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Abstract

KEYWORDS: Model Predictive Control (MPC); volt/var control (VVC); active

distribution network (ADN); local control.

Electricity generation and transportation sectors are significant contributors to the increasing car-
bon foot print of the society. The utilization of greener generation technologies in both these sectors
is the solution to the increasing carbon emissions. Microgrid is considered as the key technology for
integrating distributed energy resources (DER) in distribution networks. However, increased pene-
tration of DERs in distribution networks brings new challenges in the operation and management of
power system, among which voltage fluctuation is the most severe. Moreover, the stochastic nature
and concentrated power profile of photovoltaics (PVs) and electric vehicles (EVs) further aggravate
the situation by interfering with the voltage control devices. This necessitates development of a proper
control structure that optimally coordinates all the entities such as distributed generation (DG) units,
energy storage system (ESS), EVs and other voltage regulating devices present in a network.

In this thesis, a model predictive control (MPC)-based centralized control approach has been devel-
oped that optimally coordinates the different entities, such as, actions of on-load tap changer (OLTC),
distribution static synchronous compensator (DSTATCOM), and active and reactive power set-points
of PV and EV inverters to manage the node voltage variations and fulfill other objectives. Further,
the proposed controller follows a set of i f —then — else rules to effectively utilize the MPC in control-
ling node voltages as well as minimizing energy losses in active distribution network integrated with
microgrids. To investigate different volt/var control devices based on different temporal characteris-
tics, the proposed control strategy has been further converted to a two-stage control structure. The
two functionalities of active distribution management system (ADMS), i.e., demand response (DR)

and conservation voltage reduction (CVR) strategies are included in this two-stage voltage control
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methodology to enhance energy efficiency of the distribution networks.

Due to the availability of on-board chargers, opportunities emerge for EV to provide services to the
distribution network operators through vehicle-to-grid (V2G) technology. EV chargers can provide
reactive power at different state of charge (SoC) without degrading the battery life cycle. Although
EV infrastructure benefits the distribution system through V2G services, the increasing number of
EVs creates congestion in the feeders, resulting in network overloading. Thus, a dual-stage centralized
control strategy has been developed to mitigate voltage variations and line congestion. Moreover,
the effects of locations of EV charging stations in an industrial or a residential lateral of distribution
networks are further studied.

A three-stage MPC-based centralized coordinated approach has been further developed to schedule
charging of EV and volt/var devices. The approach aims at maintaining bus voltage magnitudes and
SoC of EV battery within desired limits with minimal usage of control resources and cost of electricity
consumption. The additional third stage schedules charging of EV half-hourly with respect to the
real-time electricity price. The control approach ensures that EVs attain the desired SoC at the
time of their departure from the charging station without violating the voltage limits. The economic
aspects of EV aggregators in charge scheduling and reserve scheduling have been further evaluated to
add value to the third stage. Moreover, DR has been used in the third stage of operation. The effects
of slow and fast charging on the voltage profile, and cost of electricity consumption have been further
explored in this study. Furthermore, the reactive power set-points achieved from the centralized control
scheme follow the integrated local Q(V) characteristics according to DER integration standards so as
to establish the control problem as multi-level control structure.

The 33-bus and 38-bus radial distribution networks are used to validate all the proposed control
approaches. The CONOPT/CPLEX solver of General Algebraic Modelling System (GAMS)/IBM
ILOG community edition software is used as the solution tool. The simulation results show that the
proposed MPC-based coordinated control approach could effectively bring the voltage magnitudes
within the desired limits and limit line congestion. Integrated CVR and DR in the proposed approach
further helps in reducing voltage error, energy loss, and energy consumptions. Moreover, it ensures

that EVs attain the desired SoC at the time of their departure from the charging station.
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1.1 Introduction

1.1 Introduction

Distributed energy resources (DERs), such as, micro turbine, fuel cells, photovoltaic (PV) and wind
energy systems play a crucial role in the alley towards future energy landscape [1-5]. These renewable
energy based distributed generation (DG) units have gained popularity with the promotion of policies
by government, including feed-in-tariffs, renewable portfolio standards, tradable green certificates,
investment tax credits, and capital subsidies [1]. With the technological growth, there is a massive
transformation of passive distribution networks into active distribution networks (ADN) accompanied
by the role of more energy collection and storage [1,2,4].

Although the DG units play an important role in reducing pollution and enhance the economics
by minimizing transmission loss, the intermittent nature of DG units brings several crucial challenges
to the operation of power systems [6-8]. Some of the key challenges faced by the operator are in-
verse/reverse power flow, temporary over/under voltage, line congestion, frequency stability issues,
protection equipment design to meet the reliability standards, voltage fluctuations and its regulation,
etc. Voltage regulation problem is identified as one of the main challenges in ADN that restrict the
incorporation of DG units [6,8-10]. Basically, DG units due to their bidirectional energy flow uplift
the voltage across feeders. Besides, DG units due to their intermittent power fluctuations and pen-
etration to LV/MV network cause severe voltage excursions. Traditionally, DG units are asked by
distribution network operator (DNO) to operate at zero reactive power, which limits the application
of DG units as voltage control devices. However, with the advancements in technology, the level of
complexity of ADN has increased manifold with a wide variety of DG units, energy storage system
(ESS), controllable loads, and voltage regulators. Moreover, typical conventional techniques, such
as, on-load tap changer (OLTC) and capacitors switching may not be sufficient enough to regulate
voltages under inverter dominated grid. Consequently, the usage of DG units as voltage regulators
requires urgent investigation.

The different control elements that are used as voltage regulators can be classified into
(i) legacy voltage control devices and

(ii) power electronics interfaced devices.

The OLTC, set-voltage regulators, shunt capacitors fall under legacy voltage regulation devices.
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The manipulation of active and reactive power of power electronics interfaced devices, such as, PV,
EV, ESS, distribution static synchronous compensator (DSTATCOM) and other custom power devices,
controllable loads act as voltage violation mitigation techniques.

An illustration of the voltage control problem in a small distribution network with wide-variety of
distributed energy resources is depicted in Fig. 1.1. Initially, the DNO defines a target voltage for
each bus in the network. The security or economical purpose, e.g., network losses minimization might
be the basis of choosing the target voltages. However, reaching the actual target values is impractical
and likely infeasible. Thereby, the network voltages are kept within some limits around the target
values. These limits are referred to as normal operation limits. Maintaining the voltages within the
prescribed limits is one of the main objectives of the controller. While the voltages of some buses
fall in the undesirable region, the controller uses the minimum control actions to bring these voltages
within the acceptable limits. As the voltages cross the emergency limits, the controller uses all its

efforts to maintain voltages in the specified band of operation.

A Unacceptable
Region
S Undesirable Region o LA
HV/LV
Transformer R e =
ith OLT
e " Normal
gu Operation
= Targeted Voltage Limits
DSTATCOM >
Undesirable Region Emergency Limit
Unacceptable
Bus 6 Region
-

Loads Bus Number

EV Aggregator

Figure 1.1: An illustration of voltage control problem of active distribution network.

Over the past decades, focus has been made on the control schemes to maintain the voltages
within an acceptable level rather than investing in reconfiguration of the whole network to accom-
modate DG units. There has been a growing emphasis on centralized, decentralized, and distributed
control schemes in the distribution network housed with large number of DER units [6-11]. As shown

in Fig. 1.2, a dedicated central controller in the centralized control scheme collects the data and
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calculates the control actions for all the single units at a single point. This scheme requires an ex-
tensive communication infrastructure. Decentralized and distributed control structures do not require
a central controller. Fully decentralized control scheme relies on the local controller based on local
information. While the decentralized controller is unaware of the information of the system and other
units, the distributed controller performs control calculations by gathering information and measure-
ments from the neighboring controllers. An illustrative example of different control schemes used in a

small distribution network is shown in Fig. 1.2.

CENTRALIZED
CONTROL

DE-CENTRALIZED
CONTROL
DE-CENTRALIZED ey 2
CONTROL < DE-CENTRALIZED
CONTROL
DE-CENTRALIZED
CONTROL —»

DE-CENTRALIZED | S
DSTATCOM INO)

Communication _ Communication
, ~

v ¥

R
DISTRIBUTED DISTRIBUTED
CONTROL CONTROL

HV/LV Transformer
With OLTC

DISTRIBUTED
CONTROL

Bus 6

EV Aggregator

Figure 1.2: Different control schemes used in active distribution networks: (i) centralized, (ii) decentralized
(iii) distributed.

Although each control scheme has its own set of advantages and disadvantages, the usage of multi-
layer /hierarchical [12—14] control structure is seen frequently in recent literature as the standardized
solution to the efficient ADN energy management. The hierarchical control structure distributes the
control functions into local controllers and upper level controllers, so that the complete system operates
in a more efficient way [1-4]. Further, the multi-layer control structure is restructured to a multi-level
hierarchy where decentralized and distributed control schemes occupy the local level control [7, 13]
and centralized control scheme occupies the upper level control.

The primary, secondary and tertiary control levels constitute the multi-level control structure. The
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Figure 1.3: Multi-level control structure implementation in active distribution network.

primary control is basically a decentralized local control method which features the fastest response.
Master-slave and peer-to-peer control are the two main methods for primary control [1,2]. Secondary
control is used to compensate the frequency and voltage deviations induced by primary control and
to realize a prescribed power sharing scheme among DG units. Tertiary control enables an optimal
operation of the system on a longer time scale. Both secondary and tertiary control structures work
in coordination to form the energy management system (EMS) [1]. However, the definitions of these
control schemes vary in different literature. For example, in some papers, tertiary control is established
as an entity responsible for coordinating the operation of multiple microgrids interacting with one
another in the system [1]. In that scenario, the secondary control structure is entrusted with added
functionality apart from regulating voltage and frequency. The choice of the control structure varies
according to the type of microgrids (residential, commercial, or military), and the legal and physical
features (location, ownership, size, and topology) [2]. A schematic of hierarchical control structure
with specific objectives and operation times is depicted in Fig. 1.3 [4].

Recently, several cutting-edge algorithms are being developed and utilized as optimal voltage
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regulation schemes that persuade different network elements to work in a coordinated and cooperative
manner. These optimal voltage regulation algorithms use either single-step or multi-step optimization
techniques to optimally change the control variables, which is predefined in the system. The active
and reactive power of DG units and the voltage set point of OLTC are controlled externally by
many researchers to achieve the targeted voltages. With a view to minimize the voltage deviation in
a distribution system, the objective functions are formulated as linear, non-linear or mixed integer
problems. The complexity in terms of data handling and computation time in real-time scenario
needs considerable amount of attention in the designing of these voltage regulation algorithms. The
power systems researchers around the globe have significantly contributed on real-time optimal voltage
control of ADN during the last decade.

In this chapter, the works on voltage control are systematically presented. A classification tree
is developed for voltage control, as shown in Fig. 1.4. It consists of three levels based on different
attributes. The Level #1 classification is based on the functionality of the control approach. The
way the different control schemes are implemented is the basis of Level #2 classification. The Level
#3 classification is based on the different voltage control methodologies reported in literature. The
special emphasis is given in the literature review to identify the optimal voltage control approaches.

A wide variety of literature on optimal control of voltage is presented in the next section.

1.2 Literature review

This section describes literature review on voltage control in ADN. A level-wise classification tree
is shown in Fig. 1.4. The studies on voltage control in ADN are divided into two broad categories in

Level #1 classification:
(i) local control approach and

(ii) coordinated control approach.

Local control approach typically describes the control actions taken at DER level [7,10,11] that
include the actions applied to the inverter such as, proportional active/reactive power sharing, inner
voltage and current control loops, maximum power point tracking (MPPT) strategy in PVs/wind
generation, etc., without any communication. The local control layer also performs several rudimentary

functions like control of generation/consumption and management of ESS locally. This approach can
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Figure 1.4: Level-wise classification tree of voltage regulation/control approaches in active distribution net-
work.
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be considered as the first level of hierarchical control structure. With the increasing complexity of
network, the local control is not enough to maintain the voltage within prescribed limits, thereby, the
need of a coordinated control approach is felt by many researchers [6,7,9-15]. That is why, in some
papers [10-13,16,17], both the approaches are investigated in hierarchy manner.

The coordinated control approach is further divided into
(i) intra-network control and

(ii) inter-network control.

Intra network control approach refers to the presence of a robust controller at upper level [6,7,9-15]
to coordinate the actions of the control elements present in an ADN or microgrid (MG). Authors in [10]
have utilized both local and coordinated voltage control schemes as real time control. The recent trend
is towards interconnecting multiple MGs to enhance reliability of the system. For a multi-microgrid
system, a higher level control (inter-network control) [16-19] is required to integrate all the MGs
present in a system such that they work in a coordinated fashion. The DNO is at the highest level to
monitor power transfer between all MGs and command the microgrid controller accordingly. Moreover,
DNO can optimize the MG operation in a more economical way and can provide the platform for
competitive market among the MGs. Paper [18] proposes a voltage frequency management technique
for multi-MGs system that gets activated when the lower level controller fails to maintain voltage and
frequency within acceptable limits. It is to be noted that the coordinated control approach can be
referred to as the secondary and tertiary levels of control in multi-level control structure.

The Level #2 further classifies the Level #1 classification based on the way of implementation
of the control approach. The control schemes are implemented basically in three ways: (i) central-
ized, (ii) decentralized and (iii) distributed. An illustration of these schemes are presented in Fig. 1.2.
While the local control approaches are usually implemented either in decentralized or distributed man-
ner, the coordinated control approaches are implemented in centralized, decentralized or distributed
manner. Decentralized and distributed structures do not require a central controller. Decentralized
control, as defined in [8], performs regulation based on local measurements, while, distributed control
is based on both local measurements and neighboring communication [7,11]. Reference [8] discusses
a method of maximum available active power extraction by utilizing a sensitivity analysis based de-

centralized control. Reference [11] presents an agent based scheme wherein locally measured data is
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Figure 1.5: Centralized coordinated control structure.

used by distributed controllers to alleviate voltage deviations. Here, a switching control framework is
proposed wherein the DERs are managed with a constant power factor keeping bus voltages within
specifications. There exists a central controller in centralized structure, which collects and transmits
information to local control elements [6,14]. Reference [6] employs model predictive controller (MPC)
centrally for voltage control in distribution networks and, they have found acceptable result following
extreme abnormal conditions. Here, the controller acts together on the power outputs of DG units
and the voltage set-point of the OLTC to maintain the voltages within acceptable values. A fast and
reliable communication infrastructure is essential for the centralized control. The optical fibre or Wifi
communication technologies have been developed to achieve fast and reliable data transfer [14]. The
IEC 61850 standard that has been designed by the international electrotechnical commission (IEC)
technical committee 57 can be used to meet the communication requirements of a centralized control
scheme by using the existing infrastructure or in some cases with some specific hardware [1]. An
illustration of centralized coordinated control structure has been shown in Fig. 1.5.

Although, the distributed approach reduces the communication burden compared to the centralized
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approach, it suffers from certain drawbacks. Because of its case-specific approach and inability to
provide an optimal solution, this approach is still in its developing stage. However, each control
scheme has its own advantages and disadvantages. A comparative analysis between these control
schemes is tabulated in Table 1.1. The comparison among these three schemes are based on the
attributes: computational cost, communication facilities cost, flexibility /expandability, reliability, and
difficulty in implementation. In recent past, several authors establish the voltage regulation problem
as a multi-level control [7,11-13,16,17]. There are different levels of control in this scheme with
predefined objectives as presented in Fig 1.3 [2]. Each level in the control hierarchy may be centralized,

decentralized or distributed according to the control objectives.

Table 1.1: Comparison between different control schemes.

Control Scheme Centralized || Distributed || Decentralized
Computational Cost High Medium Low
(complexity, time and space)
Communication facilities cost High Medium Low
Flexibility /Expandability Low Medium High
Reliability (concerning Low High High
single point of failure)
Difficulty in implementation Low High High

The Level #3 classifies Level #2 further based on the control algorithms and methods reported

by various researchers. The voltage control methodologies can be either

(i) optimization based or

(ii) non-optimization based.

Optimization based approaches find an optimal way to control the voltages by minimizing or
maximizing objective functions. Depending on the optimization problems formulated, the solution
strategies might be quadratic program (QP) [6], non-linear programming (NLP) [20], mixed integer
quadratic programming (MIQP) [21], mixed integer linear program (MILP) [22], etc. Reference [20]
proposes a consecutive three-stage optimization algorithm to reduce OLTC operations and active power
curtailment (APC) to satisfy the charging demand of plug-in electric vehicles (PEV) and meet the
voltage requirements. A robust optimization framework is developed in [22] to address the model un-

certainties such as admittance matrices of a distribution network with DGU. The optimizer embedded
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in MPC [6,7,12,14,15] calculates the optimal control actions in certain discrete steps. Reference [15]
utilizes a two-stage MPC to allow PEVs to participate as a reactive power compensator in distribu-
tion network. The different attributes of optimal voltage control are summarized in Table 1.2. The
different attributes considered are: objective function, solution strategy, type of DG units, type of
network, and the control scheme used in the paper.

