& frontiers | Frontiers in Smart Grids

‘ @ Check for updates

OPEN ACCESS

EDITED BY

Nikos Hatziargyriou,

National Technical University of Athens,
Greece

REVIEWED BY

Lei Yang,

Zhejiang Energy R & D Institute Co., Ltd, China
Shunfu Lin,

Shanghai University of Electric Power, China

*CORRESPONDENCE
Valliappan Muthukaruppan
vmuthuk4@gmail.com

RECEIVED 15 December 2023
ACCEPTED 11 March 2024
PUBLISHED 16 April 2024

CITATION

Muthukaruppan V, Shi 'Y and Baran M (2024) A
supervisory Volt/Var control scheme for
coordinating voltage regulators with smart
inverters on a distribution system.

Front. Smart Grids 3:1356074.

doi: 10.3389/frsgr.2024.1356074

COPYRIGHT

© 2024 Muthukaruppan, Shi and Baran. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiersin Smart Grids

TYPE Original Research
PUBLISHED 16 April 2024
Dol 10.3389/frsgr.2024.1356074

A supervisory Volt/Var control
scheme for coordinating voltage
regulators with smart inverters
on a distribution system

Valliappan Muthukaruppan'*, Yue Shi?> and Mesut Baran®

tExelon Corporation, Chicago, IL, United States, 2Boston Energy Trading and Marketing LLC, Boston,
MA, United States, *Department of Electrical and Computer Engineering, North Carolina State
University, Raleigh, NC, United States

This paper concentrates on the efficient utilization of smart inverters for Volt/Var
control (VVC) within a distribution system. Although new smart inverters possess
Var support capability, their effective deployment necessitates coordination with
existing Volt/Var schemes. To address this, a novel VVC scheme is proposed
to facilitate such synchronization. The proposed scheme bifurcates the issue
into two levels. The initial level involves utilizing Load Tap Changer (LTC) and
Voltage Regulators (VRs), coordinating their control with smart inverters to
regulate the circuit's voltage levels within the desired range. The subsequent level
determines the Var support required from smart inverters to minimize overall
power loss in the circuit. The supervisory control results are communicated
to the respective devices equipped with their local controllers. To minimize
frequent dispatch, smart inverters are supervised by adjusting their Volt/Var
characteristics as necessary. This approach enables the smart inverters to
operate near their optimal control while meeting the limited communication
prerequisites in a distribution system. A case study employing the IEEE 34 bus
system illustrates the efficacy of this supervisory control scheme in contrast to
traditional Volt/Var schemes.

KEYWORDS

Volt/Var optimization, coordinated control, smart inverters, Volt/Var curve, active
distribution system, smart grid

1 Introduction

Current Volt/Var control (VVC) schemes, widely employed by numerous utilities, rely
on legacy control devices like capacitor banks, load tap changers, and voltage regulators.
Their primary objective is to maintain voltage levels across the feeder within the ANSI
limit (ANSI, 2020). However, the recent surge in the deployment of distributed energy
resources (DERs) within the distribution system poses challenges to the efficacy of these
traditional VVC schemes (Sharma et al., 2020). Conversely, it has been acknowledged that
the inverters utilized in most DERs possess the capability to offer Var support. In order to
promote the utilization of this new capability, IEEE Std. 1547 underwent revision, leading
to the development of new operating modes featuring varying Volt-Var characteristics
(VVar-C) tailored for these advanced smart inverters (SIs) (IEEE, 2018). Nonetheless, for
these SIs to significantly contribute to VVC, careful selection and periodic updating of
their VVar-C according to evolving system conditions are crucial (Singhal et al., 2019).
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The VVar-C based control for SIs represents a widely accepted
local control framework integrated into the IEEE 1547 standard
(IEEE, 2018) and adopted by Rule 21 in California (CPUC, 2022).
In Jahangiri and Aliprantis (2013), the author highlights the
effectiveness of local control in addressing voltage rise problems
stemming from high Photovoltaic (PV) penetration. However, the
author also underscores the occurrence of oscillatory issues, even
when employing a single SI with a droop control scheme. In
Singhal et al. (2019), the author tackles issues related to low steady-
state error (SSE) and stability/convergence in droop control by
dynamically adjusting the droop parameters. Additionally, Ding
etal. (2018) introduces a VVC scheme utilizing legacy devices while
integrating SIs with fixed VVar-C characteristics.

