such as the
backward-forward sweep (BFS) (Bompard et al. 2000) and the
current injection method (de Oliveira Alves et al. 2020) for
distribution networks. The convergence of the BFS method is
correlated with the size of the equivalent line impedance and
the load admittance, which limits the application of BFS in
a large unbalanced distribution network. Compared to BFS,
the current injection method converges faster even for an
unbalanced and heavily loaded three-phase network (Tostado-
Véliz, Kamel, and Jurado 2021). Furthermore, the current
injection method can be implemented with the measurement
data of the energy meters installed in the distribution network.
To consider this, the authors of (Alabri and Jayaweera 2020)
modeling of the three-phase unbalanced distribution network
use a current injection model. However, due to the reactive
power limits of the smart inverter, controlling only the reactive
power of the SI may not fully solve the voltage problems in
a highly IBG-penetrated case.

In addition, the SI provides or absorbs reactive power to
prevent voltage violations, which can increase network
losses. Active power curtailment, although not desirable,
may be used in conjunction with reactive power control to
overcome the smart inverter’s capacity restriction. Proper
coordination of the amount of reactive power and active
power curtailment is an important factor to consider for
optimal control using a smart inverter. Active and reactive
power control can be implemented in a coordinated manner
when other options are not available to mitigate voltage
violations (IEEE standard 2020). The control of active and
reactive power is considered in (Bozalakov et al. 2019), but
the authors ignore the unpredictability of the PV power
supply and load demand. Without considering the variability
of generation and load, a realistic situation may not be
represented. To the author’s best knowledge, active and
reactive power control from multiple smart inverters con-
sidering unbalanced modeling of the distribution network
with the focus on reactive power support from a smart
inverter has not been studied in the literature. With increas-
ing concern for reactive power auxiliary services (Tricarico
et al. 2022) and real-time control (Wagle et al. 2022) in the
distribution network, the analysis performed in this paper is
of significant importance in choosing an optimal control
approach. Therefore, in this paper, considering realistic



data from IBG, load, and a three-phase unbalanced model of
the distribution network, reactive and active power control
based on OPF from an SI is proposed in an IBG-enriched
distribution network. The optimal active and reactive set
points for smart inverters are obtained by solving a quasi-
dynamic constrained optimal power flow problem. The
uniqueness of the proposed method is that it regulates the
magnitude of the voltage at the affected nodes by obtaining
the optimal set points of active and reactive power from the
smart inverter.

Therefore, in this paper, considering the 100% penetra-
tion of IBG (at all load buses), an OPF-based coordinated
reactive power control and active power curtailment are
proposed to mitigate voltage violations in the smart inver-
ter-enriched distribution network. A fair comparison of the
proposed method with the standalone Volt-Var Control
(VVC), Volt-Var Control (VWC), and combined VVC
and VWC-based control is performed. The main contribu-
tion of this paper is the formulation of optimal power flow-
based reactive and active power control from SI consider-
ing modeling a three-phase unbalanced distribution net-
work. The three-phase modeling of the system may
represent a realistic distribution network. Therefore, the
analysis of this model offers a more convincing analysis.
Furthermore, since the use of the reactive power from SI
increases network losses, the support of the reactive power
from them is an important factor to consider. This paper
focuses on the amount of reactive power support and net-
work loss as major factors in evaluating the performance of
control approaches. Using the proposed method, the dis-
tribution network can run with fewer network losses and
keep the voltage profile within the set limits. This study
seeks to create an accurate comparison based on the con-
tribution of reactive power between control schemes. This
research can help researchers in the reactive power market
choose the best method to implement control approaches
for smart inverters. The following are the major contribu-
tions of the authors in this work.

« An OPF-based approach is proposed to mitigate voltage
violations in smart inverter-enriched three-phase unbalanced
LV and MV distribution networks. To consider the unba-
lanced nature of the distribution network, three-phase model-
ing of the distribution network based on the current injection
model is used. When solving the proposed OPF, coordinated
set points for reactive power support and active power curtail-
ment are obtained for multiple SIs to mitigate voltage
violations.

o The formulation of the optimization model is considered
based on the real-time data from the IBGs and the loads. The
quasi-dynamic simulation over a period of the day with
a 5-min resolution is performed.

o Furthermore, the OPF-based approach is compared with
the standalone sensitivity-based Volt-Var Control (VVC), Volt-
Watt Control (VWC), and combined VVC and VWC methods.
A comparative analysis of the two methods is performed with
respect to the voltage performance index, total network loss,
total reactive power contribution, and the total amount of active
power curtailment to make a fair comparison between the two
different approaches.
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o The contribution of reactive power support from the smart
inverter is computed and analyzed for various control approaches
on two highly IBG-penetrated distribution networks. According
to the analysis, if the SI is equipped with a communication and
monitoring infrastructure, the OPF-based method may be
a suitable option to regulate voltage violations.

The remainder of the paper is organized as follows.
Section 3 elaborates on the details of voltage control in SDN
using local and central control methods. Section 4 describes
the overall methodology for obtaining reactive and active
power control based on OPF. Section 5 provides a detailed
consideration of the test network, the simulation results, and
the discussion. Finally, the main conclusions drawn from this
paper are provided in the last section.