Despite several advantages imposed by optimization based voltage control approaches, several
authors opt for non-optimization based approaches [11,23-25]. Reference [23] have developed a con-
sensus based distributed algorithm to coordinate the charging/discharging of PEVs with minimum use
of APC for voltage control problems. Authors in [24] have described a coordinated control strategy
based on some rules. The OLTC act on the voltages of the buses where the wind turbines are not
present. Droop control [7,12,13], proportional integral control (PI) [10], multi agent system (MAS)

based control [16], etc. are a few popularly used non-optimization approaches in the literature.

1.3 Motivations behind the thesis

The main challenge in ADN is identified as voltage regulation that restricts the incorporation of
DG units [6,8, 10,14, 16, 20, 21, 26-28]. Over the past decades, focus has been made on the control
schemes to maintain the voltages within an acceptable level rather than investing in reconfiguration of
the whole network to accommodate DG units. Several strategies (OLTC, shunt capacitors, DG units,
etc.) are discussed in the literature for mitigation of voltage violations in the distribution networks.
Nevertheless, without proper coordination among these strategies, oscillations would be induced in
networks due to unnecessary competition among the control devices to perform voltage regulation.
Thereby, coordinated control strategy has become the subject of interest to the researchers. The co-
ordinated control approaches can be either rule-based or optimization-based. The optimization-based
coordinated voltage control methods could avoid the drawbacks of non-optimization-based control to
achieve optimal operation of systems.

With the introduction of high amount of uncertainty due to renewable energy resources, real-time
optimal voltage control has gained attention among the DNO. Model predictive controller is one of
the popularly used real-time optimal voltage control strategies [6,10,14,21].

MPC is a closed-loop control framework that possesses the following features:

(i) It relies on measurements and estimation of system states.
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(ii) It predicts the future states based on the explicit model and anticipated disturbances.

(iii) It makes optimal decisions over the control horizon by considering all the constraints.

The MPC is formulated as convex quadratic, mixed integer linear as well as non-linear program-
ming. The three variants of MPC that are commonly used in literature are: (i) deterministic, (ii)
stochastic and (iii) robust [28]. On the basis of timescale decomposition of voltage control devices,
MPC can operate either in (i) single-timescale or (ii) multi-timescale.

From the literature survey carried out so far, the following research gaps are identified:

e Although numerous works have been reported on voltage regulation using MPC, none of them has
formulated the coordinated control approach utilizing OLTC and reactive power compensation
capability of PV inverters, that can minimize energy losses and can maintain the node voltages,
as well. In this context, this study proposes a rule-based MPC (RBMPC) approach to optimally
coordinate different control actions to maintain voltages within the prescribed limits as well as
minimize energy losses in the presence of PV units. These rules are designed with the aim to

utilize the MPC effectively along the day.

e Despite several works on demand response (DR) and conservation voltage reduction (CVR) [29],
they have not been integrated together in coordination with the volt/var control (VVC) in
an MPC-based coordinated framework. Moreover, coordination of different voltage regulation
devices with different temporal characteristics requires multi-timescale coordinated voltage con-
trol framework to minimize the switching operations of discrete devices, such as, OLTC. In
this context, this study considers timescale decomposition of VVC devices to regulate voltages

incorporating CVR and DR.

e The effects of locations of electric vehicle charging stations (EVCS) on VVC are not explored
much in the literature. Moreover, with the increasing number of EVCSs and PV units, congestion
becomes prevalent in the network lines [10]. However, management of line congestion in presence
of DERs (PV and EV) in the coordinated voltage control framework has not been considered
in recent works. This study presents a centralized algorithm to coordinate the several control
actions which include reactive power compensation capability of PV inverters, DSTATCOM and

EV inverters, and tap movement of OLTC.
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e The MPC-based EV charge scheduling has been discussed in many literature [30,31]. However,
the optimal coordination between EVs’ charging and other voltage regulation devices has not
been explored yet. Moreover, the studies of economic aspects by including EV aggregator’s profit
from the ancillary and charging/discharging services in MPC-based framework have not been
explored yet. Moreover, recent DER integration standards (IEEE 1547 standard) propose the
implementation of local characteristics in the DERs to absorb/supply the reactive power. In this
context, the local level controller is incorporated along with the upper level control structure
that adjusts the reactive power set-points of PV and EV inverters obtained from upper level

controller.

Thus, these research gaps are the motivations behind the present work.

1.4 Organization of the thesis
This thesis is organized as follows:

e In Chapter 2, an MPC-based centralized control approach is presented for maintaining the volt-
ages of the buses within permissible limits in the presence of high photovoltaic (PV) penetration.
The proposed control scheme optimally coordinates the actions of OLTC and PV inverters to
fulfill the desired objectives. The objectives are minimization of change in control variables,
slack variables, energy loss, and voltage error. These objectives are weighted to form the overall
objective function. Three rules are formulated based on the severity of voltage magnitudes. The

weights of the objectives are adjusted according to these pre-defined rules.

e In Chapter 3, a dual-stage model predictive based voltage control is proposed that optimally co-
ordinates the reference voltage of DSTATCOM and OLTC, and PV inverters’ active and reactive
powers set points to maintain network voltages within the operating limits. The two functional-
ities of active distribution management system (ADMS), i.e., demand response and conservation
voltage reduction are further explored in the voltage control methodology to enhance energy

efficiency of the distribution networks.

e Chapter 4 presents a dual-stage coordinated control approach for voltage regulation and conges-
tion management of ADN in the presence of PV generators and EVCS. The proposed scheme
operates on RBMPC to optimally manage the settings of the regulating devices, i.e., OLTC,
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DSTATCOM, PV generators, and EV inverters that have different temporal characteristics.

Here, the voltage and branch current magnitudes are the outputs as well as the states of MPC.

e The Chapter 5 proposes a three-stage MPC-based centralized coordinated approach to schedule
charging of EV and volt/var devices. The approach aims at maintaining bus voltage magnitudes
and state-of-charge of EV battery within desired limits with minimal usage of control resources
and cost of electricity consumption. The first stage determines the optimal operating points of
traditional discrete control devices on an hourly basis. The second stage dispatches the optimal
set-points of power electronics interfaced fast devices [PV and EV inverters] every one minute.
The third stage schedules charging of EV half-hourly with respect to the real-time electricity
price. The control approach ensures that EVs attain the desired state-of-charge (SoC) at the

time of their departure from the charging station without violating the voltage limits.

e EV aggregators (EVA), being the interface between DNO and EV users, is an independent
entity that also seeks its own sustainable benefits from the coordinated optimal scheduling and
regulation services. In Chapter 6, the scheduling of EV charging is done half-hourly, considering
EVA’s profit, and benefits for EV users. Moreover, the voltage regulation objective in all the
stages benefits DNO technically. The optimization function for the third stage is formulated
considering the benefits of the three parties: EVA, EV users and the DNO. The first and the
second stages of the proposed approach optimally dispatch the active and reactive power set-

points of PV and EV inverters, and reference voltage of OLTC.

e In Chapter 7, the conclusion of the whole work is presented along with some future directions

of the research in this area.

The Appendix of this thesis provides the simulation data for the 33-bus and 38-bus radial distri-

bution networks, and time varying load demand and PV generation.

1.5 Contributions of the thesis

The contributions of the thesis are summarized as follows:

e A rule-based MPC approach has been formulated for coordinating OLTC and PV inverters which
can minimize energy losses and can maintain the bus voltages, as well. The proposed approach
acts as a corrective controller that brings the voltage magnitudes within their desired limits in

ADN integrated with and without microgrids.
TH-2808_176102002
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An MPC scheme based on dual-time scale coordinated algorithm has been developed, that
coordinates different voltage regulation devices, such as, OLTC, PV inverters and DSTATCOM
with different temporal characteristics. Moreover, energy efficiency is enhanced through CVR

and DR techniques in MPC framework.

An MPC-based dual-stage voltage control algorithm has been developed to manage line con-
gestion in addition to voltage violations of ADN due to increased penetration of EVs and PVs,
with minimal actions of the OLTC tap positions and dispatch of active power from PV, reactive

power from DSTATCOM, EVCS, and PV units.

A third stage is further added to the previously developed two-stage MPC framework to perform
EV charge scheduling by taking into consideration the balance between the operating cost and
customer satisfaction. The optimal EV scheduling fulfills the objectives of reaching the desired
state-of-charge at desired time, in addition to reducing voltage fluctuations and charging of EVs

at less price.

Furthermore, the EV aggregators’ profits from charging/discharging and ancillary services have
been considered in the economic MPC-based charge scheduling of EVs. Moreover, DR is en-
abled in the third stage of the MPC-based framework through price-based and incentive-based

mechanisms.

In this thesis, the following performance indices are considered to analyze the performance of active

distribution networks.

Energy/power loss: The minimization of network energy loss over the day is considered as one

of the objectives throughout the thesis.

Minimum and maximum voltage magnitude: The minimum and maximum voltage magnitudes

among all the buses are evaluated before and after the control actions are applied.

Line congestion ratio: It is defined as the ratio of branch current to the thermal limit of the

distribution line.

Controllable resources utilization: The different controllable resources that have been used in
this thesis are active/reactive power set-points of PV and EV inverters, tap operations of OLTC,

and reactive power of DSTATCOM.
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e Peak energy demand: The demand at the peak hour is evaluated to measure the benefits of DR

operation in the volt/var control.

e Cost of electricity consumption: The cost of electricity consumption at peak time or throughout

the day is evaluated in some of the chapters.

Legends: QP: Quadratic Programming, EPSO: Evolutionary Particle Swarm Optimization, MOGA:
Multi-Objective Genetic Algorithm, NLP: Non Linear Programming, MINLP: Mixed Integer Non
Linear Programming, KF: Kalman Filter, FAHPSO: Fuzzy Adaptive Hybrid Particle Swarm Opti-
mization, MAS: Multi Agent System , MPC: Model Predictive Control, SA: Sensitivity Analysis, GA:
Genetic Algorithm, LMI: Linear Matrix Inequalities, PDIPM: Primal Dual Interior Point Method,
ADMM: Alternating Direction Method of Multipliers, QSL: Quasi Stationary Line, AANN: Adaptive
Artificial Neural Network, MPSO: Modified Particle Swarm Optimization, CAO: Cluster Autonomous
Optimization, DICCO: Distributed Inter-Cluster Coordination Optimization, HT: Hydro Turbine,
WT: Wind Turbine, DGU: Distributed Generation Units, PV: Photovoltaics, CB: Circuit Breakers,
SVR: Static Voltage Regulators, OLTC: On-load Tap Changers, EV: Electric Vehicle, ADN: Active
Distribution Network, MG: Microgrids, APC: Active Power Curtailment, QCMIQP: Quadratic Con-
strained Mixed Integer Quadratic Programming, IPP: Independent Power Producer, WCA: Water
Cycle Algorithm, VVO: Volt/Var Optimization, PCC: Point of Common Coupling, DER: Distributed

Energy Resources, DPSO: Discrete Particle Swarm Optimization.

Table 1.2: Literature review on optimal voltage control

Ref. Objective Solution Type of Type of Control
Function Strategy DG Network scheme
[6] Change of controlled QP HT, WT ADN Centralized
variables
[7] State disagreements, QP Not AC MG | Hierarchical,
control energy, dev- mentioned Distributed
iations between ind-
ividual states
[8] Reactive power flow MOGA | PV, WT ADN Distributed
through distribution
network and power loss
[9] the total line losses MINLP PV unbalanced | Centralized
number of switching DN
in OLTCs and SVCs
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Ref. Objective Solution Type of Type of Control
Function Strategy DG Network scheme
[10] The deviations of the QP HT, WT ADN Decentralized,
DG active and reactive Centralized
corrections
[12] The difference between QP PV, WT, AC MG Hierarchical,
the state variables; Natural gas Centralized
their nominal values cogenerator
[13] Voltage errors and reac- PDIPM Not AC MG Hierarchical
tive power deviation mentioned
[14] Voltage deviations; QP Not ADN Centralized
curtailed energy mentioned
[15] The voltage deviation, QP EV DN Centralized
and other inputs from
their reference values
[16] The profit of MAS, SA PV, AC MG Decentralized
a MG agent Biomass Distributed
[17] The total amount of GA FC, PV DC MG Hierarchical
reactive power received WT (Tertiary)
collectively from all MGs
[18] Total energy MPSO, PV, WT AC MG Hierarchical
trading, operational MINLP
cost and minimum
environmental impact
[20] The energy delivered to NLP PV, EV ADN Centralized
PEV and DG extracted
power, system V deviation
[21] Active/reactive power of MIQP OLTC, SVR, ADN Centralized
DG, OLTC, CB and SVR settings DGU, CB
[22] Schedule the active and reac- MILP Not ADN Centralized
tive injections of DERs sensitivity mentioned
in coordination with OLTC coefficients
[32] The effect of load LMI, convex Not AC MG | Decentralized
changes on the voltages mentioned
at PCCs and obtaining
state feedback controller
[33] voltage errors and reactive KF, SA Not AC MG Distributed
power sharing error mentioned
[34] Total cost of Lagrange Not AC MG Hierarchical;
generation multiplier mentioned Distributed
[35] Adjustment cost and accele- QP PV, DS ADN with | Distributed
erate regulating speed multi MG
[36] Voltage EPSO PV, bat- Smart AC | Hierarchical
control actions teries, control- MG
lable loads
[37] APC, tap and capa- MIQP PV ADN Centralized
citor bank deviation
[38] reducing the compre- MINLP, Not ADN Centralized
hensive cost FAHPSO mentioned

TH-2808_176102002

18




1.5 Contributions of the thesis

Ref. Objective Solution Type of Type of Control
Function Strategy DG Network scheme
[39] The sum of the DG sequential WT, PV ADN | Decentralized
reactive power owned by QP Centralized
internal power producers
[40] Network losses Global Not AC MG | Centralized
and MG's power solver mentioned

quadratic deviation
from reference.

[41] The cost and COq QP FC, micro AC MG | Centralized
emissions turbines
[42] The APC of PV and ADMM PV ADN Centralized,
active power loss Distributed
[29] the expected cost MINLP PV, ADN Centralized
of purchasing elec- BESS

tricity by reducing
the load consumption

[30] voltage deviations MIP shapeable DN Centralized
overall system cost loads, battery

[31] Total charging cost WCA EV DN Centralized
voltage deviations

[26] The voltage deviation, ADMM PV, WT ADN Distributed

power loss
[28] The change in control QCMIQP PV ADN Centralized
inputs, cost of power Robust

curtailment, sum of maximum
cost of voltage violations

[43] CVR cost, network loss DPSO, EV, PV ADN Centralized
cost, VVO devices Droop Local
operating cost control
[44] voltage deviations from SLP PV, WT ADN Centralized
referential set-points, storage stochastic
control cost unit
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2.1 Introduction

In Chapter 1, the challenges associated with integrating renewables based distributed generation
and various solutions are explained. It also gives an introduction to voltage control methodologies.

This chapter presents a model predictive control-based centralized control approach for main-
taining the voltages of the buses within permissible limits in the presence of high photovoltaic (PV)
penetration. The proposed control scheme coordinates the actions of on-load tap changers and PV in-
verters optimally to fulfill the desired objectives. The objectives are minimization of change in control
variables, slack variables, energy loss, and voltage error. These objectives are weighted to form the
overall objective function. Three rules are formulated based on the severity of voltage magnitudes.
The weights of the objectives are adjusted according to these pre-defined rules. Simulations are per-
formed in an active distribution network (ADN) integrated with and without microgrids, where both
demands and generations vary hourly over the day. As power is injected by the microgrids during most
of the time of the day, the excursions of bus voltages are slightly higher in the microgrids integrated
ADN. Moreover, the incorporation of the proposed rule-based MPC drastically reduces the energy loss
due to active power loss in distribution networks, as evident from the simulation results obtained by

comparing the proposed approach with an existing MPC-based approach.