An alternative strategy involves treating Smart Inverters as
controllable Var sources, framing the issue as an Optimal Power
Flow (OPF) problem (Farivar et al., 2013; Dall’Anese et al,
2014; Robbins and Dominguez-Garcia, 2016). Addressing the
computational complexities, Jha et al. (2019) and Xu et al. (2019)
propose two control loops operating on different timescales. The
slower update loop manages the dispatch of legacy devices, while
the faster update loop focuses on dispatching SIs through a separate
Var optimization problem. However, this method encounters a
significant computational burden due to the substantial number of
discrete variables required to represent VR operations. To resolve
this challenge, we propose an efficient search algorithm aimed at
determining the optimal tap positions of VRs.

An obstacle in deploying an OPF-based scheme is the limitation
posed by the distribution-level communication infrastructure,
making frequent dispatching signals impractical (Neal and Bravo,
2011; Manbachi et al., 2015; Muthukaruppan and Baran, 2020).

This paper addresses these challenges by introducing a new
coordinated VVC scheme. Instead of directly dispatching Var
requirements, this approach involves periodic adjustments to
the Volt-Var settings of SIs. Moreover, the paper proposes
a computationally efficient VVC method, designed to ease
implementation in real-world applications. This method not only
reduces the reliance on legacy devices but also capitalizes on
the rapid response capabilities of smart inverters. The primary
contributions of this paper can be summarized as follows:

e The original Volt-VAR Optimization (VVO) problem, a
variant of the optimal power flow problem, is classified as
NP-hard. Some methods proposed involve convex relaxation
of the non-convex problem, leading to semi-definite (Zhang
et al, 2015) or second-order cone programming problems
(Zheng et al, 2016). However, while these approaches
can find a global optimal solution under certain system
conditions, they fail to manage discrete or integer variables
linked with LTC and VR control (Bazrafshan et al., 2019).
Conversely, linearizing the initial power flow problem
permits the integration of LTC/VR control, enabling complete
device coordination. Nonetheless, the exponential increase
in discrete variables due to LTC/VR control may be
unmanageable for larger systems (Jha et al., 2019). To resolve
these issues, this work proposes a gradient-based two-stage
optimization framework. This framework coordinates LTC
and VR device control with smart inverters to minimize
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overall power loss in the circuit. It introduces an efficient
search algorithm for VR/LTC control, reducing the search
space of tap positions. This coordination offers multiple
advantages, such as efficient voltage regulation with minimal
tap changes compared to traditional VVO schemes.

In response to the limited communication infrastructure
available in the field, a new dispatching scheme is proposed
to send optimal Var commands to inverters by adjusting
existing Volt/Var curves. This approach reduces reliance on a
central controller for voltage regulation and optimizes reactive
power injections under various operating conditions. The
dispatch scheme is structured to minimize communication
requirements. With this approach, smart inverters can
continue injecting reactive power close to the optimal value
between dispatch intervals.

Although fixed VVar-C curves effectively regulate local
voltage, they can escalate the required var injections due
to the lack of coordination among inverters. This increased
injection leads to higher overall power loss in the circuit
during regulation. Shifting the Volt/Var curves based on the
optimal solution from the central VVO problem demonstrates
improved coordination among inverters. This enhancement
allows for efficient utilization of devices based on their size
and location, subsequently reducing overall reactive power
requirements and losses incurred during voltage regulation.

The subsequent sections of this paper are structured as
follows: Section 2 introduces our proposed coordination strategy
for simultaneous dispatching of LTC/VR and smart inveters.
In Section 2.2, we present the strategy of shifting curves for
dispatching smart inverters, aiming to mitigate the issue of frequent
dispatch. The performance evaluation of the proposed control is
conducted using a test system in Section 3.

2 Supervisory VVO

The integration of DERs, particularly PVs, into distribution
systems poses challenges for existing VVC schemes. The high
penetration of PVs introduces power fluctuations caused by
factors like cloud movements, leading to rapid voltage fluctuations.
Conventional voltage control devices, such as VRs and LTCs,
are forced to switch frequently in response to these deviations
(Seguin et al., 2016), resulting in a shortened device lifespan and
an increased risk of premature failure.

The introduction of VVar-C curves through Smart Inverters
provides an opportunity to mitigate above mentioned issues
in current VVC schemes. The focus of this study centers
on implementing a VVC scheme within a utility’s distribution
system, specifically integrating Smart Inverters. This proposed
VVC scheme serves two main objectives: (i) coordinating the
operation of SIs with the utility’s Volt-Var devices and (ii) ensuring
computational efficiency for seamless practical implementation.