2. Methods of voltage control in smart inverter

Massive integration of IBG has the potential to alter the opera-
tion of power distribution networks so that the substation is no
longer the exclusive source of electricity and short circuit
capacity. The integration of IBG presents technical challenges,
as power production and demand may not match. For exam-
ple, exceeding the actual power injection more than the power
demand may cause the voltage to rise above safe levels.
Maintaining the voltage within the allowed range is essential
to prevent damage to client appliances. As a result, numerous
regulations, regulations, and voltage fluctuation limitations
have been implemented. The limitations of voltage fluctuation
are +10% and =+ 5%, respectively, according to EN 50,160
and ANSI C84.1-2011 standards (Nour et al. 2019). The tech-
niques generally used to control the voltage in smart inverters
are detailed in the following subsections.

3. Methods of voltage control in smart inverter

Massive integration of IBG has the potential to alter the
operation of power distribution networks so that the sub-
station is no longer the exclusive source of electricity and
short circuit capacity. The integration of IBG presents
technical challenges, as power production and demand
may not match. For example, exceeding the actual power
injection more than the power demand may cause the
voltage to rise above safe levels. Maintaining the voltage
within the allowed range is essential to prevent damage to
client appliances. As a result, numerous regulations, regu-
lations, and voltage fluctuation limitations have been
implemented. The limitations of voltage fluctuation are =+
10% and =+ 5%, respectively, according to EN 50,160 and
ANSI C84.1-2011 standards (Nour et al. 2019). The tech-
niques generally used to control the voltage in smart inver-
ters are detailed in the following subsections.

3.1. Local voltage control methods using smart inverter

Smart Inverters (SI) can supply both inductive and capacitive
reactive power to maintain the voltage profile (Srinivasarangan
Rangarajan, Sharma, and Sundarabalan 2020) at the point of
common coupling. For voltage control applications, the IEEE
1547-2018 standard (IEEE standard 2020) requires the active



4 R. WAGLE ET AL.

and reactive power output requirements of SI. According to
this standard, SI can supply inductive or capacitive reactive
power up to a maximum of 44% of the rated capacity. The
application of only reactive power control might not effectively
mitigate voltage violations. In addition, reactive power support
affects network loss. Active power curtailment is not so desir-
able, as the owner suffers financially due to curtailment in
power production. To effectively manage voltage violations,
it is prudent to effectively coordinate reactive power control
and active power curtailment. Therefore, in this paper, com-
bined VVC and VWC are considered as a local voltage control
method. Furthermore, instead of considering different types of
IBG, for simplicity, only PVs are considered. This method is
more focused on the operation of the SI and therefore remains
independent of the type of IBG considered. Equation (1) (IEEE
standard 2020) mathematically represents the combined VVC
and VWC. In Equation (1), Q1, Qu, v1, V2, v3, V4 and vs, are
considered fixed quantities in this study and are capacitive 0.44
p.u., inductive 0.44 p.u., 0.92 p.u., 0.98 p.u., 1.02 p.u., 1.035 p.u.
and 1.1 p.u. Q, and Q; are considered 0 p.u. during the normal
voltage operation period, which is from 0.98 p.u. to 1.02 p.u,,
as the controller does not intervene during these periods. P,
and P, are the rated power and the minimum allowable pro-
duction during active power curtailment. The settings are
selected considering the combined effect of the VVC and
VWC control. The settings can also be optimally calculated,
as in (Lee et al. 2020). For this analysis, all PVs in the network
have the same VVC and VWC settings. Figure 1 shows the
IEEE standard.

In Algorithm 1, the overall process of the combined opera-
tion of the Volt-Var control (VVC) and Volt-Watt control
(VWC) modes in an SI is represented. The power flow is
executed using OpenDSS and Matlab co-simulation. The bus
voltages at the nodes where the IBG is installed are continuously
monitored. Depending on the magnitude of the bus voltage, for
all SIs in the network, the VVC is first implemented. After the
implementation of the VVC, the power flow is executed again,
and if the node voltage is not regulated by the application of the
VVC, then the VWC is implemented in the SIs connected to the
nodes where there are still voltage violations.

A

P,, V.
Prated ¥

Vi.Q)

(P2, Vs)

Veere (V3,Q3) 'V, Vy

Vs
Voltage (pu)

Figure 1. [EEE 1547-2018 standard (ieee standard 2020).