2.1 Introduction

Electric distribution networks are experiencing a fundamental transfiguration due to increase in
penetration of DER. With relatively easy installation procedures, zero green energy emissions, and
abundant input energy, PV generators have evolved as the complete game-changer in the DG tech-
nology [45]. According to international renewable energy agency (IRENA), installed capacity of solar
PV globally would rise six-fold by 2030 (2,840 GW) compared to installations in 2018 (480 GW) [46].
However, incorporation of dispersed PV units in large scale in distribution networks would cause
over-voltage, under-voltage, line congestions and fluctuation of feeder power [8,47]. Moreover, PV
units possess dynamic characteristics concerning various scenarios, namely, installation location in the
feeder, nature of the feeder, loading conditions, etc. [48].

The system voltage fluctuation is one of the most severe problems that arises due to reverse power
flow caused by DER [8,11,16,25,37], [48]. Several strategies have been adopted in the distribution net-
works to address short-term over/under voltage issues [8,16,37]. Some of the conventional methods to

mitigate voltage variations are automatic OLTC, static VAr compensators, set-voltage regulators, and
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shunt capacitors [25,37], [48]. However, non-coordination among these methods would cause compe-
tition among the control actions or among the newly installed PV units, thereby inducing oscillations
in the network [37]. In [37], a multi-stage optimal operation of cascaded regulators and PV inverter
has been proposed for the optimal voltage regulation while ensuring minimal activation of regulating
devices. Ref. [25] introduces a strategy to coordinate several regulating devices. However, distribution
network operator (DNO) cannot control the voltage profile using only conventional regulators as they
are restricted by their slow response and discrete voltage regulation [6,11]. Moreover, reinforcement
of the network to deal with these challenges is not economically acceptable for the DNO. Therefore,
advanced control strategies are required to effectively regulate the voltage profile. The utilization
of reactive power capability of smart inverter interfaced PV units has been explored in [45,47,49].
Moreover, curtailment of PV power during the peak generation hours is one of the less encouraging
options to mitigate voltage rise [6,48]. Following this, energy storage is introduced in [14] to overcome
the shortcomings of the curtailment process. However, additional energy storage upraises the overall
investment and operational cost.

The coordinated centralized approaches are preferred over the local decentralized approaches as the
latter cannot handle the negative interactions and high DG penetration [6,14]. In [16], a distributed
approach to regulate network voltage using bi-level game bidding process is reported. However, such
method is case specific due to its dependency on accuracy of the coordinated algorithm which needs to
be updated when system condition changes [20]. Some works have been reported on multi-stage control
structure to regulate the voltages [20,50]. Three-stage optimization algorithm is proposed in presence
of DG units, OLTC, and plug-in electric vehicles in [20]. In [50], a two-stage real-time control scheme
based on zoning of distribution networks for voltage regulation is devised. Although considerable works
have been reported in literature, it would be interesting to develop an advanced control strategy that
coordinates the conventional regulating devices and PV inverters, while minimizing the energy losses
in distribution networks.

Recently model predictive control has gained world-wide interest due to its capability to adapt to
model inaccuracies and DG fluctuations [6,7,10,14,15,21,26,44]. Owing to its prediction capabilities,
MPC has been modeled for voltage regulation in active distribution networks in presence of OLTC
and DG units [6]. Here, the controller coordinately modulates the DG units’ output and the voltage

set-point of the OLTC to maintain the voltages within acceptable values. An MPC-based voltage
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regulation scheme is provided in [6] to coordinate the actions of different DG units and energy storage
systems (ESS). In [14], basically two operational modes are proposed within MPC; namely, preventive
control and corrective control to classify the control actions depending upon the severity of the problem.
Although the reactive power capability of the inverter interfaced DG units is explored, power variations
in DG units and the loads throughout the day are not considered in [14]. Moreover, ESS technology is
still expensive to implement in distribution level. An advanced technology to control PV inverters can
be found in [49]. Ref. [51] presents an autonomous smart PV inverter technology that can be controlled
as dynamic reactive power compensator to modulate voltage variations. It is suggested that a PV
inverter with very less response time can perform similar functions as DSTATCOM in distribution
networks [51]. Although the approach in [51] is focused on the reactive power exchange capability of
PV inverters through different operating modes, it lacks an optimal coordination scheme. A double-
time scale voltage control approach, coordinating the actions of DG units and OLTC considering
temporal characteristics of OLTC is presented in [21]. Ref. [10] provides an MPC-based approach to
refine the reactive power set-point corrections of DG units centrally, obtained from the local control.
In [26], MPC is used as local voltage control strategy to frequently tune the local curve of DG units to
adjust with the DG uncertainties. A distributed MPC is proposed as a secondary control scheme for
autonomous microgrids in [7]. Although the aforesaid works have investigated to devise approaches
for voltage regulation using MPC, none of them has formulated the coordinated control approach of
OLTC and PV inverters which can minimize energy losses and can maintain the bus voltages, as well.

In this context, the present work proposes a rule-based MPC approach to optimally coordinate
different control actions to maintain voltages within the prescribed limits as well as minimize energy
losses in the presence of PV units. With constant rise of PV units in the distribution network,
over voltage has become a common issue and mostly observed around mid-day. The proposed MPC
approach effectively operates to regulate the bus voltages following the load and generation variations.
However, during other times of the day, when bus voltages are within the desired limits, the proposed
MPC approach is aimed at minimizing energy loss of the network. The proposed controller follows a
set of if-then-else rules to effectively utilize the MPC in controlling bus voltages as well as minimizing

energy losses. The main contributions of this work are:

e To develop an MPC-based approach that follows a set of if-then-else rules for voltage regulation

and energy losses minimization.
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e To modulate PV inverters’ output for reactive power compensation in voltage regulation and

energy loss minimization.

e To effectively utilize MPC as a real-time control.

This work is organized as follows: Section 2.2 describes the modeling of active distribution net-
works. The MPC-based approach is illustrated in Section 2.3. Case studies are presented in Section

2.4, while Section 2.5 summarizes this work.

2.2 Active distribution network modelling

A radial distribution network is considered here with N number of buses. Let Q2 = 1,2,...., N be
the set of buses. It is assumed that the bus-1 is the secondary side of step down transformer equipped
with OLTC. The distribution lines of the network are denoted as set of edges € = (7,j) C 2 x Q. Any
distribution line is modeled as series admittance Y;; = 1/(R;; + ijl-j)_l, where R;;, X;;, are the line
resistance and reactance and w is the system frequency. It is assumed that all the operations described
here are for three-phase balanced network. The Newton Raphson method is adopted to model the

power flow equations of the network. The power flow equations of the ADN are modelled as:

N

P =" |Vil|Vj|Yijcos(0: + 6; — 6) (2.1)
=1
N

Qi = Y [VillVj|Yijsin(0;; + 8; — &) (2.2)
=1

where d; and ¢; are the voltage phase angles at bus ¢ and j, respectively. P; and (); represent the
active and reactive power at bus ¢, respectively.

The loads are modelled as PQ loads varying hourly over the day. The active and reactive power
(Pr, and Q) consumed by loads are specified according to the types of load, namely, residential,
commercial or industrial. The load profiles are depicted in Fig. 2.1(a). The PV units are represented
as power injectors; both active and reactive power varying over the day. As the PV generations are
functions of solar irradiance, the active power injection at each bus varies hourly over the day. The
active power generation of PV, Ppy is shown in Fig. 2.1(b). Reactive power generation, Qpy is
computed as,

Qpv = V' Spv” — Ppy”
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where, Spy is the rating of the PV inverter. The power injection by generators are represented as
negative of power absorption by loads.

Microgrids represent distributed generators, loads, and distributed storages. Here, microgrids are
represented as point of common coupling (PCC) power as shown in Fig. 2.1 (c). The microgrids
are modelled as active power injectors (absorbers) according to injection (absorption) of real power
to (from) the distribution networks. Negative PCC power implies power injection by microgrids to
distribution networks. Here, the reactive power injection (absorption) of the microgrids to (from) the

ADN is not considered. The control of these microgrids is not within the scope of this work.
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Figure 2.1: Power profiles of (a) loads: residential, commercial and industrial, (b) PV generation and (c¢) PCC
pOwer.
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2.3 Coordinated control of OLTC and PV inverters utilizing MPC
to regulate voltages

The reference voltage of OLTC (Vg ), active power and reactive powers of PV inverters (Ppy
and Qpy) are considered as the potential candidates for control actions. The proposed approach
aims to coordinate the actions of these control variables in such a manner that the cheapest control
actions (PV reactive power and OLTC) are utilized more often to regulate voltage than PV active
power curtailment. The desired limit of voltage is considered to be [0.95 1.05] p.u. The operating
principles of MPC and the voltage control problem formulations are described in Sections 2.3.1 and

2.3.2, respectively.
2.3.1 Operating principles of MPC

As illustrated in Fig. 2.2, the data acquisition system of DNO collects the essential measurements
from the remote terminal units (RTU), such as, nodal voltages, active and reactive power of DG units,
voltage set-point of OLTC. MPC, being deployed at the heart of DNO for real-time optimal control
of voltages in ADN, extracts this information and calculates a sequence of optimal control actions in
steps, defined as control horizon (N¢) and predicts the responses of these actions in steps, known as
prediction horizon (Np) as illustrated in Fig 2.3(a). A sequence of control inputs u(k), actual outputs
y(k), and predicted outputs yp(k+1) are shown in Fig. 2.3(b). Here, k refers to the sampling instants.

If sampling time, ¢, is 10 seconds and the control and prediction horizon are both equal to 3, then
at each sampling instant, a sequence of control actions, [Au(k), Au(k + 1), Au(k + 2)] is computed in
such a manner that the predicted outputs, [yp(k+1), yp(k+2), yp(k+3)] reach the set-point target as
shown in Fig. 2.3(b). From the sequence of control actions, obtained by optimization of an objective
function, the first control action Au(k) is taken into consideration, while the rest are discarded. The
network elements due to latency take a while to bring the control actions into practice. The control
sampling time is chosen accordingly to accommodate the latencies. This whole process is repeated at
the next sampling instant with a new set of measurements that are reflected upon the elements after
the implementation of the control actions. This interesting feature of MPC is described as a moving
horizon or receding horizon control approach. If any new information is observed in the form of real-
time measurements at some instant between the previous and the current instant, this distinguishing

property of MPC helps to consider it immediately, rather than postponement of control actions to be
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Figure 2.2: Block diagram of the MPC-based coordinated control strategy.

Past

Control Horizon

I
-

Au(k) Au(k+1) Au(k+2)

L%

Au(k+NC- 1) Au(k+N p)

L1 I .
lll | |time

k+1

AN

k k+2 k+N,-1 k+N,

Future Set-Point (Target)

Prediction Horizon N,

Prediction Horizon

(a)

| ki

k+2 k+N-1 k+N,

Sampling Instant
(b)

Figure 2.3: Operating Principles of MPC: (a) control and prediction horizon, (b) MPC illustration.
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taken based on new measurements till the next control interval, N¢.ts seconds [52].
2.3.2 Problem formulation

The operation of MPC requires an empirical model of a plant, which is represented by a state-space

model [6,53]. Let the state-space model be represented by:
z(k+1) = Az(k) + BAu(k) (2.3)

y(k) = Cz(k). (2.4)

It is to be noted that change in control inputs are the inputs of the system rather than the control
inputs. The bus voltages are the states and the output variables of the system. Active as well as
reactive powers of PV inverters and the reference voltage of OLTC are the controllable resources.
The uncertainties of PV generation and loads are considered as disturbances. While the voltages
of certain buses increase beyond the limits [0.95 1.05] during day time due to high solar irradiance,
the PV inverter remains idle during the other times of the 24 hour span. The capability of the PV
inverter to inject or absorb reactive power to compensate voltage deviations has been reported in the
recent literature [49,51], thereby adjustment of reactive power set-points of PV units by MPC is one
of the control actions described in this study. Here, PV inverters would be capable of injecting a
finite amount of reactive power (typically 44%) even at 100% of active power rating [51]. Further, the
internal losses of PV inverters are assumed to be zero, since these are not comparable with the total
line losses of distribution networks. However, if these are of significant number, the network owners,
which are the beneficiaries of this loss reduction, need to pay this to the customers or the PV owners.
Alternatively, the network owners need to appropriately devise incentives to the PV owners.
The MPC considered here, calculates an optimal set of control actions Au(k + @) fori =0, 1,2, ..., No—
1, where,
Au(k) = [AVip(k), AQpy (k), APpy (k)]T

are the control variables. The length of the prediction horizon Np should be at least equal to or
greater than the control horizon length N¢ [6,53]. It is assumed that Au(k + i) = 0 for i > N¢. Let,

the set of input variables that is calculated at every sampling instant be represented by Awu:

Au(k) = [Au(k) Au(k +1)T ... Au(k + No — 1)T]7 (2.5)
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and the set of predicted output variables be represented by yp:
yp = [y(k + 1) y(k + 2[k)T....y(k + Np|k)T)" (2.6)

The future state variables and the predicted output can be calculated sequentially with the help

of control variables [53]. The future states variables are:
z(k+2) = Az(k+ 1)+ BAu(k + 1) (2.7)
Using eq. (2.3) in eq. (2.7)
z(k +2) = A%z(k) + ABAu(k) + BAu(k +1) (2.8)
Thus, the prediction matrices can be formulated as:
y(k+1)=Cuz(k+1) = C|Ax(k) + BAu(k)] (2.9)

which implies,

y(k+1) = CAx(k) + CBAu(k) (2.10)

Similarly, y(k + 2) can be written as:
y(k +2) = Cx(k + 2) = CA*z(k) + CABAu(k) + CBAu(k +1) (2.11)

Thus, in concise form, the prediction matrices can be represented in the following form [53]:

yp = Fz(k) + ¢Au (2.12)
where,
F=[CA CA? cA3.cAN?T (2.13)
and ~ -
CB 0 0.... 0
CAB CB 0.... 0
¢ = (2.14)
CA’B CAB CB... 0
CANr—IB CAN»—2B CANP3B... CANPNcB,

The prediction matrices are formulated with the aid of the calculated set of optimal control actions.

The optimal control actions are computed in such a manner that the predicted outputs reach within

TH-2808_176102002

31



2. Model Predictive Control-Based Optimal Voltage Regulation of Active Distribution
Networks with OLTC and Reactive Power Capability of PV Inverters

Table 2.1: Description of the rules.

Rule No. | Voltage Range Weights of objectives

1 V>1lorV <09 Rp =100, Rg = 5,
Ry,,, =1,Q = 0.001,
S =1000,T7 =0

2 09<V <09 o0r1.05<V <11 | Rp=2500,Rg = 10,
Ry,,, = 1,Q = 0.001,
S =1000,7 =0

3 0.95 <V <1.05 Rp = 1000, Rg = 10,
Ry,,, = 1,Q = 0.001,
S=0T=1

the desired limits [53]. Here, the optimization problem is modeled as quadratic programming problem

as described in (2.15).

(

ST I AViap(k + D)l + | APpy (k+ )7,

+1AQpv (k +1)ll%,]

(@) =min § SN [ Vies (k + ilk) — Vi (k + ilk)]13 (2.15)
lorl3

N,
> i1 Pross 17

In eq. 2.15, the reference voltage set-point, V,cs is set to 1.0 p.u. R (Rp, Rq and Ry,,,), Q,
S, and T represent the weights associated with the different objectives: minimization of change of
control variables (PV active power, PV reactive power, and OLTC reference voltage), voltage error,
slack variables, and energy loss, respectively. Based on the magnitude of voltages three conditions are
defined through if-then-else rules to establish the MPC problem as a rule-based MPC (RBMPC). The
weights of the objective function are altered according to the three rules. The rules are described in
Table 2.1.