In this scenario, a centralized VVC scheme emerges as the most
effective approach to ensure smooth coordination between utility
VVC tools and SIs. Given the critical necessity for rapid controller
response at the distribution level, communication infrastructure
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FIGURE 1
Flowchart of proposed coordinated Volt/Var control algorithm.
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typically relies on radio-mesh/cellular-based systems. Moreover,
the intermittent nature of DERs requires swift dispatch actions.
In this work, it is assumed that the utility possesses a robust
distribution Supervisory Control and Data Acquisition (SCADA)
system capable of gathering field data for control cycles.

The proposed centralized scheme oversees both conventional
VVC devices and SIs providing
supplementary Var support. To handle computational complexities

under utility control,
efficiently, a two-stage optimization scheme is adopted. Stage-1
involves the use of smart inverters and conventional devices to
establish a feasible operating point, setting the stage for Stage-2,
which optimizes smart inverters to minimize the total power loss
in the circuit.

The flowchart depicted in Figure | illustrates the proposed
architecture. Initially, smart inverters take charge of circuit voltage
regulation. If these inverters reach their limits while attempting
voltage regulation, legacy devices step in. During Stage-1, the
primary goal is to bring the voltage within ANSI limits. However,
if certain inverters hit their reactive power limits during voltage
regulation, Stage-2 encounters challenges in finding an optimal
solution for minimizing total circuit loss using reactive power.
Consequently, VR/LTC devices regulate voltage while maintaining
zero inverter injections, enabling Stage-2 to determine an optimal
set point for the inverters to minimize total loss.

2.1 Stage-1: feasible operating point

This phase involves updating supervisor-set points for the LTC,
VRs, and inverters to effectively manage voltage regulation. The
primary objective of stage-1 is to establish an attainable operating
point, essential for stage-2 to swiftly derive an optimal solution
aiming to minimize overall power loss within the system.
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To mitigate the usage of legacy devices, which are prone to
mechanical wear and tear due to frequent operation, a strategic
approach is adopted. Initially, priority is given to smart inverters
in the voltage control process, striving to bring the voltage within
ANSI limits (V € [0.95, 1.05]p.u.). Legacy devices, specifically LTCs
and VRs, are employed for voltage regulation only if the smart
inverters reach their power limits or if voltage violations persist
despite the initial inverter operation.

2.1.1 Inverter control

The objective of inverter control in stage-1 is to flatten the
voltage across the system. Let g(v,q) denote the power flow
constraints which is a set of equations Vi € A as shown in
Equations (1, 2) where Nis the set of system nodes.

- pi» =V Z vj(Gij cos 6;; + Bjj sin 6;;) (1)
jeN

qf - qi- = Z vj(Gj sin 0j; — Bjj cos 0) (2)
jeN

Where, pf is the real power generation from PV at node i,
pﬁ is the real power consumption at node i, q‘zg is the reactive
power injection from smart inverters, and qé is the reactive power
consumption. 6;; = 6; — 6} is the voltage difference between node
i and j, Gj + jBj = Y is the element of Y-bus matrix. The
mathematical formulation of this problem is given in Equation (3)
which is solved using a gradient-descent approach.

minimize Z w;(vi — Vref)z
ieN
subjectto g(v,q) =0,

Vmin = Vi = Vmax

Vie N, 3)
qfninqufq%nax ViE./\[,

w; =0 ifv; € [0.95,1.05]
where, .
w; = 1 otherwise
Here, v, is the desired voltage profile through out the system,
generally fixed at 1.0 p.u., and v is the vector of voltage magnitudes
and q is the vector of reactive power injections.

2.1.2 VR/LTC control

As mentioned earlier, the control of LTC/VR devices is
employed only when smart inverters are unable to effectively
regulate the voltage. Both LTC and VR tap positions are discrete,
typically having 33 taps (including the zero-tap position), with
each tap representing a 0.00625 p.u. voltage change. While LTCs
at substations are commonly gang-operated in three phases, VRs
are typically controlled on a per-phase basis to enable independent
voltage adjustments for each phase.