Qu1; Prated forv <
Q2+%(V_V2)7Pmted fOT‘V1<V§V2
0, Prated forv,<v < s
P)(v) = _
(Q, )(V) Q3+%(V_V3)7Pmted fOTV3<V§ V4
Q47P2+%(V—V4) forva<v < s
Q4, P> forv>vs

(1

Algorithm 1  An algorithm for combined VVC and VWC of
a Smart Inverter

Require: t > 0,n > 0, m > 0,k > 0, PL(¢)
Ensure: t = 0, m = 0, V,,(0) > 0, PV (0)
1: while t < T do Initialization

2:  whilem < n — 1 do Implement VVC
3 if V,,,(#)>v, & V,,,(t) < v5 then

4 Q) (t) =0

5 sz(t) = Prated

6: else if V,,(¢) < v; then
7.
8
9

>0, 2
>0,Q,7(0) =0

Q. (t) = Q
sz(t) = Prated
: else if V,,(¢)>v; & V,,(¢) < v, then
10: QY () =Q,

+ala( )
11: PPV(t) = Pratea

12: else if V,,(¢)>v; & V,,(¢) < v4 then
13: in(t) = Q3 =+ % (‘V — V3)

14: PPV(t) = Pratea

15: else ifV,,(t) > v, then

16: QV(t) = Qu

17: PPV(t) = Pratea

18: end if

19: end while

20: set P and Q and Run power flow

21: Obtain voltage after VVC

22:  while m < n — 1 Implement VWC
23: if V,,,(#)>v4 & V,,,(t) < v5 then

24: PPY(t) = Py + 211 (v — vy)
25: else if V,,(¢) > vs then

26: PPV(t) =P,

27: end if

28: end while

29: set P and Q and Run power flow
30: Compute voltage after VWC

31: end while

3.2. Centralized voltage control methods in smart
inverter

In a centralized control, the set points required for active
power and reactive power are sent from a central controller.
Reactive power support and active power curtailment to pre-
vent voltage violations or to limit voltage within a certain
voltage band are produced by optimal power flow solutions
in centralized control. This optimization may be carried out by
a centralized controller (Maharjan, Khambadkone, and Peng
2021) or by intelligent smart inverters that communicate with
each other in a distributed manner (Wagle et al. 2023).



Reactive power can only be delivered in a certain quantity. The
portion of the inverter capacity reserved for reactive power
may not be sufficient to maintain the voltage at acceptable
levels during substantial active power generation. Moreover,
the impact of the reactive power is constrained by the large R/
X values in LV networks. Therefore, active power curtailment
is necessary to avoid exceeding the upper voltage limit.
Methods to reduce active power are suggested in (Kashani,
Mobarrez, and Bhattacharya 2017; Noh et al. 2019). The owner
of the IBG suffers directly from this curtailment since less
power will be produced. Therefore, it is wise to use the avail-
able reactive power as efficiently as possible and to reduce the
active power curtailment. This can be achieved by an OPF-
based centralized controller using the penalty factor in the
objective function. The process of achieving OPF-based reac-
tive and active power control from the smart inverter is
explained in Section 4

4. Overall methodology of OPF based reactive and
active power control from smart inverter

Figure 2 shows the overall method for optimal reactive and
active power control from a smart inverter. The distribution
network is first modeled in OpenDSS (EPRI 2007).
Simulations collect power flow solutions based on test data
defined in Section 5, network information (such as Yy, I, V),
and sets and parameters of the optimization model. The
optimization model consists of a number of user-defined
functions that collect and process measurement data

| oo | [t |
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(obtained from energy meters installed on the test network)
that are required for optimization. Pyomo is used to create
a mathematical model based on the information obtained, as
described in Sections 4.1 and 4.2. This work is inspired by
(Rigoni and Keane 2019), which creates an open-source tool
for optimal co-simulation between OpenDSS and Python. In
reality, the reactive and active power of each instance
obtained from the optimization is fed to the SIs, thereby
completing the cycle of the overall process. However, in this
work, the optimization model computes the optimal reactive
and active power required to maintain the voltage profile. All
monitored parameters are calculated from the mathematical
model developed in this study. The simulation is performed
in a time step of 5 min. The optimization process is carried
out for a period of one day. A detailed description of the
distribution network modeling and the formulation of the
optimization model is described in the following subsections.

4.1. Modeling of 3 phase unbalanced network

The formulation of a mathematical model of a three-phase
unbalanced distribution network plays an important role in
obtaining optimal voltage control (Rigoni and Keane 2020). In
the power system, load flow problems are solved using the
Newton-Raphson method or the fast decoupled method new-
(Monticelli, Garcia, and Saavedra 1990). However, due to some
specific characteristics of distribution networks, such as their
radial nature, unbalanced operation, mixed loading models,
and the number of nodes and branches, the classical load flow

System Model | :

l---------------------------—---J

A

EEEE

Python Interface @ python

Sets of || Parameters of

OPF based

Distribution Network Controller

Model Model

Smart Inverters

Optimal values for
Active and Reactive Power

|

I Set Boundary |

Define Constraints I

Develop Objective
Functions

| Obtain Solution |

Figure 2. Overall block diagram to perform the OPF-based reactive and active power control in Smart Inverter.
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models may not converge. To address the challenges in dis-
tribution networks, several three-phase power flow methods,
such as the backward-forward sweep (BFS) (Bompard et al.
2000) and the current injection method (de Oliveira Alves et al.
2020) for distribution networks, are proposed in the literature.
The convergence of the BFS method is correlated with the size
of the equivalent line impedance and the load admittance,
which limits the application of BFS in a large unbalanced
distribution network. Compared to BFS, the current injection
method converges faster even for an unbalanced and heavily
loaded three-phase network (Tostado-Véliz, Kamel, and
Jurado 2021). In this paper, the current mismatch method
obtained from the current injection model is used to mathe-
matically formulate the model. To simplify the modeling,
neutral cables are explicitly neglected in this analysis. Nodal
voltage phasors are represented in terms of active and reactive
power injections/absorption from generators/loads by the cur-
rent mismatch equations.