The weights in the proposed approach are determined empirically based on the dependence of

control actions on the magnitude of voltages. The weighing matrices are further described as follows:

e Output weighing matrices: @ and T are the output (voltage) weighing matrices. @ is associated
with voltage error and T is associated with energy loss. Both the voltage error and energy loss
are functions of voltage magnitudes. In the proposed approach, T is set to 0 when the voltage

magnitude of the buses is outside the limits [0.95, 1.05] p.u to signify absence of power loss
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objective. T is set to 1 when voltages reach the desired limits. This implies that the power
loss objective comes into picture only when the voltage magnitudes reach the defined limits.
Minimization of voltage error is of less significance than maintaining the voltages within the
desired limits. Keeping all other weights constant, @ is changed from 0 to 0.001, then 0.05, 0.5
and 1. There is not much change in the responses found due to variations in @ alone. After a
series of trial, @ is set to 0.001 (low priority) for all the rules described in the proposed approach.
Hence, Q and T vary from (0, 1).

e Input weighing matrices: R (Rp, Rq and Ry,,,), referred as input diagonal weighing matrix,
allows input control variables to be weighted according to their relative importance. The weight
assigned to each control variable is directly related to the operational cost of the device to
regulate voltages. Minimization of control variables implies to the minimal use of these control
actions for maintaining voltages within the desired limits. The proposed approach intends to
utilize active power curtailment (expensive control action) the least. For minimal usage, Rp is
weighted more in comparison to Rg and Ry, for all the rules in the proposed approach. Rp
is assigned after performing certain trials. For example, when assigning Rp value lesser than 70,
it is observed that MPC tries to control the voltage by utilizing the curtailment action more as
compared to reactive power modulation. Thus, when the voltages deviate from the prescribed
limits by a large amount, Rp is set to 100 for better results. Once the voltages reach near to
the desired limits, the use of curtailment action needs to be further minimized. The greater
value of Rp ensures less usage. However, there is no significant change in usage of these actions
when Rp is varied between 200 and 700. That is why Rp is set to 500 in the intermediate
range. Moreover, Rp is set to 1000 once the voltages reach the prescribed limits. This is done
to penalize it more so as to reduce the possibility of using active power curtailment as control
action. Nevertheless, no noticeable change is seen when Rp is set greater than 1000 in this
case. Being cheaper than active power curtailment but expensive than OLTC reference voltage,
Rg is weighted five times (voltage deviations excessively large) and ten times (other instants)
more than Ry, ,. The weight Rq is assigned keeping in mind the availability of reactive power
capability after extraction of active power from PV inverters. It is noteworthy that if the cheaper
control actions are unable to control the bus voltages, expensive control actions could be used
to fulfill the desired objectives. For this reason, Rp and Rg are not set to zero in any of the
prescribed rules. Considering reference voltage of OLTC as the cheapest control action, Ry,

is kept constant for all the scenarios (Ry,, = 1). Some operators might feel OLTC action more
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expensive than reactive power modulation due to their limited number of usability. The weights

need to be adjusted according to the desired needs. Hence, R varies in the range from (0, 1000).

e Weights of slack variables: The slack variables are used with the output constraints to omit the
option of infeasibility in any case. To minimize the use of slack variables, the weighing factor, S
is weighted the maximum (1000). S can be any large value. Once the voltages reach the desired

limits, S is set to zero as there is no use of slack variables.

The upliftment of the bus voltages is due to the high penetration of PV during day time. As power
generation by PV is a function of solar irradiance, the voltages are within the desired limits during
most of the time. The rule-based MPC is formulated to enhance its effectiveness during that period
of time by introducing minimization of active power distribution loss as one of the main objectives
of MPC. While the bus voltages cross the emergency limit (0.9, 1.1) p.u, the MPC strictly makes an
attempt to firstly bring the voltage within [0.9, 1.1] p.u and finally within the desired limits. Moreover,
as the voltages come nearer to the desired limits, the MPC starts penalizing the costly control actions
and include minimization of energy loss as the most important objective. When the voltages are out
of emergency limits, the MPC, without taking into consideration the cost of control actions, explicitly
makes an attempt to regulate the bus voltages without delay.

Special attention should be given to the constraints of the objective function. In the case of PV,
as active power production depends upon weather conditions, the controller cannot request the PV to
generate more than the power that is being produced at any instant. However, it can request active
power reductions by partial curtailment. While the active power is limited in the upper bounds,
the reactive power of PV sources is considered fully controllable, provided the capacity constraint is
maintained at every step of the iteration as in eq. (2.22). Egs. (2.19)-(2.22) describe the constraints
associated with control inputs (reference voltage of OLTC, active and reactive power set-points of PV
inverters). Moreover, there should be constraints on the rate of change of control inputs to protect
the inverters as well as the OLTC from fast transitions of ramping up or ramping down movements.
The constraints in eqgs. (2.16)-(2.18) are used to limit the ramp movements of the control inputs. The

equality and inequality constraints are defined from equations (2.16)-(2.24)

AV < AVygp(k + 1) < AV (2.16)

tap tap
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AQBY < AQpv(k +1) < AQBY (217)
APR < APpy(k +1i) < APRS® (2.18)
Vigp" < Viap(k +1) < Vi (2.19)
QB < Qpy(k+i) < QB (2.20)
PR < Ppy(k+1) < PR (2.21)
Py + Qpy < Spy (2.22)

Vi=0,1,..N¢ — 1.

The output constraints are softened by application of soft constraints o as in eq. (2.23). Here, o1
and o9 are the slack values that are added to the output constraints such that the MPC operation
does not stop at any instants of time due to infeasible results. Here, 1 denotes the unitary vector. Eq.

(2.24) represents the equality constraint that is maintained at each sampling instant.

— o1l + V™ (k +4) < V(k+ilk) < V™2 (k + ) + 02 (2.23)
. : % . oV ‘
V(k+ilk) =V(k+i—1|k) + —5AVigp(k +i—1) + ——=AQpy(k +i— 1)+
5‘/tap 6QPV (2 24)
oV ‘
2 APpy(k+i—1
5oy T STy E i)

Vi=1,2,..., Np.

The sensitivity matrices §V'/ 5VtapT are evaluated by running Newton Raphson power flow analy-
sis twice with single tap position difference. 6V /8Qpy T and 8V /§ PpyT are obtained from inverse
of the Jacobian Matrix.

The proposed approach with the MPC algorithm is described in Fig. 2.4. The flowchart of the
proposed approach is depicted in Fig. 2.4(a). Fig. 2.4(b) describes the MPC algorithm and the

methodology of problem formulation.
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MATLAB
Main Program

Load Network Data
Load Perturbation Data: Hourly data of PV, Loads and PCC;
Initialize: Run Power Flow
Run Time Domain Simulation

PSAT
Environment

Send inputs:Voltage phasors, controlled inputs: P set-point of PV inverter and OLTC reference voltage to the

controller

MPC Function
Block

Lessen the penalizing factors asscociated with
control actions to bring the voltages within limits
(0.9,1.1)

Is
V> 1.1 or V<0.9?

Incorporate power loss in the objective function;
Remove slack variables;
Increase the penalizing factors for the costly control
actions;

Desicion Block

Adjust the penalizing factors to bring the voltages within the limits (0.95,1.05)

l

Call MPC Algorithm
Call GAMS; Load these matrices to GAMS solver I GAMS Solver
Extract the values of controlled inputs; Select the Solver;
Control actions send to the actuators Run Optimization;
Calculate the value of
\L controlled inputs
Control actions taken; |

Run Time Domain Simulation
Values of voltages and controlled inputs are saved in an array

(a)

Algorithm: Model Predictive Control

Inputs: Voltage phasor, OLTC reference voltage, active and reactive power set-points of PV
Outputs: Changes in control inputs, voltage phasor

Begin

. Determine the control and prediction horizon

. Set the dimensions of control inputs, controlled outputs and output reference
. Set the limits: control inputs, change of control inputs, controlled outputs

. Set the weights of the associated objectives according to the predefined rules

. Build up the matrices A, B and C of the prediction model
. Load the sensitivity matrices to prepare the B matrix
. Update the controller with new set of measurements

1
2
3
4
5. Prepare the weight vectors
6
7
8
9

. Formulate the Prediction matrices (state and output variables) as

yp=Fx(k)+OAu from the state space equations: x(k+1)=Ax(k)+BAu(k), where Au(k)=u(k)-u(k-1)

10. Express the equations of constraints in compact form:

Upin=C juu(k-1) +CoAu<tt 4
-0 (14 in< Fx(k)+OAU SYpaxto 21

11. Formulate the Quadratic Problem

End
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(b)

re 2.4: (a) Flowchart of proposed method (b) MPC algorithm.
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Table 2.2: Ratings of PV and microgrid.

Transformer | PV Inverter Rating | Microgrid Rating | Penetration Level of PV

10 MVA 347 kVA 1 MW 100%

2.4 Simulation results and analysis

This section shows the effectiveness of the proposed rule-based MPC strategy in 33-bus distribution
network as depicted in Fig. 5. The simulations are conducted in MATLAB R2018a and modelled using
power system analysis toolbox (PSAT) [54]. The optimization problem is then solved by the CONOPT
solver in the GAMS optimization platform [55]. The experimental computations are carried out on
PC with Intel core i5-6500 processor running at 3.20 GHz and 8 GB of RAM. The network data of
the test system are taken from [56] with 10 MVA and 12.6 kV as base. For analysis, IEEE 33-bus
system is modified to accommodate photovoltaic generators and the loads, evenly distributed in all
the buses as in Fig. 2.5(a). Besides, three microgrids are integrated into the distribution network
at bus 13, 15 and 33 as shown in Fig. 2.5(b). The power profiles of PV units, loads and PCC
(as microgrids) are shown in Fig. 2.1. The reference voltage of OLTC along with the PV active
and reactive power set-points are considered as the control inputs to the MPC. The minimum and
maximum change in active power generation and reactive power generation/consumption are taken as
10% of the total capacity of generation [6]. Here, OLTC reference voltage is varied between [0.9, 1.1]
p-u for all the simulation studies. The bus voltages are the controlled variables in the MPC model
and also considered as states of the system. In the MPC computations, the length of the prediction
horizon steps is chosen same as the length of control horizon steps so that the computational burden
is reduced. With a sampling interval of 10 seconds, the control and prediction intervals of MPC are
chosen as 30 seconds. Furthermore, it is presumed that the system is equipped with a well-established
communication infrastructure for uninterrupted information exchange. The ratings of the different
elements of ADN are listed in Table 2.2.

The considered model is simulated initially assuming PV units (output varied hourly) and loads in
the absence of a controller. Fig. 2.6 shows the voltage profile of the radial network with and without
microgrids. As discussed above, microgrids represent distributed generators, loads, and distributed

storages and represented as PCC power as shown in Fig. 2.1(c). It is clearly observed that voltages at
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Figure 2.5: Test network: 33-bus distribution systems with time-varying loads and generations (a) without
microgrids (b) with microgrids

certain buses are more affected by penetration of PV units than rest of the buses. The adverse effects
of high PV penetration are seen on the voltage profile around mid-day. This overvoltage is result of
over-generation due to high PV penetration (100%) and load variations in the network. Moreover,
PV inverters are injecting finite amount of reactive power to the system even at 100% of active power
rating, thereby, increasing the voltage. Integration of additional microgrids into the radial network
further aggravates the system voltage as the microgrids are in dispatch mode for most of the time.
Besides, the control of these microgrids is not considered here. It is noteworthy that the integration
of microgrids at PCC is to worsen the system condition. Furthermore, energy losses are calculated for
the above system and tabulated in Table. 2.3.

Next, to regulate the bus voltages effectively, central RBMPC is placed to coordinate OLTC and
power set-points of PV inverters. Here, MPC tries to regulate the bus voltages using if-then-else rules,

where the objectives of the controller are altered with respect to the magnitude of bus voltages. It is
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Figure 2.6: Plots of voltage profile in absence of controller: (a) without microgrids (b) with microgrids for
33-bus distribution networks

seen that out of 33 buses, voltages at buses 13, 14, 15, 16 and 17 show similar profiles (maximum value

compared to the rest of the buses) owing to less electrical distance and therefore, further analysis is

carried out for only bus-15. Fig. 2.7 shows the voltage, active power and reactive power profiles at

bus-15 for a typical day. It can be observed that, without microgrids in the network, the voltage at

bus-15 rises to a maximum value of 1.189 p.u at the 13th hour. Now, since the voltage magnitude is

beyond 1.1 p.u, the MPC with rule-1 tries to bring the voltage of that bus within the defined limits

(0.9, 1.1) p.u by utilizing the available control inputs. Following the action, voltage at bus-15 reduces

to 1.1 p.u within 32.4 seconds. Once the bus voltage reaches 1.1 p.u, MPC follows rule-2 immediately

to bring the voltages within the limits (0.95, 1.05) p.u by penalizing the expensive control actions by
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Figure 2.7: Plots of: (a) voltage profile at bus-15 (b) active power profile at bus-15 and (c) reactive power
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Table 2.3: Comparison of energy loss obtained without controller and with RBMPC in the presence and
absence of microgrids for 33-bus distribution networks.

Curtailed Energy, E.,, | Energy loss, Ejoss
(kWh) (kWh)

Without Controller:

Without MG _ 18980

With MG _ 21092

RBMPC:

Without MG 116 3337

With MG 166 3939

a larger amount than in rule-1. Thereafter, voltage reaches to 1.05 p.u from 1.189 p.u within 75.6
seconds. Once the bus voltages are within the prescribed limits, i.e., [0.95, 1.05] p.u, the proposed
controller follows rule-3 to minimize active power losses in the distribution network. It is to be noted
that, as the maximum contribution of PV units occurs around mid-day, the analysis is conducted
for those instants. Therefore, it can be concluded that performance of the proposed controller is
satisfactory. The optimal curtailment of active power and modulation of reactive power using the
proposed controller are quite evident from Fig. 2.7. The simulation also shows the effectiveness of
RBMPC in minimizing energy losses. Table 2.3 represents the energy loss values due to both energy
curtailment (E.,) and active power distribution losses (Ejyss)-

Further, investigations have been carried out with penetration of microgrids at bus 13, 15 and 33
in addition to PV units for the same 33-bus distribution network (same operating conditions). The
power profiles of these microgrids are displayed in Fig 2.1(c). In this case, microgrids are assumed to
operate mostly in dispatch mode, which in turn, adversely impact the system’s operating conditions
and results in further increase in overvoltage. The controller arrangement is kept same as previous
case. Fig. 2.7 clearly shows that with integration of microgrids, the voltage at bus-15 rises to 1.25
p-u at the 13th hour and reaches 1.05 p.u in 86.4 seconds. As observed from Fig. 2.7, the active
power injection due to microgrid penetration at bus-15 is significantly high, thereby increasing the
voltage magnitude. At that instant, proposed controller performs actions such as curtailment of active
power and absorption of reactive power more effectively to bring the voltages within the desired limits,
in comparison to the case when microgrids are not considered as shown in Fig. 2.7 (b) and 2.7(c).
Moreover, the overall energy loss is found to be more considering microgrids. It is found that E.,, and

Ej,ss increase by 43% and 18%, respectively, with the penetration of microgrids in the radial system.
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Table 2.4: Comparison of energy loss obtained with RBMPC and existing MPC for 33-bus distribution
networks.

Curtailed Energy E.,,, | Energy loss, Ejoss
(kWh) (kWh)

Without MG

With MPC [6]: | 78 11251

With RBMPC: | 116 3337

Furthermore, with RBMPC, Ej,,s is evaluated as 3939 kWh which is lesser than 21092 kWh, obtained
without any centralized controller. The comparisons of energy losses obtained are tabulated in Table
2.3. Fig 2.7 also shows the comparison of voltage profile of the test system with/without microgrids.

In this subsection, comparative analysis between conventional MPC [6] and proposed controller is
presented. For analysis, bus-17 of the radial distribution network is considered. Fig. 2.8 represents the
voltage, active power and reactive power profile of corresponding bus of the network using conventional
MPC and proposed RBMPC at the 14" hour of the day. Both approaches are compared in the
absence of microgrids. It is to be noted that in conventional MPC, same weights at every step of
the iteration is considered. However, in the proposed controller, weights of the objective function
are updated at every sampling point based on the severity of the voltage control problem. Fig. 2.8
clearly shows the superiority of RBMPC in controlling bus voltages and effectively bring the voltage
back to 1 p.u. Moreover, with conventional MPC, voltage at bus-17 settles close to 1.03 p.u, instead
of 1 p.u. The corresponding active and reactive power injections are shown in Fig. 2.8(b) and 2.8
(c), respectively. Furthermore, Ej,ss reduces significantly by 70% compared with the conventional
MPC due to the inclusion of the power loss objective and inclusion of reactive power capability
of PV inverters. Nonetheless, during control operation, minimization of active power curtailment
is compromised to some extent, which is not significant. The energy losses obtained for both the
approaches are tabulated in Table 2.4.

To check the computational benefit of the proposed approach, the average elapsed time to solve
the objective function for one sampling period is compared with [10]. The average elapsed time for
the current work is found as 0.7 seconds, while for [10], the elapsed time varies between 0-32 seconds.
In [10], the minimization of deviations of reactive power from DG units and slack variables is considered
as the only objective. Whereas, in the present work, the objectives are to minimize energy loss and

voltage deviations in addition to the minimization of the deviations in the control variables (active
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Figure 2.8: Plots of: (a) voltage profile at bus-17 (b) active power profile at bus-17 (¢) reactive power profile
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Table 2.5: Voltage error values between 14th to 15th hour at bus-17.