Due to the discrete nature of tap control, performing an
exhaustive search for possible tap settings can be computationally
daunting. For R single-phase controlled regulators and K three-
phase controlled regulators, the total search space expands to

333K For instance, in a system equipped with one LTC and
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one VR, the total possible tap combinations amount to 33 x 33
X 33 x 33 = 1,185921. To mitigate this exhaustive search, a
method based on Ozdemir et al. (2016) has been devised. This
method capitalizes on the observation that minor tap adjustments
are usually sufficient. Instead of exploring all 33 taps, the method
reduces the feasible search space to a maximum of two to three taps
up or down, denoted as ATap = {0, £1, +2, +3}.

In this study, the search space is further constrained by applying
additional rules, as illustrated in Figure 2. As depicted, voltage
calculations involve varying the voltage control device closest to
the substation (e.g., LTC) with a tap adjustment Taprrc(k) €
ATap, while maintaining a constant tap position for downstream
voltage control devices. Over-voltage violations trigger a search
for downward taps in downstream devices, whereas under-voltage
violations prompt searches for upward taps in downstream devices.

« »

Here, “p” represents the corresponding phase of the voltage
regulator. A backward-forward three-phase distribution power
flow solver is utilized to determine voltages for various tap
combinations during the search. This approach reduces the overall

33R 4 K and a worst-case scenario of

search space to an average of
73R 4 3K,

Given numerous tap settings that bring voltages within limits,
a criterion is essential to determine preferred legacy device settings.
In our approach, maintaining a flat voltage profile is chosen as the
criterion, aligning with the preferred voltage profile for a feeder.
Consequently, during the search, feasible VR settings are ranked
using the voltage variance criterion as expressed in Equation (4).
Post-search, VR tap settings producing the best voltage profile are
selected as the new settings for VRs. Typically, Vs is chosen as
1.0 p.u., and achieving a flat voltage profile can potentially lead
to reduced power loss and consumption in the circuit through
Conservation Voltage Reduction (CVR) (Jha et al., 2019).

Viar = Z (Vi - Vref)z (4)
ieN

2.2 Stage-2: loss minimization

The Var compensation loop aims to optimally dispatch reactive
power injections from inverters to minimize total power loss within
the circuit while maintaining voltages within specified limits. The
mathematical formulation of this objective is described in Equation
(5), solved using a gradient-descent approach:

minimize Z Gij [vlz + vf — 2v;vjcos Qij]
i#

subjectto  g(v,q) =0,
Vmin < Vi < Vmax Vi€EN, (5)
Toin < @ < Gonax Vi€ N,

wi = 0 if v; € [0.95,1.05]

w; = 1 otherwise

where, {

However, due to limited communication infrastructure and
bandwidth constraints, utilities face challenges in frequently
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dispatching optimal var commands to inverters. Solely relying
on a local control approach using VVar-C significantly impacts
operational optimality since they are primarily designed to bring
voltages within limits without an optimal control strategy.

This study proposes a novel dispatch strategy for inverters. It
integrates var commands derived from a centralized optimization
problem into the current VVar-C of inverters, ensuring minimal
communication requirements.

VVar-C is AQ
and a reference point Vs using four defining points
(V1,Q1), (V2,Q2),(V3,Q3), and (Vy, Q4) as illustrated in Figure 3.
Here, Q; and Qg correspond to the inverter’s Qy;,, while Q, and

Typically, characterized by a slope

Q3 are generally 0.

In Zhou et al. (2021), the author elaborates on local control
engineering and presents a framework for interpreting the dynamic
nature of VVar-C as a distributed optimization problem. This
approach aims to minimize system voltage deviation from nominal
value (v,¢r) while simultaneously reducing required reactive power
provisioning at each inverter.

Furthermore, Zhou et al. (2021) demonstrates that the
equilibrium point of this curve (v*, g*) satisfies both the power flow
equations g(v*, g*) and the VVar-C curve g* = f(v*). This theorem
is utilized to shift the VVar-C from the current curve to a new curve
based on the optimal solution (v*, ¢*) obtained from the centralized
optimization problem. The Theorem (2.1) affirms that by shifting
the curve, the new equilibrium point of the curve post-dynamics
will be the optimal setpoint (v¥, g*).