Figure (3) shows the simple layout to calculate the
power injections considered in this paper. The loads and
IBG are placed according to the planning and optimal
locations in the distribution network as active and reactive
power injections. Based on the loads and the generation of
power from IBG obtained from the energy meters, the
specified active and reactive power is calculated. The spe-
cified active and reactive power injections into the network
with respect to the IBG connected to a bus m and the load
connected to a particular bus k in phase s and at time ¢ is
given by Equation (2) and (3).

— ( M(t ) eneration ( )) form - k
(P;c(t))speciﬁed - { (P;( tg) form =0 (2)
s (@) gonrarion = (QU(D),, - form =k
(Qk(t))speciﬁed = { (Q g) o form =0 ©)

where, P, (1) seperation 15 active power generation on the bus m
for phase k and at time ¢, Q},(t) is reactive power

generation on the bus m for phase k and at time ¢,

generation

Pi(t),,Q;(t), are active and reactive load demands on the
bus k for phase s and at time ¢.

The specified active and reactive power injections are
related to the voltage phasors and the specified current injec-
tions. From Equation (4) and (5), real and imaginary parts of
the specified current can be calculated.

(Pi(t)>spectfied = §R<V/i(t)) X %(Ii(t))speciﬂed + %(Vi(t))
x 3 (I]SC (t) ) specified (4)

(Q;C(t))specified = (\}(V’i(t)) X §R(Ilsc(t))specified - %(Vi(t»
x s(IISC(t))specified (5)

where, (Pi(1)),ecifica is specified as active power injection in
the bus k for phase s at time t. (Q}(f))pecifea 15 specified for
reactive power injection in bus k for phase s at time t.
R(L(t ))Spec iied 1S Real part of specified current injection in

bus k for phase s at time t. S(I3(f)) is Imaginary part

specified
of specified current injection on bus k for phase s at time ¢,
V;(t) is the voltage phasor of bus k for phase s at time ¢.

The calculated current depends on the property of the net-
work and the nodal voltage of the network. From the calcu-
lated voltage and the network property, the calculated current
can be calculated using Equation (6) and (7). The real and
imaginary parts of the calculated current injections on the bus
k for phase s and at time ¢ are given in Equation (6) and (7).

8%(]5 calculated Z E |: i?% Va

ieQ aep

- BIS(vi)] @)

(IS calculated Z Z |:GS =) Va + Bi?m(va( )] (7)

ieQ aep

where ( is the set of network buses and p is the set of all

phases {a’ b’ C}' R (Ilsc (t))calculated and 3 (Ilsc<t))calculated
real and imaginary parts of the calculated current injections on

the bus k for phase s and at time t. R(V?(f) and S(V7(t) are
the real and imaginary parts of the voltage phasors at node i

are the

Network

a,b,c a,b,c
T
U e
Vi (t)
(IO ]
Pi(t)r,Qi(t)r
T et | [ R0
P»,«sn(t)generation o IBGS
an(t)generation

Figure 3. Current injection model.



and phase a at time ¢. Gk and Bk are the conductance and
susceptance between node k and i for phases s and a.

The difference between the calculated current and the spe-
cified current is considered the mismatch current. Equation
(8) is the mismatch current at bus k for phase s and at time ¢.

(I’SC (t) ) calculated (IS ( ) ) specified (®)

S
where, (I ( k(t))culculated and (
specified current injections in t

time t.

AL (1) =

) ccified Y€ the calculated and
lqe bus k for phase s and at

4.2. Formulation of optimization model

A multistep control is proposed within a finite time horizon. It
is assumed that the predicted values are capable of anticipating
uncertainties in the IBG and loads along the time horizon.
From these predicted values, the optimization model calculates
the decision variables (reactive power and active power curtail-
ment of the smart inverter in this case) to regulate SI in the
network to overcome voltage violations and optimally utilize
reactive power and active power curtailment (Weckx et al.,
2014). The complex power output of the smart inverter is
limited by the nominal apparent power rating of the inverter
|Sf]"”‘| given by Equation (9)
(PO (1) — PP (1)) + (QP(0)* = ([ ()] )
where P}BG(t) is the power of the smart inverter connected
to node j, P]P <urt(t) is the curtailed power of the smart inverter

connected to node j, Q"%(t) is the reactive power produced/

absorbed by the IBG at node j.