Time Instants (hour) | Voltage error (p.u) Voltage error (p.u) [6]
[Proposed Approach]

14.2 0.008 0.051
14.4 0.005 0.038
14.6 0.003 0.035
14.8 0.002 0.026

and reactive power of PV units, reference voltage of OLTC) and slack variables. The average CPU
time required by the controller in executing the simulations for 24 hours is around 8 seconds with Intel
core i5-6500 processor running at 3.20 GHz and 8 GB of RAM.
Further, to demonstrate the effectiveness of the proposed controller, steady state voltage error
(SSVE) is computed using a performance index as defined in Eq. 2.25 [21].
2460
SSVE =Y |[Va(t) = Viesl| (2.25)
t=1
The performance evaluation is carried out for instants between 14th to 15th hour at bus-17 and the
corresponding errors are tabulated in Table 2.5. It is clearly observed that the voltage error has been

minimized considerably in comparison to conventional MPC described in [6].
2.4.1 Validation of the Proposed Method in 38-bus distribution networks

The proposed control scheme is also validated in a 38-bus balanced distribution system. The test
network with accommodation of PV units, microgrids, and loads is shown in Fig. 2.9. The data
associated with the network is taken from [57]. The placement of PV plants, microgrids, and loads
are kept same as in 33-bus distribution networks. The sampling time is 60 minutes for the first stage
and 1 minute for the second stage.

Fig. 2.10 depicts the bus voltage, active and reactive power profiles of the considered test system.
The bus-17 is chosen for further analyses. It can be observed that the bus voltage magnitudes of bus-17
cross the desired limits both in the presence and absence of microgrids. However, the proposed scheme
successfully brings the voltages within desired limits within few seconds. The time interval from 13"
to 15" hours are further shown for better clarity. Similarly, the active and reactive powers of PV are
changing dynamically throughout the day depending on the variations in loads and generation. The

energy loss calculated during the 24-hour simulation is depicted in Table 2.6. Since the microgrids are
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Figure 2.9: Test network: 38-bus distribution networks; (a) without microgrids, (b) with microgrids.

Table 2.6: Comparison of energy loss obtained in the presence and absence of microgrids for 38-bus distribution

networks.

Curtailed Energy, E.,, | Energy loss, Ejoss
(kWh) (kWh)

Without MG | 161 1946

With MG 197 2400

in dispatch mode during most time intervals, overvoltages, energy loss and PV active power curtailment

are more in the presence of microgrids. Thus, the results obtained with this test network are found

to be consistent and similar to the 33-bus distribution network.

2.5 Conclusion

A novel rule-based MPC has been presented in this chapter.

Three different levels of voltage

magnitudes are considered as the basis of the pre-defined rules for MPC. These rules are formulated in

such a manner that MPC alters the weights associated with the objectives according to the severity of

the voltage control problem. MPC computes a set of optimal control actions to maintain the voltages

of the buses within acceptable limits in the presence of high PV penetration and hourly variations of
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Figure 2.10: Plots of: (a) voltage profile at bus-16 (b) active power profile at bus-16 (c) reactive power profile
at bus-16 for 38-bus distribution networks.
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loads. As soon as the voltages are within feasible range, minimization of power loss is considered as
the main objective of MPC. Simulation results show that, in addition to regulating the voltages within
prescribed limits, the rule-based MPC described in this chapter is successful in significantly reducing
energy loss. The energy curtailment, as well as active power distribution losses throughout the day,
are computed and compared. The energy loss is moderately higher in the case of microgrids integrated
ADN, as the microgrids inject power to the buses during most of the time of the day. Furthermore, it is
observed that energy loss gets drastically reduced with the incorporation of RBMPC when compared
to an existing MPC approach. Besides, the proposed controller is also compared with an advanced
MPC approach in terms of computational burden for one sampling period in solving optimization
problem. Furthermore, control performance is evaluated using steady state voltage error performance

index.
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3.1 Introduction

In the last chapter, a rule-based voltage control methodology has been developed that coordinates
the actions of on-load tap changer and PV units to maintain the voltages within defined limits. This
chapter proposes a model predictive based voltage control that optimally coordinates the reference
voltage of distribution static synchronous compensator, OLTC, and PV inverters’ active and reactive
powers set points to maintain network voltages within the operating limits. To manage the different
voltage regulation devices with different temporal characteristics, two-timescale based coordinated
algorithm has been developed. Moreover, the two functionalities of active distribution management
system (ADMS): demand response (DR) and conservation voltage reduction (CVR) are explored in this
voltage control methodology to enhance energy efficiency of the distribution networks. The proposed
methodology is implemented in 33-bus and 38-bus distribution networks to verify its effectiveness for
different cases. Furthermore, simulation results demonstrate the benefits of CVR and DR on the

proposed methodology.

3.1 Introduction

The paradigm shift from passive to active distribution networks has been possible with the massive
penetration of distributed energy resources (DER), such as, energy storage systems, solar photovoltaics
(PV), wind turbine generators, etc. [58]. The rising number of distributed generations (DG) could
impact the operation and control of distribution networks in a negative manner. One of the serious
issues is the effective coordination of various DGs with conventionally used voltage regulation devices
such as, shunt capacitors, on-load tap changers (OLTC), etc. for voltage control purposes [47].

Volt /var control (VVC) is an important aspect of the active distribution management systems
(ADMS) [59]. The VVC aims to maintain the voltages within the operating limits set by American
National Standard Institute (ANSI) C84.1 and confine to the interconnection reliability standards.
The VVC in active distribution networks (ADN) is usually performed either in decentralized [8,26,60]
or centralized manner [6,14,21]. Both offline [6,8,60,61] and online [6,14,21,26] VVC methods are
available in literature. Recently model predictive controller (MPC) has been used widely as an online
voltage control [6,14,21,26]. MPC principles can be applied either in single-timescale [6, 14] or multi-
timescale [21]. Ref. [6] proposes a centralized MPC to regulate voltages in ADN by coordinating DG
units and OLTC in single-timescale. Authors in [21] have developed a voltage control algorithm for

distribution networks, coordinating both slow and fast VVC devices.

TH-2808_176102002

51



3. Model Predictive Control-Based Coordinated Voltage Control in Active Distribution
Networks Incorporating CVR and DR

The smart inverters interfaced to DG units with their reactive power absorption and generation
capabilities can participate in voltage regulation. These devices act as fast controllable resources
and have been explored in [10, 14, 21,21, 62]. They either follow commands obtained from control
algorithm or any autonomous volt/var curve. In ref. [14], an MPC-based voltage control methodology
is presented that coordinates energy storage systems, OLTC, and DG units in preventive and corrective
modes of operation. Ref. [62] proposes a centralized MPC to correct the locally obtained reactive power
set-point of DG units. All the aforementioned works have considered reactive power capabilities of
DG units in their voltage regulation approaches. However, these smart inverters interfacing DG
units are slightly oversized to enable their participation in voltage regulation, even with 100% active
power production. The usage of custom power devices in VVC is witnessed in recent literature. A
voltage control strategy has been developed in [43] utilizing OLTC and distribution static synchronous
compensator (DSTATCOM) in an ADN. Although custom power devices have been used with other
voltage regulation devices to fulfill different objectives for distribution network operator (DNO) in
several literature, very few of them have explored the reactive power capabilities of DSTATCOM
in an optimal coordinated voltage control scheme. Moreover, most of the aforesaid works have not
explored other features, such as, reduction of energy loss, energy consumption, peak demand or peak
power loss.

Conservation voltage reduction (CVR) is another aspect of volt/var optimization (VVO) strategy
where the supply voltage to consumers is lowered but within the ANSI standard to reduce the en-
ergy consumption of consumers [43,63,64]. A considerable amount of studies has been done on this
technique. Several authors have studied VVO deployed with CVR and other objectives in presence of
DER. Reference [43] has described the model predictive based multi-timescale coordinated operation
of CVR in ADN with electric vehicle (EV) integration. Authors in [63] have increased the energy
savings from CVR in PVs integrated ADN by coordinating smart inverters with traditional voltage
regulating devices. The trade-off between energy conservation and loss minimization with CVR has
been studied in [64].

Similarly, demand response (DR) is another technique to improve energy efficiency. DR implies
shifting the load behavior from a particular time instant to another to gain economic benefits, or cur-
tailment of certain loads with the coordination of the customers’ choices [30,61,65-67]. DR techniques

are mainly classified into price based DR and incentive based DR. Authors in [61] aim to formulate
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a DR control algorithm considering energy pricing limits for a residential PV storage system. In [65],
DR is implemented by reducing demand for a specified time duration in a microgrid. A model based
predictive control has been discussed in [65] to schedule flexible resources (heating systems and energy
storage systems) in presence of solar photovoltaics.

This chapter presents a model predictive based voltage control scheme, that coordinates OLTC,
DSTATCOM and reactive power capability of PV inverters to maintain bus voltages. Curtailment of
PV power is used as an emergency control action. This work is an extension of Chapter 2, where the
preliminary works on coordinated VVC have been described. In this work, unlike Chapter 2, the VVC
is allowed to operate in double-timescale. Further, the CVR and DR functionalities are integrated
into the VVC separately by incorporating DSTATCOM, voltage dependent loads and flexible loads,
respectively into the network and the effects of DR and CVR techniques on VVC have been analyzed.
Moreover, instead of considering all the PV units as controllable resources, PV units at specific buses
are considered to be controllable. This is done to reduce computation burden and the necessity of
oversized PV inverters for voltage regulation purposes.

In recent survey, CVR and DR both are integrated simultaneously to fulfill different objectives.
In [29], CVR and DR have been used to minimize energy consumption cost in a day-ahead market.
In [68], authors have considered a two-stage optimization structure to determine the size and location
of soft open point (SOP) and battery energy storage system (BESS) considering both CVR and DR
schemes. While Ref. [29] discusses the economic aspects, i.e., determination of the optimal pricing
scheme for every individual customer to participate in the DR, Ref. [68] formulates a planning problem.
However, the online coordinated voltage control structure is missing in [29] and [68].

Unlike previous works on VVC, CVR and DR have been deployed in this work in coordination with
the VVC. The VVO objectives are formulated in an MPC-based coordinated framework. Moreover,
the proposed scheme considers timescale decomposition of VVC devices. Table 3.1 points out the dif-
ferences in the approach described in this work with other works from previous literature. Considering

the above cited works, the major contributions of this work are:

(i) To develop a two-timescale MPC-based coordinated VVC strategy to enhance energy efficiency

along with CVR and DR techniques;

(ii) To propose a load-shifting based DR technique in the MPC-based coordinated voltage control

framework.
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Table 3.1: Literature survey.

Attributes Timescale | Reactive Reactive CVR | DR | Energy
Considera- Decompos- | power sup- power sup- Loss
tion ition port from port from Analysis
DSTATCOM | PV
Chapter 1 X X v X X v
Ref. [21] v X v X X X
Ref. [43] v X v v X v
Ref. [67] X X R X v X
Ref. [29] X X X v v X
Ref. [68] X X v v v v
Present Work v v v v v v

The remainder of this work is organized as follows: Section 3.2 describes the system investigated
in this chapter. The modeling of voltage dependent loads and flexible loads are also discussed in
Section 3.2. Section 3.3 discusses the voltage control model incorporating CVR and DR objectives.
The voltage control problem is formulated in Section 3.4. The simulation results and discussions are

presented in Section 3.5. Section 3.6 presents the conclusions of this work.
3.2 System description

In this section, the network and the components that constitute the distribution network are
modeled. The physical description of the components to be included in the form of constraints and
variables in the problem formulation are further discussed.

Fig. 3.1 depicts the active distribution network considered in this work. Let, {2 be the set of buses
of the network. The distribution lines of the network, represented by set of edges, € = (i,7) C Q x Q
are modeled in the form of series admittances Y;; = 1/(R;; + ijij)*l. Here, R;j, L;;j, w represent
the line resistance, inductance and system frequency, respectively. The system data is provided in
Appendix. The OLTC, loads, DSTATCOM and PV inverters constitute the network. It is assumed
that, like Chapter 2, all the network operations are carried out for a balanced three-phase system.
Newton Raphson power flow method has been done for the network initialization and extraction of
sensitivity matrix. Since the sensitivity matrix for a given network topology needs to be extracted
only once, the power flow is run once at the beginning of the simulation. The results of the power flow
are extracted as the initial points for the time domain simulations. Considering sampling time of the
controller as 10 seconds, the time-domain simulation is run every 10 seconds. For the first interval,
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Figure 3.1: 33-bus radial distribution network.

simulation is run with the values taken from the power flow method. Let, Q2py be the set of buses
with PV generators. Being the power injectors, the PV power profile is shown in Fig. 3.2. The PV
active power injection is a function of inverter size and solar irradiation. Thus, the reactive power at

any time instant ¢ is estimated from (3.1).

Q?;V,f = SB,% — Pzgnv,tQ- (3.1)

The loads with residential, commercial and industrial characteristics are connected to the distri-
bution network. The power profiles of these loads are depicted in Fig. 3.2 [8]. For the CVR operation,
the loads with exponential parameter are used. Eqs. [(3.2) and (3.3)] represent the exponential loads
that relates load power to bus voltages. The exponential parameter is defined by the CVR factor as

described in [63].

PP = PPy () SV Rew) Ym € Qypr, (3.2)

QT = QT ™ (1) YV Rewvan ¥m € Qypy, (3.3)

For DR scheme, certain loads of the network are modeled as flexible loads. The objective of the
DR scheme in this work is to shift the active power demand based on voltage magnitudes and the
real-time price of electricity. The profile of electricity consumption cost is shown in Fig. 3.3 [31].

The demand is shifted instead of curtailment in such a manner that the overall energy requirement
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Figure 3.2: PV and loads power profiles.

at a particular bus remains the same over the entire day. Let, A be the factor to represent demand

flexibility. The equations describing the flexible loads are:

T T
> PR At=Y" PLYALYm € Qpy (3.4)
t=1 t=1

PITt = szm’m.A?,Vm € Qpr, (3.5)

where, (1 — A/"™7) < X< (1 4 AT™OTY
The DSTATCOMs in the distribution networks are modeled as current injectors [refer to Fig. 3.4],

in which the current is always in quadrature to the bus voltage. Equations (3.6) and (3.7) represent

the model of DSTATCOM.

> Ks st — UYm) — .s
i, = KotV T” ) — st (3.6)
st

Qst = I5tUm (37)

where, m is the bus at which DSTATCOM is connected. K is the gain and Ty is the time constant
of the DSTATCOM regulator. A non-windup limiter is further integrated to the DSTATCOM model
to lock the DSTATCOM current when one of its limits is reached. The reactive power injected or

absorbed at the bus m is denoted by Q.
3.3 Voltage control model for ADN

Fig. 3.5 depicts the voltage control problem framework. The active distribution management

system (ADMS) regularly monitors the voltage profile of ADN with the help of advanced metering
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Figure 3.4: Model of DSTATCOM.

infrastructure (AMI), and supervisory control and data acquisition (SCADA). The necessary data
obtained from SCADA are processed by the central VVC for optimization. The VVC calculates the
optimal set-points for the available volt/var devices in coordination with the CVR and DR. At each
sampling point k£, MPC-based voltage control problem is formulated and solved. The optimal plan to
be applied at any sampling point £ = 1,2,....k + N, — 1 is the solution of the MPC problem. The
first control actions obtained for time k are applied. The MPC problem is then solved again but for
a shifted prediction horizon, with consideration of updated measurements (voltages and active and
reactive powers, etc.) and initial conditions. The receding horizon principle of MPC ensures that the
controller considers any uncertainties/disturbances instantaneously. If at any instant, uncertainties

get detected, the updated information gets reflected in the next sampling instant. Thus, the accuracy
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Figure 3.5: Block diagram of the proposed VVC.

of calculations of control actions is not compromised. MPC formulation generally requires difference
equations and are represented as given in Chapter 2 [refer to egs. (2.3) and (2.4)]. In eq. (2.3),
Au(k) = u(k) —u(k — 1) indicates the set of control input (control variables). y(k) and z(k) represent
the output and the states of the control system, respectively. A, B and C are the system, input
and output matrices, respectively. The input and predicted output along the control and prediction
horizon are denoted by Au and y,, respectively as in eqgs. (2.5)-(2.6). Thus, the state variables at
instants k = k, ...,k + No — 1 can be calculated sequentially from the basic difference equations as in
egs. (2.7)-(2.8). Similarly, the predicted output at instants k = k+ 1, ...,k + Np can be derived as in
egs. (2.9)-(2.11). The final form of predicted output matrix can be written as provided in eqs. (2.12)-
(2.14). Similarly, the control inputs are represented in the matrix form. These matrices are further
used to represent the objective problem in the form of standard programming. The voltage sensitivity
model is used as the prediction model for the MPC problem. The sensitivity matrices of the voltage
sensitivity model, V' /du are calculated from the inversion of the Jacobian matrix. The sensitivity
matrix is seldom updated if there is any change in network configuration. The sensitivities of bus
voltages with respect to the reference voltage of OLTC and DSTATCOM are obtained as the ratio of
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variations of the controlled bus voltages to the bus voltage associated with OLTC and DSTATCOM

due to a single tap and reference voltage difference, respectively as described in Chapter 2.