Theorem 2.1. For a given optimal power flow solution (vg,qg)
corresponding to an operating point, if we shift the existing
Volt/Var curves g = f1 (v — vref), where f; : R" — Q represents the
collection of Volt/Var functions for all inverters in the system, along
the voltage axis by ¥ — %, and v/ = fl_l(qg ) denotes the voltage
corresponding to g8 on the existing Volt/Var curve f;, this action
will yield a new set of Volt/Var curves f,. Notably, the equilibrium
point for these shifted curves f, will precisely align with (v, q¢) as
described in Equation (6).

e =f2(Vg - Vref)

(6)
fZ(V - Vref) :fl(V — Vref + Vg — vp)

where,
Proof. Let g(v,q) = 0 denote the three-phase power flow solution
of an unbalanced distribution system.

Let g = f(v — v,f) denote the Volt/Var control function where
f1 R" — Q denote the set of individual inverter Volt/Var functions
fi: R — ;. Note that g € Q and Q = [, ©; where, Q; = {g; |
9, < qi < q;}is determined by the inverter limits. Generally, q,is
0 and gq; is the available reactive power determined by the current
real power output and inverter size.

A point (v*, g*) is an equilibrium point of control function f if
it satisfies Equation (7) (Zhou et al., 2021):

g0, q") =0

™)
q* =f(V* - Vref)

Given an optimal power flow solution (vg,q,) which implies
8(g, q¢) = 0. This point will not be an equilibrium point of f but
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Flowchart of VR/LTC module.
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Input: Od War-C - fi(v) Vi e Nyt

Qutput: New War-C - fi(v) Vie Ny

1: Run the centralized optimzation problemto
obtain the individual var commands 4 and the
correspondi ng vol t age 1/? Vi e Ngr.

2: Obtain the voltage v corresponding to ¢ using the
ol d curve fi(v)).

3: sShift the curve by W
i+ =D = ).

4: Wth this new curve f,-(vf), the equilibrium point

— vl which leads to new curve

for current operating condition will be (qf,).
Di spatch the new curves fi(v) to the inverters.

Algorithm 1. VVar-C shifting algorithm.

we can still find a voltage v; corresponding to g, since g, € Q as
the inverter limits are included as a constraint in optimal power
flow problems. This implies v; = ffl(qg) or g = f(Vi — Vyer)s
note that f~! exist since f is non-increasing. (v}, qg) will not be an
equilibrium point since it does not solve the power flow equations,
g(v,qg) # 0.

By shifting the function f along the voltage axis by v, — v; we
have,

qg = f(vi — Vyef +vg — W)

(8)
dg :f(vg - Vref)

Equation (8) shows that (v, g¢) is a solution of the shifted function
fv = v + vg — vp) and it is also the equilibrium point of the
system since it satisfies the power flow equations g(vg, g¢) = 0. The
direction of shift will be implicitly taken care by the sign of vy — v;.

This shows that the optimal inverter set point can be dispatched
to inverters without modeling the Volt/Var curves in the opitmal
power flow problem which can become computationally intesive.
There are no restrictions on the Volt/Var curve f and the optimal
power flow problem, so any objective can be utilized and the
Volt/Var function f can be continuously shifted by using the
previous curve information.

The Theorem 2.1 asserts that by shifting the four setpoints
of the curve by v — v, the new equilibrium point will indeed
converge to (vg, qg). Its crucial to note that the direction of shift
is intrinsically handled by the sign of the difference v — v;. The
dispatching algorithm, expounded in Algorithm 1, is elucidated
in Figure 3. This algorithm encapsulates the process of shifting
the VVar-C setpoints to achieve the desired equilibrium point
(Vg: qg)-

In this framework, only the shift in the curve (v, — v;) needs to
be communicated to each individual inverter instead of dispatching
all four setpoints. This significantly reduces the communication
overhead required. Moreover, when the value of gg is very small
(e.g., below 0.1 p.u), the new curve is not dispatched, and that
specific inverter remains at the old curve. This approach further
diminishes the communication burden.

It’s that with this
strategy, modifications are made solely to the v, of the

important to emphasize shifting
inverters, while retaining the same slope for the VVar-C.
This approach effectively mitigates any stability issues in the

control system.
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3 Case study

A modified version of the IEEE 34 node system is utilized
for simulating the test cases as shown in Figure 4. This altered
test feeder replicates an actual rural Arizona feeder, with the
removal of the transformer between nodes 832 and 888 from
the original configuration. Additionally, a three-phase controlled
LTC is installed at the substation, while VR, remains at its initial
location; however, VR, between nodes 852 and 832 is eliminated.
Both VR; and the LTC are equipped with a £16 tap position
range, allowing for a £10% maximum voltage change. Notably, the
three phases of the VRs are controlled independently, and all shunt
capacitors from the original system are excluded. In the 34 node
system, there are 20 nodes initially connected with loads. For the
simulation, 10 nodes are linked with PV systems, of which 6 nodes
are furnished with smart inverter VVar-C capability, highlighted in
Figure 4.