The smart inverter cannot curtail power more than the
power produced by the IBG. Therefore, the power restriction
can be between 0 and the power produced at that instant. This
adds to the constraint given by Equation (10)

0< P]Pcurt(t) < P]{BG(t) (10)

As it can be assumed that the inverter operates at a certain
power factor at a particular instant in time, this also introduces
a constraint that relates reactive power and active power pro-
duction from PV as given by Equation (11)

Q;BG(t) S (X(P}BG(t) _ P}’curt(t)) (11)

In Equation (11), « is constant, which limits the ratio between
the reactive and active power of the PV inverter. Smart inver-
ters have a reactive power limitation. This limitation is given
by Equation (12) where « is the limiting value of the reactive
power of the smart inverter considered in this paper.x is taken
as 0.44 pu in this case.

k< Q}BG(t) <k

(12)

As the objective is to limit the voltages in the network, the
maximum limit (V™%) and the minimum voltage limit (V")
are set as one of the constraints, as shown in Equation (13).

ymin < V() < v (13)
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The objective of the proposed method is to regulate voltage
violations by coordinating reactive power control and active
power curtailment by a smart inverter. The objective of the
controllers is also to curtail as little active power as possible. The
unnecessary use of reactive power could result in higher losses. To
avoid unnecessary use of reactive power, a small penalty factor for
reactive power is added to the objective function. To ensure that
active power curtailment dominates the penalty factor for reactive
power, a penalty factor w = 0.01 is included. The ultimate opti-
mization challenge is described by Equation (14).

iz[ (Q%¢(r)* + (1

t=1 i=1

mlmmlze
QIBG PPLurl

subject to (9 —13)

= w)(Pr(n) |

(14)

where T is the overall simulation time period. T includes
a day with a 5-minute time interval.

5. Simulation results and analysis
5.1. Test system

The proposed methodology is implemented in a European low
voltage distribution network (LVDN) (European 2022) and
a CIGRE medium voltage (MV) distribution network (Cigre
2014). This system is well known and represents a number of
common distribution networks (Schneider et al. 2018). The
original European LVDN has 906 nodes (including the sub-
station node) and 905 branches. Among the 906 nodes, 55
nodes are used to connect different sizes of single-phase
loads. To solve the optimization problem of the original
European LVDN on a daily basis with a 5-minute time resolu-
tion, there will be 288 instances. The simulation is performed
on an Intel (R) Core (TM) 15-8265 U CPU 1.8 GHz processor
with 8 GB RAM, 64-bit operating system. The optimization
process takes a significant time for convergence, and hence
a reduced ordered European LVDN is considered in this
analysis. The reduced ordered network operates under full
load conditions without loss of critical network information,
as studied in (Khan and Hayes 2022). In this way, optimization
can be achieved faster. Reduced/modified European LVDN is
shown in Figure (4). The reduced network has 117 nodes
(including a substation transformer) and 116 lines. The num-
ber of loads is considered the same as in the original LVDN.
The summary of network information is shown in Table 1. The
load data are taken from (European 2022; Schneider et al.
2018). Data for reduced European LVDN are available in
IEEE Data Port (Khan and Hayes 2022).

In this paper, PVs (PV) is considered an inverter-based
generation (IBG). The power produced by each PV is
considered to vary in nature throughout the day, as
shown in Figure (5). PV data is taken from(LV network
models, 2014), which are processed for a 5-minute resolu-
tion and randomly scaled (multiplied by 2.5) to create
intentional voltage violations in the network. Scaling is
done to consider a case of very high PV penetration,
which results in voltage violations. Therefore, 3.5kW PVs
are considered to be placed on all load buses in the
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Figure 4. Simplified European Low Voltage Test System (Khan and Hayes, 2022).

Table 1. European LV Test System.

Network Type No. of Nodes No. of Branch No. of Loads
Original Network 906 905 55
Simplified Network 117 116 55

network. Mitigating voltage violations resulting from the
penetration of PV is the main scope of the study. In this
analysis, it is assumed that all installed PVs follow the
same profile throughout the day.

Similarly, in this study, the original CIGRE MV network is
considered. However, to consider the study with very high
penetration, all load buses are connected with inverter-based
generations (IBG). The network property of the original net-
work is considered the same. The size of the loads and IBG is
calculated using the hosting capacity calculation performed in
a separate study. The power profile of the PV system is con-
sidered the same, but the scaling factor of all PV systems in the
network is considered the same and is equal to 300 kW.
Furthermore, to consider the daily load profile of the loads,
the load shape shown in Figure (6) is considered. This load
shape is obtained by resampling the data for a winter of
(Porsinger et al. 2017). By resampling the data, 5 min resolu-
tion data are created to fit the load profile for the OPF. For
simplicity, the same load shape is considered for all loads.
However, the load ratings are considered as given in Table 2.
In the original test network, the network consists of residential
and commercial loads, but in this study, the cumulative resi-
dential and commercial load is considered.

5.2, Simulation of European LV distribution network with
VVC, VWC, combined VVC and VWC method, and
OPF-based control in smart inverter

For the OPF-based method, the optimization is developed in
Pyomo and is solved using the Knitro solver. optimization
results are processed to obtain the required observation vari-
able. In the case of combined VVC and VWG, the simulation is

Active power profile of PV
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2.0 A
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0.0 1

AP Ny 2® 22°
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A°

Figure 5. Active power profile of PV for a day at 5 mins resolution (LVnetwork
2017).

first performed using Matlab and OpenDSS co-simulation.
The control algorithm is programmed in a Matlab script.
From the simulation, the output profiles for voltage, active
power, reactive power, and active power curtailment are
obtained for both cases. To see the effect of PV in the network,
the simulation is performed without considering the penetra-
tion of PV and then considering the integration of PV. Later,
control methods are implemented to obtain the desired output
responses. The control methods are implemented separately;
one for the combined VVC and VWC methods and another
for the OPF-based method.