3.4 Problem formulation

The VVO problem is formulated as a quadratic programming problem as given in eq. (3.8).

Np chl
min» [{Viep(k +14) = V(k+ )} QViep(k +1) = V(E+ i)} + > [Au(k + i) RAu(k + )]+
i=1 1=0
ol'So
(3.8)

The VVO problem aims to minimize the voltage errors and to limit the usage of control and slack
variables in such a manner that the magnitudes of the bus voltages remain within desired bounds [0.95,
1.05] p.u. Further, the reference voltage for the VVO is kept at 1.0 p.u to obtain minimum power loss.
@, R, and S are the weighing matrices associated with the objectives: minimization of voltage error,
control variables, and slack variables, respectively. These weights are selected heuristically as described
in Chapter 1. Based on the timescale of operation of devices, the MPC-based VVO is operated in
the slow and fast timescale as shown in Fig. 3.6. The change in control inputs in the slow and fast
= [AViap(k)"]" and Au(k) e = [APpy(K)T, AQpy (K)T, AVit(k)T]". The

timescale are: Au(k) .,

objective function is subjected to inequality constraints as follows:
Au™™ < Au(k +1i) < Au™® (3.9)

™" < u(k i) < um (3.10)

1 minute dispatch of reactive power from DSTATCOM,
flexible loads and PV inverters, active power curtailment of PV

MBI

voltage P I P !

Time

Hourly Dispatch of OLTC

control

Figure 3.6: Timescale decomposition of VVC devices.
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— o 1+ V™ (kg +4d) < V(k+ilk) < V™ (k +4) + o2l (3.11)

The objective function is further subjected to the equality constraint as follows:
. . oV .
V(k+ilk) :V(k+z—1|k:)+6—uAu(k:+z—1) (3.12)

Eq. (3.9) represents the constraints on manipulated variables or inputs of the MPC-based model.
The inputs differ according to the stages of operation. Eq. (3.10) describes the limits on the ramp
movements of the manipulated variables. The constraint on the output variable, bus voltage mag-
nitudes, as described in eq. (3.11) is softened by usage of slack variables. The equality constraint,
described in eq. (3.12) is the prediction model used for MPC and thereby, handled at every sampling
instant.

Further, eq. (3.8) is modified for CVR operation and represented in eq. (3.13).

Np No—1
min'S (Voo +) = VU + )1 QfVeun (b +1) = V(E+ D} + 3 [Auulh + )T RAuk + )]+
i=1 =0
ol'So
(3.13)

The objective of the CVR operation aims to maximize the energy saving by minimizing the sum of the
square of the deviation of bus voltages from the expected CVR, voltage in all buses at each sampling
point. V., is the expected CVR voltage. The expected CVR voltage is chosen as 0.98 p.u. Eq. (3.13)
is subjected to constraints described from (3.9)-(3.12).

For the DR operation, some loads are modeled as flexible loads. While the optimization function
remains same as in (3.8), it is subjected to additional constraints, as given in egs. (3.15)-(3.18). Here,

Au(k) 0 = [AViap(k)T]T and

slow
Au(k) 5 = [APPy (k)T AQpv (k)" AV (k)" APpr (k)]
The voltage magnitudes as well as the energy demand at every sampling point are the states and

output of the MPC model equipped with DR, i.e., y = [V (k + i|k), E(k + i|k)].

Np No—1
miny yrer(k+) = y(k+ 0} Qfures(k + 1) —y(k+ )N + D [Aulk + i) RAu(k + i)+
i=1 =0

ol'Syo + ,uTS,Lu
(3.14)

The weighting factor for the change of power consumption by flexible loads is derived from market
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price signal and is bounded between [0, 1].
E(k+ilk) = E(k+i—1|k) + AtPpr(k+i—1) (3.15)

— 1+ E™(k 44) < E(k +ilk) < E™*(k + i) + pol (3.16)

Eq. (3.16) describes the constraint on output variable, energy demand at buses connected to
flexible loads. This constraint is further softened by adding slack variable, pu.
Moreover, in eq. (3.15), the energy demand from the flexible loads shall reach the desired (original)

demand by time t,,, as described in (3.17)
E(tout) > Eorig (3.17)
This is assured with the manipulation of lower bound constraint, E™" (k) of (3.16).
E™ (k) = maz[Ereq — max(0, (kour — k) PEL*AL)] (3.18)
3.5 Results and analysis

The MPC-based VVC has been implemented on a PC with specifications: Intel Core i5-6500
processor, 3.20 GHz, and 16 GB RAM. MATLAB R2018a is used as simulation platform. The com-
ponents of the network are modeled with the help of power system analysis toolbox (PSAT) [54]. The
optimization problem is formulated as QP and solved by CPLEX solver of IBM ILOG community
edition.

The performance of the proposed methodology is tested in a 33-bus distribution network (refer to
Fig. 3.1). The line and load data are taken from [56]. The single line diagram of the ADN is depicted
in Fig. 3.1 describing the locations of PV generators, DSTATCOM, OLTC and different types of
loads. The normalized load profiles in the residential, commercial and industrial areas are considered
for simulations. The daily power profiles of loads and PV units are derived from the product of the
peak power of each load or PV units with the multiplying factor as depicted in Fig. 3.2. Exponential
load model coefficients are taken from [63]. The OLTC is connected between the substation and bus-1.
The DSTATCOMs are placed at bus-17 and bus-32. The permissible limits of voltage are considered
to lie within [0.95, 1.05] p.u, i.e., £5% of the nominal voltage. The PV units are installed at all the
buses except bus-1. The capacity of each PV unit is chosen as 347 kVA. The PV units at buses 7, 12,

18, 22, 27, and 33 are considered controllable. It is assumed that the smart inverters interfaced to PV

TH-2808_176102002

61



3. Model Predictive Control-Based Coordinated Voltage Control in Active Distribution
Networks Incorporating CVR and DR

Table 3.2: Different cases considered for simulation

S. No. | MPC-based VVC | CVR | DR
Case 1| x X X
Case 2 | vV X X
Case 3 | v v X
Case 4 | vV X v
Case 5 | v v v

units have some excess reactive power capability and thus participate in voltage regulation. For the
DR scheme, it is assumed that load demands at bus 5, 10, 15, 20 25 and 30 act as flexible loads. The
range of flexibility of the demands participating in DR program is assumed as 20%.

The sampling time of the control strategy is 10 seconds. The controller parameters, prediction
horizon Np is equal to control horizon N¢ for all the considered cases, i.e., equal to three. Active
power curtailment (APC) from PV units is used only if the voltage magnitude of any bus crosses the
upper desired limit.

Five different cases have been considered for simulations as illustrated in Table 3.2. Case 1 corre-
sponds to the scenario, where there is no MPC framework or any control to regulate voltages, but there
are PV units and DSTATCOM. Case 2 corresponds to MPC-based coordinated control framework with
PV inverters, OLTC and DSTATCOM. In Case 3, CVR operation is studied in VVC framework that is
described in Case 2. Case 4 considers DR scheme in the MPC-based VVC operation. Case 5 integrates
both DR and CVR operation with the VVC scheme.

Tables 3.3 and 3.4 tabulate the most relevant variables (maximum voltage rise and drop, energy
loss, energy consumption, peak demand and resource utilization) for comparison among different cases.
Fig. 3.7 depicts the voltage profile of bus-18 for all the cases. The voltage profile of bus-18 exhibits
the highest voltage drop for all the scenarios and is thus considered for analysis. Simulations are run

with time-varying generation and loads.
3.5.1 Voltage profile analysis for different Cases

In Case 1, the voltage magnitude of bus-18 drops down to 0.87 p.u as observed from Fig. 3.7.
However, the voltage magnitude could not be restored to the desired level due to absence of any
type of control. Since, power absorption by loads being greater than power injection by the PV

generators, under voltage is more prevalent. In Case 2, MPC-based VVO optimally determines the
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Table 3.3: Numerical results for different cases considered for simulation

Case. | Maximum voltage | Minimum voltage | PV/DSTATCOM reactive power

No. rise (p.u) drop (p.u) injection/absorption (MVAr)

1 1.056/- 0.87/- -

1.053/1.05 0.91/0.96 PV(0.122/-0.072), DSTATCOM1

(2.875/-1.814), DSTATCOM?2(1.424/-0.619)

3 1.012/1.012 0.87/0.92 PV(0.161/-0.082), DSTATCOM1
(2.675/-1.548), DSTATCOM2(1.375/-0.310)

4 1.05/1.05 0.92/0.97 PV(0.120/-0.072), DSTATCOM1
(2.879/-1.840), DSTATCOM?2(1.424/-0.613)

5 1.015/1.015 0.87/0.94 PV(0.173/-0.092), DSTATCOM1
(2.980/-1.324), DSTATCOM2(1.407/-0.344)

Table 3.4: Comparison of energy loss, consumption and peak demand for all the cases

S. No. | Energy | Energy Peak demand | Power
loss consumption | at 15" loss at
(MWh) | (MWh) hour (MW) peak time (MW)
Case 1 | 4.582 95.712 0.5825 0.266
Case 2 | 4.227 96.552 0.5865 0.224
Case 3 | 4.134 95.045 0.5715 0.176
Case 4 | 4.262 96.865 0.566 0.221
Case 5 | 4.053 96.077 0.569 0.168

reference voltages of DSTATCOM and OLTC, and reactive power set-points of PV inverters to correct
the voltages that have crossed the prescribed limits. The voltage magnitudes reach the desired level
within a few seconds with the optimal amount of reactive power injection and absorption from PV
inverters and DSTATCOM, and OLTC tap operations.

When CVR is employed in Case 3, the voltage magnitudes remain at the lower end of the prescribed
limits. Further, the voltage magnitudes could not be brought back to the desired limits at few instants.
With DR in Case 4, better voltage performance is observed, since the voltage deviation with respect
to 1 p.u is less than the other cases. Thus, DR technique acts as an additional support to voltage
regulation by balancing the injection and absorption of power in response to market price signals.
The voltage profile in Case 5 is almost similar to the voltage profile in Case 4 due to implementation
of DR. However, the CVR technique in Case 5 keeps the voltage magnitudes at the lower end of the

desired voltage level.
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Figure 3.7: Voltage profile of bus-18 for all the cases.

3.5.2 Energy loss and energy consumption for different Cases

Fig. 3.8 shows the power loss profiles for Case 1 and Case 5 for comparative analysis. The least
values of energy loss as well as power loss at peak time are noted in Case 5 as shown in Table 3.4.
Further, it is observed that with the proposed method, the energy loss throughout the day has been
decreased by 529 kWh (unit), that amounts to 1,93,085 units in a year. As compared to Case 1,
it is seen that there is 6.9% to 11.54% of energy loss reduction in the other four cases. With the
consideration of voltage dependent loads for all the cases, the energy consumption during the day
is function of voltage magnitude. Thus, it is observed that energy consumption is least in Case 3.
The energy consumption during the day in Case 3 has been reduced by 1.56% compared to Case 2.
However, less the CVR voltage, more is the amount of reduction in energy consumption. Moreover, the
reactive power extraction and injection from DSTATCOM are relatively less in Case 3 than the other
cases as shown in Table 3.3. Here, positive value represents injection and negative value represents
absorption of reactive power. Although the energy consumption is more in Case 5 than Case 3, it has

been decreased by 0.5% and 0.8% when compared to Case 2 and Case 4, respectively.
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Figure 3.8: Power loss profile during the day.

In terms of peak reduction, the power profile of bus-25 at 15" hour is considered for analysis, since
adverse effect of peak loading is observed in bus-25 at hour 15. Thus, the market price is also high
at this hour. Fig. 3.9 depicts the active power profile of bus-25. It is observed that the active power
consumption is modulated with the help of DR operation. However, the MPC tries to keep the overall
energy consumption same throughout the day at bus-25. This flexibility in energy consumption further
helps in reduction of peak energy demand at the considered hour and thus in reduction of energy cost.
Thus, the demand at hour 15 has been reduced by 2.55%, 3.49%, and 2.98% in Case 3, Case 4 and Case
5, respectively compared to without DR technique (Case 2). This can be seen from Fig. 3.9. Thus,
while CVR helps in minimizing energy consumption and energy loss, with additional DR scheme, peak
demand reduction and smoother voltage profile can be achieved by altering the demands at peak and

off-peak times.
3.5.3 Effect of smart inverters in CVR operation

To show the effectiveness of smart inverters interfaced PV units in CVR operation, voltage profiles
are shown in Figs. 3.10 and 3.11. Fig. 3.10 represents the voltage profile with coordinated operation

of OLTC and DSTATCOM, whereas Fig. 3.11 depicts the voltage profile with coordinated operation
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Figure 3.9: Active power profile of bus-25.

of PV inverters along with OLTC and DSTATCOM. For more clarity, voltage profiles of bus-12 and
bus-18 are shown. It can be observed from Fig. 3.10 that with 0.98 p.u as CVR voltage, the voltage
magnitudes could not be brought back to their desired limits [0.95, 1.05] for several time instants. The
minimum voltage noted after application of control action is 0.92 p.u. However, the support from PV
inverters in Fig. 3.11 helps in maintaining the desired voltage levels with more energy conservation.
Moreover, deeper voltage reduction (0.95 p.u) for energy conservation without violating the lower

limits can be attained with the help of reactive power support from PV inverters.
3.5.4 Effect of timescale decomposition of voltage control devices

Next, to study the effect of timescale decomposition of voltage control devices, simulations have
been run to compare the single-timescale and dual-timescale voltage control in the test system. In
the single-timescale operation, the OLTC, PV inverters and DSTATCOM operate at every 10 seconds
duration. The tap operations of the dual-timescale and single-timescale have been shown in Figs. 3.12
and 3.13, respectively. It can be observed from the two figures that the dual-timescale coordinated
voltage control algorithm mitigates the number of tap operations significantly and thus, reduces the
possibility of occurrence of multiple operations in the network. Moreover, the energy loss is 6.152
MWh with single-timescale coordinated voltage control scheme, which is 45.54% more than the dual-

timescale.
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Table 3.5: Comparison of energy loss, consumption and peak demand for all the cases

S. No. | Energy | Energy Peak demand | Maximum/minimum
loss consumption | at 15" voltage before
(MWh) | (MWh) hour (MW) control(pu)

Case 1 | 7.207 136.826 0.5901 1.051/0.88

Case 2 | 6.531 137.108 0.5898 1.059/0.9081

Case 3 | 6.343 135.849 0.5833 1.048/0.8741

Case 4 | 7.909 136.956 0.5712 1.062/0.896

Case b | 6.066 136.428 0.5805 1.043/0.8759

3.5.5 Validation of proposed method in 38-bus distribution networks

The proposed control scheme is further validated in a 38-bus balanced distribution system. The
test network with allocation of PV units, DSTATCOM, flexible and voltage dependent loads, is shown
in Fig. 3.14. The voltage profile of bus-18 is illustrated in Fig. 3.15 for Cases 3, 4, and 5. As observed
from Fig. 3.15, voltage magnitudes are outside the prescribed limits at few time instants. However,
with the help of the proposed scheme, the voltages are brought back to their desired limits within
few seconds. The energy losses calculated during the 24-hour simulation are 6.343, 7.909, and 6.006
MWh for Cases 3, 4, and 5, respectively. Moreover, the consumption of energy for Cases 3, 4 and 5
are 135.849, 136.956, and 136.428 MWh, respectively. Table 3.5 depicts the numerical results with
38-bus distribution networks. The results obtained with this test network are found to be consistent

and similar to the 33-bus distribution network.
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Figure 3.15: Voltage profile of bus-18 for Cases 3, 4, and 5 in 38-bus distribution network.