The simulation considers 24-h profiles of both total load
and PV output, illustrated in Figure 5. Four distinct operating
conditions are evaluated: a high-load scenario during summer,
a light-load scenario in winter, a cloudy day with considerable
intermittency in PV output, and a clear, sunny day displaying
peak PV output. The proposed algorithm’s performance is assessed
across these diverse conditions to gauge its efficacy.

3.1 Test cases

To assess the performance of the proposed scheme four test
cases are setup based on the functionality of each device which will
be discussed in detail in following sections:

e Case-1: LTC and VR operate under local control. PV system
are present in the circuit but they donot have any smart
inverter capability and hence do not provide any VAR support.

e Case-2: LTC and VR act under local control. PV system have
smart inverter capability and act under local control with a
fixed VVC curve.

e Case-3: coordinated VVO with

coordination between legacy devices and smart inverters. Also

Proposed scheme
the proposed dispatch scheme is used to dispatch VVar-C
curves.

3.1.1 Case-1

In this case, only conventional devices participate in
the Volt/Var control. The control is purely based on local
measurements (Short, 2004). The LTC and VR control settings are
highlighted in Table 1.

Even though PV inverters are shown in Figure 4 they do not
participate in the Volt/Var control. The objective of setting up this
case is to show that legacy devices are not capable of restricting
voltage violations in presence of high PV.

3.1.2 Case-2

This case is an addition to case-1. Here apart from the LTC
and VR, the smart inverters in the system also participate in the
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FIGURE 5
Load and PV profiles used in the case study.
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FIGURE 4
Test system with location of PV and smart inverters.
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Volt/Var control. All devices operate based on local measurements
and the control strategy of LTC and VR are same as case-1. All the
smart inverters here will have a fixed Volt/Var curve as shown in
Figure 6 and operate based on the local voltage measurements at
the inverter terminals. We create two sub cases where all inverters
are either operate on fitted curves or relaxed curves as shown in
the figure.
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3.1.3 Case-3

Case-3 is the proposed coordinated VVO with curve shifting
dispatch scheme. All inverters are intialized with the fitted curve
as shown in Figure 6 but will be shifted based on the optimal var
injections obtained from the var optimization module every 5 min
using Algorithm 1. The simulation is setup in such a way that the
VVO module runs every 5 min where it dispatches voltage set
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points to legacy devices and the shifted VVar-C to smart inverters.
The smart inverters will use the new VVar-C and the local voltage
measurements to inject necessary reactive power in the sub 5-
min interval. The 5 min interval is most suitable for system with
high intermittent PV generation. If we choose a 15-min time
interval, the solar variation can be so high that the dispatched
voltage curves may lead to voltage violations while time intervals
<5 min will lead to frequent communication, overloading the
communication network.

As explained in Section 2.2, to avoid frequent shifting of
VVar-C a threshold of 10% total var is introduced in the shifting
algorithm. Whenever the optimal var injection Qg for an inverter is
<10% of total var limit of the inverter, the VVar-C is retained at old

curve and no shifting is applied to that inverter.

3.2 Test results

We use various metrics to evaluate the performance of the
proposed VVO scheme. During the 24 h simulation:

. Nyy is the number of under voltage violations.

. Nov is the number of over voltage violations.

. Loss (kWh) is the total loss realized in the network.
. Nrrc is the number of LTC tap operations.

. Nyg is the number of VR tap operations.

A U A W N =

. Niotat = Nrrc + Nyg is the total number of legacy device
operation.

TABLE 1 Set points for legacy devices.

10.3389/frsgr.2024.1356074

7. Vinax is the maximum voltage recorded in the system.
8. Vinin is the minimum voltage recorded in the system.

The results are summarized in Tables 2, 3 for four different
operating conditions as per Figure5. The key insights are
summarized below:

In Case-2, both relaxed and fitted curve sub cases have similar
results but with fitted curve there is lot lower legacy device
operation and better voltage regulation at the cost of higher loss.
This is primarily because in the relaxed curve there is a voltage
deadband where inverters do not inject any reactive power which
leads to lower loss at the cost of poor overall voltage regulation and
higher dependence on legacy devices. In the rest of the paper we
will compare Case-3 against Case-2 fitted curve since the results are
similar between relaxed and fitted curve and it is fairer comparison
as the fitted curves are used for shifting in Case-3 since it has better
voltage regulation. In the rest of the paper when we refer Case-2 we
refer to only the fitter curve results.