Figure (7) is the voltage profile without and with PV inte-
gration on a European LV network. For the load profile con-
sidered, the voltage profile is almost within the allowable limits
without the integration of PVs. However, with the integration
of 100% PV, voltage violations are observed in the network.
3D plot for the voltage is also shown to provide a clear visua-
lization of the voltage profile.
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Figure 6. Load shape of loads on CIGRE MV network at 5 mins resolution
(LVnetwork 2017).

Table 2. CIGRE MV distribution network benchmark application: Load parameters.

Node Smax (kVA) power factor
Bus1 20400 0.98
Bus3 550 0.97
Bus4 445 0.97
Bus5 750 0.97
Bus6 565 0.97
Bus7 90 0.95
Bus8 605 0.97
Bus9 675 0.85
Bus10 570 0.97
Bus11 340 0.97
Bus12 20580 0.98
Bus13 40 0.97
Bus14 605 0.97

Figure (8) is the 2D and 3D plots for the voltage profile of
the network with VVC and VWC based on sensitivity. From
the figure, it is observed that the voltage profile is properly
maintained by applying the VWC method. However, in VVC,
the voltage is not maintained. This could be due to the capacity
limitation of the smart inverter to support the reactive power.
Therefore, in the case of extremely high power generation,
where no other option is available to regulate the voltage,
active and reactive power control from the smart inverter can
be an option. However, to optimize the network operation, the
OPF-based method or the combined VVC and VWC methods
can be implemented.

Figure (9) is the 2D and 3D plots for the voltage profile of
the network with the OPF-based method and the combined
VVC and VWC method. In the figure, it is observed that the
voltage profile is properly maintained by applying the com-
bined VVC and VWC method. But in the OPF-based method,
the voltage is just above the upper limit boundary. This could
be due to a small penalty factory introduced in reactive power
in the objective function to prevent unnecessary use of the
reactive power.

Figure (10) is the 2D and 3D plots for active power and
reactive power profiles with the application of VWC and
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VWC. Active and reactive power from the smart inverters is
obtained after the standalone VWC and VVC are implemen-
ted. Since in standalone VWC, no reactive power support is
provided and in standalone VVC no active power is curtailed,
the outputs for them are not presented here.

Figure (11) shows the active power profile in 2D and 3D
after the implementation of the combined VVC and VWC
method and the OPF-based method. The active power profile
after the application of the control is obtained by subtracting
the active power curtailment from the power produced.
Because less active power is curtailed in the case of
a combined VVC and VWG, the active power profile of the
combined VVC and VWC has a nature similar to that of the
power produced by PVs. Less power curtailment is observed in
the combined VVC and VWG, as the voltage is first regulated
by the VVC prior to the implementation of the VWC.
However, in OPF-based methods, active power curtailment is
achieved on the basis of optimization. The active power profile
depends on the active power curtailment.

Similarly, Figure (12) shows the 2D and 3D profiles of
the reactive power, respectively. Reactive power profiles are
obtained from the application of the OPF-based method and
the combined VVC and VWC method. In this study, the
positive reactive power is considered to be a capacitive reac-
tive power support and the negative reactive power is con-
sidered to be inductive. Voltage violations below the
prescribed limit are supported by capacitive reactive
power, whereas voltage violations above the prescribed
limit are supported by inductive reactive power. Since in
combined VVC and VWC, the reactive power support is
implemented first, the smart inverter provides a greater
amount of reactive power support to regulate voltage viola-
tions. In the OPF-based method, proper coordination
results in lower reactive power support. With the OPE-
based method, the reactive and active power of the smart
inverter is controlled in a coordinated manner. A less reac-
tive power contribution is observed to maintain the voltage
profile.

Figure (13) shows the 2D and 3D profiles of the active
power curtailment of smart inverters using two control
approaches. In the case of combined VVC and VWC, the
active power curtailment is implemented only if there are
voltage violations even after the application of reactive power
control. In the case of the OPF-based method, the active power
curtailment is one of the optimization variables obtained from
the optimization.

5.3. Simulation of CIGRE MV distribution network with
sensitivity-based VVC and OPF-based control in smart
inverter

Analysis has been done for the combined VVC and VWC on
the CIGRE medium voltage network. However, the results
obtained for combined VVC and VWC, show that only reac-
tive power control (VVC) can mitigate the voltage violations
due to the robustness of the CIGRE network, and active power
curtailment is not required. To present comparable results, the
network needs significant modifications. Therefore, the simu-
lation results related to the power curtailment are not included
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Figure 7. Voltage profile of European LV test system without PV and with PV penetration.
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Figure 8. Voltage profile of European LV test system with VVC and VWC control in smart inverter.

in this paper. For this purpose, the optimization model for
OPF-based control is developed using the same methodology
implemented for the European LV test system. However,
a small modification is made to remove the effect of active
power curtailment in the formulation of the optimization
problem. Similarly, sensitivity-based Volt-Var control (VVC)
is achieved in a similar way. The results related to reactive
power control are presented in the paper as shown in Figure
(14). These figures show that the voltage profile can be man-
aged by applying only reactive power control.