3.6 Conclusion

In this chapter, a voltage control framework has been developed that coordinates the OLTC op-
eration on hourly basis, and smart inverters interfaced PV units and DSTATCOM operations every
one minute. This dual-timescale coordinated algorithm effectively reduces power loss as well as OLTC
tap operations. The two functionalities (CVR and DR) of ADMS have been explored further in this
framework. Different cases have been studied and compared on the basis of a few variables, such
as, energy loss, voltage profile, energy consumption and peak demand. Simulation results depict
that the integration of these two functions in the MPC-based VVC helps in reduction of energy loss,
peak demand, energy consumption and controllable resource utilization. The CVR operation with
PV inverters’ reactive power capability yields better results in terms of higher reduction in energy

consumptions, system losses, and deeper voltage reduction within ANSI standard in comparison with

only CVR (absence of PV inverter).
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4.1 Introduction

In the last Chapter, a dual-stage MPC-based approach has been developed to coordinate different
volt/var devices with different temporal characteristics for regulating voltages. This chapter presents
a dual-stage coordinated control approach for voltage regulation and congestion management of ADN
in the presence of PV generators and electric vehicle charging stations (EVCS). The proposed scheme
operates on rule-based model predictive control (RBMPC) to optimally manage the settings of the
regulating devices, i.e., OLTC, DSTATCOM, PV generators, and EV inverters that possess different
temporal characteristics. The first (hourly timescale) and the second (one-minute timescale) stages
of the dual-stage coordinated control mechanism are designed to correct the long-term and short-
term voltage fluctuations, respectively. The objectives of the proposed approach are to minimize
the number of OLTC operations (first stage) and changes in set-points of PV and EV inverters, and
DSTATCOM (second stage) in addition to minimization of slack variables, energy loss, and voltage
error at EV charging stations. In both the stages, pre-defined rules are set for MPC to optimize
different objectives on the basis of the magnitudes of bus voltages. Simulations are performed on
33-bus and 38-bus distribution networks to test the efficacy of the control approach. It is observed
that the proposed approach could mitigate the voltage variations as well as line congestion for different

scenarios.

4.1 Introduction

Power distribution networks are undergoing fundamental changes due to the rapid progression of
PV units and EV [69], [31]. The high surge in the penetration of intermittent renewables and EV would
not only affect the voltage profile but also add more stress to the power system’s aging infrastructure
[6,20]. Hence, an effective control strategy is necessary to overcome the concurrent over/under voltage
issues arising due to the integration of PV generators/EVCS in distribution networks.

Several control schemes are discussed in the literature to regulate bus voltages in active distribution
networks (ADN). The voltage regulation is generally performed either in decentralized [8, 26, 70],

distributed [11,16,27], or centralized [6, 10, 14, 20,28, 71-73] manner.

e Decentralized control scheme: In decentralized control schemes [8,26,70], the voltage regulating
devices utilize local measurements to control their local buses in a predefined manner. Peng Li.
et al. [26] have proposed a model predictive control (MPC) based local strategy to alleviate volt-
age violations and power losses across the distribution network with reduced computation bur-

den. Despite being easy to implement and require less infrastructure, decentralized approaches
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are likely to over-exploit specific controllable devices rather than coordinating all devices in a

network.

e Distributed control scheme: Distributed control schemes [11,16,27] are based on a multi-agent
system, in which each agent receives information from their neighbouring agents and collaborate
to reach a consensus. A cooperative voltage control strategy has been developed for MV distri-
bution networks consisting of an EV charging station and PV units [27]. Although distributed
control schemes enable information sharing between control agents to achieve voltage regulation,

it is more like a case-specific approach and mostly lacks optimal coordination [20].

e Centralized control scheme: The centralized control schemes [6, 10, 14, 20,28, 71-73] can achieve
optimal voltage control effect by using either an online or offline optimization approach. More-
over, these control schemes provide more controllability. However, they need high investment
in communication and remote terminal units to dispatch controllable resources optimally to
regulate voltages. In [6], MPC is used as an online corrective controller, placed centrally to cor-
rect the voltage deviations by minimizing changes in reactive/active power of the DG units and
tap positions of on-load tap changing (OLTC) transformers. A non-linear program with three
consecutive stages is formulated in [20] as a voltage regulation problem. MPC is used in [28]
as a centralized voltage control strategy considering uncertainties from load demands and PV
generations. The coordinated operation between OLTC and battery energy storage system is
ensured through weighted average approximation in [71]. MPC approach is used in [72] and [73]
to schedule different volt/var devices in presence of wind energy generators. In [14], preventive
and corrective control modes are designed to coordinate the economic operation and voltage
regulation. An MPC-based centralized corrective controller is developed in [10] to refine the
corrections obtained from local control. In Chapter 2, several rules are devised on the basis of

voltage magnitudes to effectively utilize the single-timescale MPC approach.

Despite considerable work on centralized coordinated voltage control, very few of them have focused
on multi-timescale coordination of regulation devices that possess different temporal characteristics
[21,74,75]. Guo et al. [21] have proposed a double timescale control framework based on MPC
principles. Authors in [74] aim to utilize multiple volt/var devices in different time scales to overcome
the effects of uncertain voltage fluctuation and deviation. However, it will be interesting to investigate

the multi-timescale volt /var control in presence of EV charging stations. Subsequently, the capabilities
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Table 4.1: Comparison of the proposed approach with similar approaches.

Attributes This Ref. | Ref. | Ref. | Ref. | Ref.
Consideration Chapter | [6] [14] | [10] | [21] | [43]
Timescale decomposition | v/ X X X v v
of VR devices

Reactive power support v X X X X X
from DSTATCOM

Reactive power support v X X X X v
from EV

Line Congestion Analysis | v/ X X v X X
due to large EV demand

of EVCS for conservation voltage reduction (CVR) on different timescales is explored in [43]. However,
in their work, the timescale decomposition is not based on the operation time characteristics of different
volt /var devices.

Although the DG units’ capabilities in providing fast reactive power support are explored in
[10,10,14,21,72], such arrangement might involve oversized inverters leading to the increased overall
cost and divert from the primary aim, i.e., energy harvesting. On the contrary, distribution static
synchronous compensators (DSTATCOMs) are dedicated reactive power compensating devices that
regulate the voltages independently and can reduce the utilization of over-sized PV inverters [60,70,76].
Particularly, in [60] local control algorithm has been developed to allocate DSTATCOM in distribution
networks to coordinate the power electronics interfaced devices.

Furthermore, due to the availability of on-board chargers, opportunities emerge for EV to provide
services to the distribution network operators (DNO) through vehicle-to-grid (V2G) technology. Re-
cently, few works have been reported that explore the potential of EVs in providing reactive power
services to the network [20,31,77,78]. EV chargers can provide reactive power at different state-of-
charge (SoC) without degrading the battery life cycle [20]. Although EV infrastructure benefits the
distribution system through V2G services, the increasing number of EVs creates congestion in the
feeders, resulting in network overloading [14,79,80]. In [79], an EV charge scheduling problem has
been investigated to reduce line congestion in the distribution system. Nevertheless, their study lacks
coordination between EVs and traditional compensating devices.

The comparison of the proposed approach with similar approaches is described in Table 4.1. The
comparison has been done considering four different attributes as mentioned in Table 4.1. However,

only a few reported works have considered all these four attributes. In view of the above discussion, an
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attempt has been made to develop a dual-timescale based centralized coordinated control algorithm
that follows the principles of MPC. The proposed MPC-based control scheme optimally coordinates
the volt/var devices (EVCS, PV inverters, OLTC, and DSTATCOM) with different temporal charac-
teristics to regulate the voltage profile of the network, while performing the congestion management.
The proposed problem is formulated as a multi-objective optimization problem that includes energy
loss and voltage error minimization, while maintaining the voltage magnitudes and branch currents

within desired limits. To this end, the objectives of the current work are as follows:

(i) To develop a model predictive control scheme based on dual-timescale coordinated algorithm
to maintain voltages and branch currents within desirable limits, with minimum use of control

elements.

(ii) To manage line congestion in the distribution network due to increased penetration of EVs, while
regulating the OLTC tap positions and dispatch of active power from PV, reactive power from

DSTATCOM, EVCS, and PV units.

(iii) To perform sensitivity analysis to confirm the effectiveness of the coordinated MPC-based ap-

proach.

The rest of this work is organized as follows: Section 4.2 describes the modeling of ADN and its
components, Section 4.3 illustrates the MPC-based dual-stage coordinated approach, Section 4.4 dis-
cusses the problem formulation, Section 4.5 presents the simulation results, and Section 4.6 concludes

this chapter.
4.2 Active distribution network modeling

A radial distribution network with N number of buses is considered as in previous chapters. The
set of buses and the distribution lines of the network are modeled as in Section 3.2 of Chapter 3. It is
assumed that all the operations are carried out for a three-phase balanced network. Newton Raphson
method is used for the initialization of the network. The active distribution network comprises OLTC,
PV generators, loads, DSTATCOM, and EVCS.

The power profiles of residential, commercial, and industrial types of loads are depicted in Fig.
4.1(a). The active and reactive power (Pp and Q) absorptions by loads are some specific percent

of the base loads [8]. The PV units are modeled as power injectors. The energy generation by PV
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Figure 4.1: Power profiles of (a) loads (b) PV units and EV charging station.

units is dependent on physical characteristics, such as, solar irradiance and ambient temperature. The
active power generations of PV on a fifteen minutes timescale, Ppy based on irradiance are shown in
Fig. 4.1(b) [20].

The charging power profiles of EVCS located in industrial [20] and residential [78] areas of the
distribution network are depicted in Fig. 4.1(b). The charging stations are assumed to be an uncon-
trolled charging load, i.e., charging begins as soon as the EVs are plugged into the charging point.
The information of each EV, such as state of charge, number of incoming vehicles, number of outgoing
vehicles, etc. are shared by each EV owner with the EV aggregator of an area. The aggregator further
conveys/receives necessary information of EV to/from the DNO. The EVs have the capability to in-
ject/absorb reactive power to/from the network while charging process. The reactive power support is
one of the vehicle-to-grid services provided by EVs to the network. This service is an added advantage,
since it can be provided without degradation of battery life. The reactive power support could be
provided in the first and fourth quadrants of the P-Q quadrant charging scheme, as demonstrated in
Fig. 4.2(a) [77]. The profiles of the number of incoming vehicles to the charging station located in the
industrial and residential areas are shown in Fig. 4.2(b).

A current injection model is used to model DSTATCOM as in Chapter 3. The current is always
kept in quadrature with respect to the bus voltage. Thus, only reactive power is exchanged between
the DSTATCOM and the ADN. The dynamic model of DSTATCOM, described by the differential
equation is shown in Fig. 3.4 and represented by eqgs. (3.6)-(3.7). The controller is employed with a

non-windup limiter to ensure the DSTATCOM current gets locked if one of its limits is reached and
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Figure 4.2: (a) P-Q quadrant of EV (b) number of incoming vehicles to EV charging station.

the first derivative is set to zero.
4.3 Proposed voltage control approach

The control elements considered in this work are the reference voltage of OLTC and DSTATCOM,
active power set-point of PV units, and reactive power set-points of PV and EV inverters. The OLTC,
being discrete and slow, shows different temporal characteristics than the fast PV and EV inverters
and DSTATCOM. Moreover, change in the OLTC tap position shall not exceed a specific limit so as
to enhance its lifetime. Nevertheless, with power variations in loads and PV units, and the number of
vehicles in a charging station, frequent oscillations of tap positions occur. Therefore, these different
control elements need a coordination strategy based on different time scales.

As illustrated in Fig. 4.3, an MPC-based centralized dual-stage coordinated voltage control scheme
is presented in this work. The DNO collects all the necessary data (voltage measurements, set-points
of control devices) through the data acquisition system. The MPC processes this information and
dispatches the optimal set-points to these control devices. In the first stage, the traditional device,
such as, OLTC reference voltage is set assuming that PV sources are operating at maximum power
point tracking mode. The reference voltage of OLTC is kept fixed for that hour of the day. In the
second scale of operation, the active power of PV inverters, reactive powers of PV and EV inverters,
and the reference voltage of DSTATCOM are controlled in an optimal manner to reduce the fast voltage
variations. These control actions are repeated every 1 minute in this multi-step optimization based
control scheme. In this dual-stage based operation, a set of pre-defined if-then-else rules is devised

to have effective control. The active power of PV inverters is modulated only when the voltages are
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outside the upper bound of the desired limits.
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Figure 4.3: Block diagram of the proposed control strategy.

4.4 Problem formulation

A prediction model of the plant is the foremost requirement for MPC operation. The linear
model can be represented by a state space model as in eq. (2.3). Further, the output equation can
be represented as in eq. (2.4). In egs. (2.3)-(2.4), B is the sensitivity matrix that represents the
sensitivity of the monitored variables with respect to the control variables. A and C are the system
matrix and output matrix, respectively.

It is to be noted that the voltage magnitudes of specific buses and branch currents of the ADN
are the states of the network as well as the outputs of the prediction model. The reference voltage of
OLTC is the controllable resource for the first stage, the active as well as reactive power of PV units,
reactive power of EV inverter, and the reference voltage of DSTATCOM are the control inputs in the
second stage, i.e.,

Aupirg (k) = [AViap ()] (4.1)
AUsecond(k) = [APpy, AQpv, AQpy, AVy]" (4.2)

The active power set-points of the PV inverters are used as emergency control action. The sensi-
tivities of the bus voltages with respect to control variables are extracted from the Jacobian matrix,

obtained through offline power flow [6]. The sensitivities of the branch currents with respect to control
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variables are evaluated at each sampling point [80].

Let, the prediction and control horizon be Np and N¢, respectively. Then, the prediction and
control steps are Np/ts and N¢/ts, where tg represents the control period. The length of the pre-
diction horizon, Np is generally equal to or greater than the control horizon length, No. Moreover,
Au(k +1i) = 0 is considered for ¢ > N¢. It is assumed that there exists a communication infrastruc-
ture for the free-flow of information in the system. Suppose, the set of predicted input and output
variables at each time instant be represented by Au and y, as in eqs. (2.5)-(2.6), respectively. Here,
yp = [V(k +ilk),I(k +1i|k)]T. The predicted outputs can be calculated sequentially with the help of
egs. (2.3) and (2.4).

For example, the predicted output at time instant k£ + 1 can be calculated as:
yp(k + 1) = C[Ax(k) + BAu(k)] (4.3)

which implies,

yp(k + 1) = C Az(k) + CBAu(k) (4.4)
Similarly, y,(k 4 2) can be written as:
yp(k +2) = CA%x(k) + CABAu(k) + CBAu(k + 1) (4.5)

Thus, the output prediction matrix y, can be formulated as in eqs. (2.12)-(2.14). Further, the inputs

in a control horizon are written in terms of the previous input and change in input as in eqgs. (4.6)-(4.7).
u(k) = u(k — 1) + Au(k) (4.6)

Similarly,

ulk +1) =u(k) + Au(k+1) = u(k — 1) + Au(k) + Au(k + 1) (4.7)

Similarly, in concise form, control input matrix u can be written as:

u=Gu(k—1)+ AAu (4.8)

where G =[I I I...IT and A =

NN NN

0.... 0
0... 0
I.... 0
I... I_

N O~ N O
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Here, I is identity matrix and 0 is null matrix.

A quadratic programming problem is formulated for both the stages to minimize the utilization
of controllable resources and slack variables, energy loss, and voltage deviations from the reference
voltage. A set of pre-defined rules is devised on the basis of magnitudes of voltages. The objectives
of MPC are changed dynamically during the simulations by changing the weight matrices associated
with these objectives. Moreover, the output weighing matrix is chosen in such a manner that the
voltage magnitudes of the buses connected to the charging stations reach 1 p.u. When magnitudes of

voltages are within the desired limits, the objective function is:

Np Ne—1
min ¥ [[Vees(k +ilk) = V(& + k)& + 03015 + | Poss 7] + > [lAu(k + )| Z] (o)
i=1 i=0 9

Here, o3 represents the slack variable associated with the branch currents. When magnitudes of

voltages are outside the desired limits the objective function is:

Np Neo—1
min» _[llolz] + > [ Au(k +4)|]
— £ (4.10)

Here, the control variables of MPC, Au(k) will be changed based on the stage of operation as
shown in eqgs. (4.1) and (4.2). The maximum number of OLTC operations during the day depends on
the lifetime of OLTC. The OLTC reference voltage, being changed hourly during the day ensures the

limited tap operation (< 24). The input constraints of the first stage are described by
Au™" < Au(k + 1) < Au™® (4.11)

U™ < u(k 4i) < u™ (4.12)

Qpv = £/ Spv?® — Ppy? (4.13)
Qprv = +\/Spv? — Pev? (4.14)

fori=0,1,...N¢o — 1
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The output constraints are further described in eq. (4.15)-(4.16)
— o1+ V™ (k4 0) < V(k+ilk) < V™ (k + i) + o9l (4.15)

I(k +ilk) < ™ (k + i) + 031 (4.16)

for i = 1,2, ..., Np.