Under all operating conditions the proposed VVO scheme
(case-3) eliminates over voltage and under voltage issues indicated
by the Nyy and Noy values. Case-1 performs poorly as it can
neither address the under voltage issues during peak load condition
nor the over voltage issues during peak PV condition which
indicates that the legacy devices are incapable of addressing voltage
issues in presence of PV. Even though case-2 with fixed VVar-C
is capable of drastically reducing these violations, it still cannot
completely eliminate the violations. But case-2 still performs
really well in eliminating the over-voltage issues caused by PV as
highlighted in the results of light load operating conditions.

Another major advantage of the proposed VVO scheme is the
significant reduction in operation of legacy devices. In case-1 the
overall operation of LTC and VR is significantly high since in the

Setting VR LTC absence of smart inverter capability all the intermittency in PV
v LoV - is handled by these devices. The VR operations are higher than
“ LTC due to the time delay between them. On the other hand,
Bandwidth 2v v case-2 manages to reduce the overall tap operations from case-1
Time delay 605 30s but still the Ny, is significantly high due to lack of coordination
between the inverter control and legacy device control. Moreover,
Max tap change 1 1
even with such high tap operations both the cases perform poorly
—Fitted Curve === Relaxed Curve
1 !
Z 05F .
o
i=
§ Or 1
g
< -05¢F .
1 i
0.9 0.95 1 1.05 11
Voltage in p.u.
FIGURE 6

Default VVar-C for smart inverters.
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TABLE 2 Case study comparison under high load and different PV operating conditions.

High load

Metrics Cloudy PV Sunny PV

C-2 (rel) C-2 (fit) C-2 (rel) C-2 (fit)
Nov 2 0 0 0 0 0 0 0
Nyv 228 206 74 0 219 192 75 0
Loss (kWh) 1,373.02 1,391.73 1,510.58 1,189.07 1,358.04 1,396.9 1,542.39 1,233.23
Nire 2 2 2 21 2 2 2 8
Nz 629 498 284 106 253 154 68 47
Niotal 631 500 286 127 255 156 70 55
Viax 1.056 1.033 1.025 1.05 1.05 1.036 1.025 1.05
Viin 0.909 0.9293 0.9375 0.956 0.909 0.9295 0.9375 0.951

Bold values highlight the best value, performance in that row/metric.

TABLE 3 Case study comparison under light load and different PV operating conditions.

Light load
Metrics Cloudy PV Sunny PV
C-2 (rel) C-2 (fit) C-2 (rel) C-2 (fit)

Nuv 0 0 0 0 0 0 0 0
Loss (kWh) 316.97 366.48 575.97 351.44 466.41 557.51 730.56 5126
Nire 3 3 3 1 3 3 3 2
Nyr 372 210 106 12 56 40 27 21
Niotal 375 213 109 13 59 43 30 23
Vinax 1.062 1.045 1.03 1.043 1.058 1.048 1.027 1.048
Vinin 0.952 0.954 0.963 0.964 0.954 0.954 0.963 0.956

Bold values highlight the best value, performance in that row/metric.

in eliminating the voltage issues. The proposed scheme manages
to considerably reduce the overall number of tap operations while
completely eliminating any voltage violations in the circuit. The
reduction is extensively highlighted during cloudy PV days where
proposed scheme reduces operation by about 90% compared to
case-1 and 70% compared to case-2.

Since, in the proposed scheme we optimize the var injections
for overall power loss minimization, we can observe a considerable
reduction in the total power loss realized during the 24 h
simulation. During high load condition we can see that the
proposed scheme has the lowest loss compared to case-1 and case-
2. Case-2 has particularly high loss because local control approach
is known to increase the power loss because of lack of coordination
in control between the inverters. This is also evident from case-1
loss which is lower than case-2 in the absence of inverter control.
During light load condition the power loss of case-1 is lower than
proposed scheme because the overall reactive load in the circuit is
low and with inverter control in proposed scheme the loss is higher
due to var injections from the smart inverters.