Figure (14) is the 2D and 3D plots for the voltage profile
for the CIGRE MV network without and with PV. For the
load profile considered, the voltage profile without PVs in
the network is within the allowed limit. However, after the
integration of PVs into the network, the voltage profile
changes and some voltage violations are observed in the
network.

Similarly, Figure (15) is the 2D and 3D plots for the
voltage profile for the CIGRE MV network with OPF-based
reactive power control and VVC based on sensitivity. From
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Figure 9. Voltage profile of European LV test system with OPF-based and combined VVC and VWC-based control in smart inverter.
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Figure 10. Active power and reactive power profile of PVs with VWC and VVC respectively.

the figure, it is observed that the voltage profile is properly
maintained in both cases. However, in the OPF-based
method, the voltage profile is compensated for so that less
reactive power support is utilized.

To show the effectiveness of the OPF-based method and
the sensitivity-based method in terms of the contribution
of reactive power, 2D and 3D plots for reactive power
supports for both methods are presented in Figure (16).
In the case of the OPF-based method, a lesser contribution

of reactive power is observed to maintain the voltage
profile.

5.4. Comparison of OPF-based control approach with
sensitivity-based VVC, VWC, and, combined VVC and VWC

To compare the effectiveness of various control methodolo-
gies, performance indices such as the voltage performance
index, total power loss, total contribution of reactive power,
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Figure 11. Active power profile of PVs with opf-based control and combined VVC and VWC in smart inverter on a European LV distribution network.
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Figure 12. Reactive power profile of PVs with opf-based control and combined VVC and VWC in smart inverter on a European LV distribution network.

and total curtailment of active power are used. Detailed expla-
nations of each comparison index are explained in the follow-
ing way.

« Voltage performance index (VPI): The voltage perfor-
mance index (VPI) is defined by the sum of the difference in
voltages in phase s of bus k at time ¢ and the maximum

allowable upper limit V., (1.05 p.u. in this case).
Mathematically, VPI is given by Eq. (15)

VPI = (Vi(t) = Vinax)

kENpys,s€(a,byc) teT

(15)
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Figure 13. Active power curtailment profile of PVs with opf-based control and combined VVC and VWC in smart inverter on a European LV distribution network.
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Figure 14. Voltage profile of CIGRE MV distribution network without PV and with PV penetration.

The lower value indicates that only a few voltage instances
have violated the upper limit. Therefore, the lower the VPI
index, the better the controller performance. Among the con-
trol approaches considered, the combined VVC and VWC
have a better performance in terms of VPL. The higher value
of the VPI in the case of the OPF-based method is due to

a small penalty factor introduced in the reactive power in the
objective function to prevent the unnecessary application of
the reactive power.

o Total power loss: The total power loss in the network is
obtained from the optimization and the co-simulation. Having
a lower network loss is beneficial for the distribution system



14 (&) R WAGLEETAL.

Voltage Profile of CIGRE MV network

1.100

1.075

1.050

1.025

1.000

Voltage [pu]

0.975

0.950

0.925

0.900

Q

2 3

N A

A0 p

A%
Time [minutes]

2°

N By
3D Voltage profile of CIGRE MV network

1.04

1.03

Q0000
S2ERE2R8

1.02

e

=3

Voltage [pu]

1.01

S oop
0o
©o

N
]
g
a
2

(a) voltage profile of CIGRE MV distribution
network with OPF-based reactive power con-
trol in Smart Inverter

Voltage Profile of CIGRE MV network

1.100

1.075

1.050

1.025

Voltage [pu]
-
°
8
8

0.975

0.950

0.925

0.900

N 0 A 0 B 20 A0

Time [minutes]

3D Voltage profile of CIGRE MV network

1.020
1.015

1.010

I
800000505

1.005

8888822332
Voltage [pu]

S oop

N
=1
3
&, S

1.000

N
&
S|

0.995

(b) voltage profile of CIGRE MV distribution
network with sensitivity based VVC in Smart
Inverter

Figure 15. Voltage profile of CIGRE MV distribution network with OPF-based and VVC control in smart inverters.
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Figure 16. Reactive power profile of PVs in CIGRE MV distribution network with OPF based and VVC control in smart inverters.

operator. On the other hand, a lower network loss also indi-
cates that a lower current is flowing through the line. In cases
where the network is marginally loaded, lowering the current
flow can increase the capacity of the network to accommodate
additional loads. The OPF-based method utilizes the reactive
and active power in an optimal way so that total power loss is
observed while using the OPF-based controller. In terms of

total power loss, the OPF-based method is considered suitable
to compare with the sensitivity-based VVC, VWC, and the
combined VVC and VWC method.

o Active power curtailment: Another important perfor-
mance index considered is active power curtailment (APC).
APC is the amount of active power that is cut out to
mitigate voltage violations. Although APC is not
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Table 3. Comparison of the performance of the OPF-based method with the combined VVC and VWC method in the European LV

distribution network.

Comparison index wWC VWC combined VVC and VWC OPF
Voltage performance index (VPI) 0.17 0.0637 0.0055 0.0285
Total network loss [kW] 1.73 1.89 1.77 1.49
Total PV power [kW] 57.24 57.24 57.24 57.24
Total Active power curtailment [kW] 0.00 44,03 1.73 5.87
Total Reactive power contribution [kVAR] 8.68 0.00 13.76 8.93

a desirable option as this method reduces the power pro-
duction of PVs, this can be an option when other regulat-
ing solutions are not available. The lower the active power
curtailment, the better the controller performance. The
APC is calculated from the sum of active power curtailed
from the smart inverter in each instance. A more active
power curtailment is observed while using VWC and no
APC in VVC. In combined VVC and VWC, active power
curtailment is implemented only after the application of
VVC, so fewer APCs are observed. However, among the
approaches considered, the OPF-based method provides
a less active power curtailment.

» Reactive power support: To avoid voltage violations,
smart inverters can provide or absorb reactive power. In the
case of a distribution network (high R/X), when the smart
inverter provides reactive power to resolve voltage viola-
tions, there will be an increase in network losses. Therefore,
it is crucial to identify the reactive power support from the
smart inverter. Furthermore, with increasing concern for
the reactive power market, the amount of reactive power
support from the smart inverter is a significant index for
comparison. The total contribution of reactive power is
computed by taking the absolute value of the reactive
power obtained to discard the effect of positive (capacitive)
and negative (inductive) reactive power support in this
study. Since in the OPF-based method, the active power
curtailment and the reactive power support are optimally
obtained, the smart inverter provides a combination of
inductive and capacitive reactive power support in the OPF-
based method. Reactive power support is not provided by
the VWC method. However, in the case of the VVC and
combined VVC and VWC methods, inductive reactive
power support is provided, which will increase network
loss.

The summary of the comparison of the different perfor-
mance index for the methods considered is shown in Table 3.
Table 3 shows that the combined VVC and VWC methods
provide better voltage performance and less active power cur-
tailment. However, in this method, more network loss and
more reactive power compensation are observed. Similarly,
in the case of the OPF-based method, less network loss and
less reactive power contribution are observed. In terms of
reactive power support and total network loss, the OPF-
based method is considered better than the combined VVC
and VWC.

Similarly, the comparative analysis of various performance
indices for the CIGRE MV network is presented in Table 4.
From Table 4, it can be seen that the OPF-based method is
more suitable than VVC based on sensitivity in terms of lower
network loss and reactive power support.

Table 4. Comparison of the performance of the OPF-based method with sensi-
tivity-based VVC method on CIGRE MV distribution network.

Comparison index WC OPF
Voltage performance index (VPI) 0.00 0.00082
Total network loss [kW] 164.99 73.28
Total PV power [kW] 4870.89 4870.89
Total Reactive power contribution [kVAR] 1408.09 1248.02

6. Conclusions

An OPF-based control to mitigate the voltage violations due to
the high penetration of inverter-based generation in a smart
inverter-enriched unbalanced distribution network is consid-
ered in this paper. The optimal set points for reactive power
and active power curtailment to mitigate voltage violations are
obtained using an optimization model developed in this study.
This paper also compares the proposed method with the Volt-
Var (VVC), Volt-Watt (VWC), and combined VVC and VWC
methods. The main focus of the comparative study is to identify
the amount of reactive power support from various approaches
and to determine the possible impact on overall network loss
and other performance indices. A fair comparison is made in
terms of voltage performance index, active power loss, active
power curtailment, and reactive power contribution from Smart
inverters in a reduced European LV distribution network and
CIGRE MYV distribution network. The simulation demonstrates
that various approaches may effectively address voltage violation
issues. However, voltage violations are resolved through
a combined VVC and VWC method with a lower voltage
performance index (VPI) and less active power curtailment.
A higher active power curtailment is observed with VWC
only. The lower active power curtailment in combined VVC
and VWC is due to the application of active power curtailment
after the implementation of the possible reactive power support
from the smart inverter. However, combined VVC and VWC
produce a greater system loss in the network and a greater
contribution of reactive power support from the smart inverter.
On the other hand, the OPF-based method optimally utilizes
reactive power support and active power curtailment, providing
lower network loss and less reactive power support from smart
inverters. In this paper, the contribution of reactive power sup-
port for various control strategies is considered a key differen-
tiating factor when considering the type of suitable control
approach. The authors believe that the analysis presented here
is significant when there is growing concern about the ancillary
reactive power service in the distribution network. OPF-based
methods may be a good choice in the context of the growing
economic concern about the reactive power of smart inverters
and the advancement of smart inverters with intelligent mon-
itoring and communication infrastructures.
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The coordination of reactive and active power curtailment
of smart inverters is the focus of this analysis. However, the
application of other voltage-regulating devices in coordination
with the smart inverter is left for future research. This method
is modeled using real-time data sets obtained from energy
meters installed on the distribution network. The proposed
method can be more suitable for implementing a real-time
control application, as they include real-time measurements
to create the optimization model for obtaining the optimal set
points. Real-time application of the proposed method is
planned as future work.
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