Figure 7 shows the reactive power injections from inverter at
node 840 during high load cloudy PV condition between case-2
and case-3. In all three phases of the inverter case-3 manages to use
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very low var to regulate the voltage which leads to much less power
loss as seen in Tables 2, 3. This shows the advantage of shifting the
curves compared to case-2. Another interesting observation is that
during later part of the day (after 16:00) when PV ramps down
and load is high case-2 tries to inject reactive power as the reactive
power demand is high but interestingly case-3 stills absorbs reactive
power even though there is already high reactive power demand.

Further investigation shows that by shifting the curves we
are managing the reactive power requirements from the inverters
strategically depending on size and location of the inverters on
the circuit. As highlighted in Figure 8 the reactive power from the
inverter at node 890 which has a large PV system in the middle
of the circuit is utilized as conventional VVar-C device injecting
reactive power at high load condition while inverters toward the
end at node 836, 840, and 848 with comparatively lower size are
operated as reactive power absorbing devices. While in case-2 the
reactive power requirements are equally distributed among the
inverters which all act as reactive power injecting devices during
high load condition.

The voltage drop issue associated with absorbing reactive power
during high load condition is mitigated by keeping the LTC taps at
maximum position as shown in Figure 9 compared to case-2 and

frontiersin.org



https://doi.org/10.3389/frsgr.2024.1356074
https://www.frontiersin.org/journals/smart-grids
https://www.frontiersin.org

Muthukaruppan et al.

10.3389/frsgr.2024.1356074

Case-2 —Case-3

kVar

=
¥

FIGURE 7

1 1 1 1 1 {mw” 1 4
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 Case-3 Case-2
30 _Ph-B T T T T T T T i -
a 20“ E;; 1
& 10 ialageo VAL
< 0 L 'Mv T " s !Ir E
-10 I I 1 i 1 I 1 L
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 Case-3 Case-2
50-PhC ] T
S 3 \ ; \ =
i 0 ] i —y L ] E
- | i i1 1 I o A | 1 L - i
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 Case-3 Case-2

Comparison of reactive power injections from inverter at node 840 for high load cloudy PV condition.

30 -+ - ]
20 = = =5
' 1
I S S R A
0 1 1 I
' 10 1 1
8- T 20 + - N ]
60 : : 836 840 848
- + : -
1 1 —— —
e T s T 0¥ . T
~ 1 == — 4 +
2o S = = = I
-20 - . & G H
-40 - i .
I 1
-60 : : _
80 T+ : -
100 - : L ; : | | [ ICase-2 l:lICase-a 1
890 830 834 836 840 848
Inverter Location
FIGURE 8

Distribution of reactive power injections after 16:00 for high load condition.

case-1. This also highlights the advantage of coordinated control
between the devices.

Apart from the reduction the
usage, the main advantage of shifting the VVar-C is the
smoothing of system voltage profile. Figure 10 shows the
distribution of voltage at end node 840, which shows
that proposed case has a much tighter voltage profile

in reactive  power
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compared to case-2. This is beneficial to utilities while
applying CVR.

To validate the claim that by shifting the curve the equilibrium
point of new curve is infact the optimal solution from central VVO
problem we show the error between the optimal var command
against the var injection from new curve for same operating points
at 5-min intervals in Figure 11. We can see that the error is very low
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about 7% average which is predominantly from the accumulation
of inherent steady state error of Volt/Var curve from all inverters in
the system which leads to a maximum voltage error of 0.4%.

Time taken for optimization problem to converge at every 5-
min interval is shown in Figure 12. Under all operating conditions
the maximum time taken to converge is only 1 s which indicates
that the proposed algorithm can easily be applied to larger systems
with multiple voltage regulators and smart inverters while still
dispatching with 5-min control interval.

4 Conclusion

This paper proposes a new VVO scheme that coordinates the
control of legacy devices like voltage regulators and load tap-
changers with smart inverters for real-time implementation. A new
dispatching scheme for smart inverters is proposed that utilizes
the optimal var injections obtained from the coordinated VVO to
shift the existing Volt/Var curves in the inverters laterally thereby
minimizing the communication requirement as well as reduce the
dependency on centralized VVO for voltage regulation. Validation
of proposed scheme on a test feeder shows that the new VVO is
superior to conventional Volt/Var control schemes based on local
measurements in eliminating the voltage violations, provide better
voltage regulation, significant reduction in tap operation which will
reduce the wear and tear of the mechanical devices, and overall
reduction in power loss in the circuit. In future work we would like
to analyze the impact of communication failure on the performance
of proposed scheme.
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