The equality constraints that have been used to design the optimal control problem are

V(k+z’|k):V(k+i—1|k)+%Au(k+i—1) (4.17)
. . oI .
I(k+ik)=1(k+i—1k)+ —=Au(k+i—1) (4.18)

ouT
for i = 1,2, ..., Np.

4.5 Simulation results and analysis

The proposed dual-stage coordinated control scheme is tested on a 33-bus balanced distribution
network, as shown in Fig. 4.4. The IEEE 33-bus test system is modified to accommodate nine PV
units and two EV charging stations. The PV units are located at buses numbered 4, 6, 12, 18, 20,
22, 25, 29, and 33. The EV charging stations are located at buses numbered 14 and 31. The rated
capacities of the PV units and EV charging stations are taken as 1 MW. The loads are assumed to
be residential, commercial, or industrial. For the sake of analysis, the time-varying profiles of loads,
PV generation, and EV charging stations as represented in Fig. 4.1 are considered. While the profiles
of loads and EVCS vary hourly over the day, the PV unit power is considered to vary at every 15
minutes interval. Furthermore, the test network is equipped with DSTATCOM as well as OLTC. The
DSTATCOM is placed at bus-17 of the test network. Bus-1 is at the secondary side of the OLTC
transformer. The parameters of OLTC and DSTATCOM are provided in Table 4.2. The DSTATCOM
gain, K is chosen based on trial-and-error method. After a series of trials, K is set to 50. The
system base is considered as 10 MVA, 12.6 kV, and the test data are taken from [81]. The simulations
are carried out on a computer with specifications: Intel Core i5-6500 processor, 3.20 GHz, and 8 GB
RAM with simulation platform: power system analysis toolbox (PSAT) in MATLAB R2018a. The
optimization problem is solved by CPLEX solver.

The targeted limit of the voltages is kept as [0.95,1.05] p.u. Table 4.3 provides the controller

parameters used for numerical simulations. All the simulations are run for 24 hours. The curtailment
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Figure 4.4: Test network: 33-bus distribution systems with allocation of loads, PV, DSTATCOM and EVCS.

Table 4.2: Parameters of OLTC and DSTATCOM.

OLTC DSTATCOM
Parameter Value Parameter Value
Voltage rating  63.3/12.6kV | K 50
Number of taps 21 Ty 0.5
Deadband 2% Loz 0.2 p.u
Step change 1% of V,ated | Imin -0.2 p.u

of active power is chosen as the control variable only when the voltages’ magnitudes are outside the
targeted voltage’s upper limit. The rules for MPC that are designed to change the weights associated

with the objectives are described in Table 4.4.

4.5.1 Performance analysis of the proposed approach considering placement of
EV charging station

Three cases are considered based on the placement of EV station in a distribution network. The

cases are as follows:

e Case A: EV Charging Station in industrial area (Bus-31)

Table 4.3: Parameters of MPC.

First-stage Second-stage

No=3; Np=15| No = Np =3

Au = AVygp Au = [AQpy, APpy, AQEpy, AVy]
ts= 1 hour ts=1 minute
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Table 4.4: Weights of rule-based MPC.

Voltage Range (p.u) | Weights (first stage) | Weights (second stage)
V>11 Rvmpz , RPZIO,RQ=1

or Q=0 Ry —=1,Rpy =1

V <09 S =1000,T = 0 Q =0,

S =1000,T7=0
0.0<V < 0.95 Ry, =5, Rp =50,Rg =5
or QZO, Rst:57REV:5
1.05 <V <11 S =1000,T=0 Q=0,

S =1000,T = 0
0.05 < V < 1.05 Ry, =10, Rp = NA,Rg =10

@ = 1000 R =10, Rgy =10
S=0,T=1 Q=1,0 = 1000
S=0T=1

e Case B: EV Charging Station in residential area (Bus-14)

e Case C: EV Charging Station in both industrial (Bus-31) and residential areas (Bus-14)

Figs. 4.5, 4.6 and 4.7 show the corresponding simulation results representing voltage profiles,
voltage profile at EVCS, branch current profile of line-1, and OLTC operation for 24 hours for Case
A, Case B, and Case C, respectively. It can be observed that the bus voltages in all the cases reach
their desired limits in due course of time. The voltage levels of EV charging stations at the 14** and
15" hours are selected to be shown in an enlarged view. The line-1, connected between bus-1 and
bus-2 is chosen for line congestion analysis.

In Case A, the vehicles are parked and charged at the EV charging station during the daytime,
since the location of EVCS is at the industrial lateral. As PV generation is available during EV
charging, the voltage magnitudes are mostly within their limits. Unlike Case A, most of the vehicles
enter the residential EV charging station during evening hours and begin charging their vehicles (Case
B). Here, both over and under voltage scenarios are more prevalent than Case A. The reason behind
this is the difference in charging hours from PV generation hours. The voltage magnitude drops
down to 0.88 p.u in Case B, following which the control scheme initiates operation. Furthermore, the
maximum voltage without any control is observed to be 1.062 p.u during the daytime, which is higher

than the other two cases. This leads to utilization of more controllable resources, namely, active power

curtailment, tap operations, and reactive power support from PV inverters, as observed from Table
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Figure 4.5: Simulation results with Case A for 33-bus distribution network: (a) voltage profile (b) voltage
profile at EVCS, (c) current profile of line-1, (d) tap positions, V;4, and bus-1 voltage.

4.5. In Case C, the proposed approach is examined with EV charging stations both in the industrial
and residential zones. In spite of more charging demand in this case, the controller performance, in
terms of voltage magnitudes, energy loss, and resource utilization is better than Case B. This is due
to the availability of more reactive power support from EVs. Thus, the reactive power absorption
and injection from EVCS are greater in this case compared to Case A and Case B, as evident from
Table 4.5. Although the branch current in line-1 exceeds the thermal limits in all the cases as in Figs.
4.5-4.7(c), the proposed scheme brings them within its bounds by utilizing the controllable resources
effectively. The performance of the proposed controller for the three cases is provided in Table 4.5. It

is observed that the number of taps is within the tap constraint (< 24) for all the cases.
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Figure 4.6: Simulation results with Case B for 33-bus distribution network: (a) voltage profile (b) voltage
profile at EVCS, (c) current profile of line-1, (d) tap positions, Vi, and bus-1 voltage.

4.5.2 Comparative analysis

In this sub-section, the performance of the proposed approach is compared with RBMPC and
MPC approaches reported in [14]. For the sake of comparison, the operating conditions are kept the
same as Case C, and the corresponding results are depicted in Fig 4.8. Here, the voltage profile of
the buses connected to EV charging stations, and tap positions of OLTC are analyzed for comparison
purposes. Since the line connected between bus-24 and bus-25 shows overloaded condition, it has been
considered to validate the congestion analysis. It is to be noted that line congestion is determined
by the line congestion ratio (LCR), which is defined as the ratio of branch current (I) to the thermal

limit (/;**). The numerical results of the comparative study are tabulated in Table 4.6.
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Figure 4.7: Simulation results with Case C for 33-bus distribution network: (a) voltage profile (b) voltage
profile at EVCS, (c) current profile of line-1, (d) tap positions, V;4, and bus-1 voltage.

The results, shown in Fig. 4.8(a) and (b), indicate that the performance outcomes of the proposed
controller are similar, or even improved to the ones obtained by the approaches used in [14] and
Chapter 2. Due to the consideration of the reactive power support from DSTATCOM in the proposed
approach, the maximum and minimum bus voltages observed during the day are almost near to the
permissible limits. Besides, the voltage magnitudes at the buses connected to EV charging stations,
deviate from the reference voltage (1 p.u) by a large amount using the MPC approach reported in
Chapter 2 as shown in Fig. 4.8. Further, it is seen that the line-24 exceeds its thermal limits most of
the time in 24-hour simulation using the strategies in [14] and Chapter 2. It is to note that the LCR

of line-24 in the proposed approach is less than 1. However, LCR of line-24 is greater than 1 for the
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Table 4.5: Numerical results obtained with different cases for 33-bus distribution network.

Cases | Energy | Energy PV reactive EV reactive Maximum and Min- | Taps
loss curtailed | power inject- power inject- imum Voltage before
ion/absorption | ion/absorption | and after control
(MWh) | (MWh) | (MVArh) (MVArh) (pu)
A 2.331 0.422 1.565/-2.067 0.295/-0.102 1.052/1.018 17
0.9559/0.9949
B 6.118 0.682 1.926/-2.350 0.365/-0.024 1.062/1.016 19
0.885/0.95
C 4.004 0.467 1.784/-1.805 0.450/-0.134 1.052/1.018 14
0.91/0.99

Voltage Profile at Bus-31 Voltage PI'IDfiIe at Bus-14
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Figure 4.8: Simulation results for comparative studies (a) voltage profile of bus-31, (b) voltage profile of
bus-14, (¢) OLTC tap position and (d) branch current profile of line-24.
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Table 4.6: Comparison of the proposed approach with other MPC approaches reported in literature.

Approach | PV active | PV reactive EV reactive Maximum and Min- | No. of | LCR
power cur- | power injec- power injec- imum voltage before | of of line-24
tailment tion/absorp- tion/absorp- and after control taps
(MWh) tion (MVArh) | tion (MVArh) | (p.u)

Proposed | 0.467 2.023/-1.805 0.450/-0.134 1.052/1.018 14 <1

0.91/0.99

MPC in 0.000 2.677/-2.060 0.510/-0.257 1.045/1.02 >24 >1

[14] 0.935/0.99

RBMPC | 0.279 1.361/-1.024 _ 1.083/1.05 >24 >1

Chapter 1 0.92/0.95

other approaches.

The achievements of the proposed controller are further highlighted in terms of the number of tap
changes. As observed from Table 4.6, it is clearly evident that the coordination based on timescale
decomposition reduces the undesired oscillations of the discrete control devices, such as, OLTC. Com-
paratively, the proposed approach optimally harnesses the controllable resources to regulate voltages
and branch currents. Whereas, the approach at [14] tries to minimize the voltage error of all the
critical buses at every sampling point, resulting in extensive resource usage, such as, reactive power

support from PV and EV inverters.
4.5.3 Sensitivity analysis

Sensitivity analysis has been performed in this sub-section to check the impacts of controllable re-
sources on the proposed voltage regulation scheme. For this purpose, three scenarios are demonstrated

considering the same test system as in Case C. The inference from these scenarios are as follows:

e Scenario 1: In this scenario, reactive power support from only PV and EV inverters (without
DSTATCOM) are considered. As observed from Fig. 4.9(a), the voltage magnitudes of the buses
rise to a greater value before initiation of control operation. This results in a high amount of
PV power curtailment, and reactive power absorption from PV and EV inverters to bring down

the voltages within the desired limits, as depicted in Table 4.7.

e Scenario 2: In this scenario, reactive power support from only EV inverters and DSTATCOM
are considered. Reactive power compensation from PV inverters is not taken into consideration.
The voltage profiles in Fig 4.9(b) show that although the penalty factor associated with voltage
error is kept the same for all the scenarios, deviations from the reference voltage (1 p.u) is the
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Table 4.7: Numerical results obtained with Scenarios 1, 2, and 3 for 33-bus distribution network.

Scen- | Energy | PV active | PV reactive | EV reactive | DSTATCOM reac- | Maximum /Min-

ario loss power cur- | power injec- | power injec- | tive power injec- imum voltage

No. tailment tion/absorp- | tion/absorp- | tion/absorption before control
MWh | MVArh tion MVArh | tion MVArh | MVArh pu

1 3.672 0.685 2.160/-3.818 | 0.812/-0.356 | _ 1.113/ 0.88

2 3.955 0.000 - 0.599/-0.257 | 1.878/-12.412 1.04/0.88

3 3.926 0.009 2.471/-2.476 | _ 3.154/-7.626 1.06/0.91

largest in this scenario. Moreover, there is an increment of 7.7% in energy loss in this scenario as
compared to Scenario 1. A large amount of reactive power is absorbed by DSTATCOM in order
to limit the maximum voltage magnitude and maintain the bus voltages within the prescribed

limits.

e Scenario 3: This scenario considers the reactive power support from only PV inverters and
DSTATCOM. Here, EVs are acting as loads and do not provide V2G services. As observed
from Fig 4.9(c), without reactive power support from industrial and residential EV inverters,
the variations in the voltage profiles of bus-31 and bus-14 are less than the other scenarios.
There are 14.4% and 67% increase in reactive power injection by PV inverters and DSTATCOM
as compared to Scenario 1 and Scenario 2, respectively. This results in a considerably higher
minimum voltage magnitude observed during the day compared to the other scenarios. The
combined reactive power absorption from PV inverters and DSTATCOM help to maintain the

bus voltage magnitudes.

Thus, it is evident that each control action in the proposed control approach has a role to play in

voltage regulation and each of them needs coordination among them for better performance.
4.5.4 Performance of the proposed control scheme in 38-bus distribution system

The proposed control scheme is also validated in a 38-bus balanced distribution system. The test
network with accommodation of PV units, DSTATCOM, loads, and EVCS is shown in Fig. 4.10.
The data associated with the network is taken from [57]. The placement of PV plants, EVCS and
DSTATCOM are kept same as in 33-bus distribution networks. The sampling time of the controller

is 60 minutes for the first stage and 1 minute for the second stage.

As observed from Fig. 4.11, the bus voltage magnitudes for the three cases are well maintained
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Figure 4.9: Simulation results for 33-bus distribution network: voltage profile of EVCS for (a) Scenario 1, (b)
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within the desired limits during the day. Although at certain time instants, the bus voltages are out
of the desired bounds, the proposed scheme successfully brings the voltages within desired limits. The
reactive powers of PV and EVCS are changing dynamically throughout the day depending on the
variations in loads and generation. Moreover, the tap positions of OLTC are changed, but within the
tap constraint. The numerical results of this test network are depicted in Table 4.8. Although the
charging demand is more in Case C compared to Case A and Case B, the controller performs better in
Case C than Case B. This is due to the increased availability of reactive power support from on-board
chargers of EVs. Moreover, energy loss is less in Case C as compared to Case B. It can be thus inferred
that the results obtained with this test network are found to be consistent and similar to the 33-bus

distribution network.

Table 4.8: Numerical results obtained with different cases for 38-bus distribution network.

Cases | Energy | Energy PV reactive EV reactive Maximum/Min-
loss curtailed | power inject- power inject- imum voltage
ion/absorption | ion/absorption | before and after
(MWh) | (MWh) | (MVArh) (MVArh) control (pu)
A 3.500 1.288 1.928/-2.947 0.260/-0.153 1.069/1.021
0.9367,/0.98
B 5.421 2.329 2.568/-3.221 0.221/-0.002 1.089/1.033
0.91/0.9528
C 4.401 1.288 1.985/-2.887 0.523/-0.154 1.069/1.049
0.92/0.95

4.6 Conclusion

A dual-stage coordinated control mechanism based on principles of MPC has been presented in
this chapter to coordinate controllable resources with different temporal characteristics for voltage
regulation and congestion management. A set of rules is developed for both the stages to incorpo-
rate different weighted objectives on the basis of magnitudes of voltages. The proposed approach is

validated in 33-bus and 38-bus distribution networks. The major findings of this study are as follows:

e In Case C, although the charging demand is more than the other two cases with two EVCS,
the controller performs better than Case B. This is due to the increased availability of reactive

power support from on-board chargers of EVs.

e The number of tap movements and line congestion in the proposed approach are considerably

less than the other compared approaches due to the inclusion of timescale decomposition of
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volt /var devices and branch current constraint in the proposed scheme.

e [t is evident from the sensitivity analysis that the proposed approach, with proper coordination
among the control elements, could fulfill the desired objectives. Each control element has a role
to play in the voltage regulation scheme. While the DSTATCOM helps to limit the maximum
voltage magnitudes, the reactive power support from PV inverters aids in minimizing voltage

error and energy loss.

Moreover, the computation time for a particular sampling instant is evaluated to be few milliseconds,

which makes the proposed approach compatible for practical use.
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5.1 Introduction

In the last chapter, a dual-stage MPC-based voltage control approach has been developed to coordinate
the actions of OLTC, DSTATCOM, reactive power set-points of PV and EV inverters, and active power
set-point of PV inverters. In this chapter, a three-stage MPC-based centralized coordinated approach
has been developed to schedule charging of EV and volt/var devices. The approach aims at maintaining
bus voltage magnitudes and state-of-charge (SoC) of EV battery within desired limits with minimal
usage of control resources and cost of electricity consumption. The first stage determines the optimal
operating points of traditional discrete control devices on an hourly basis. The second stage dispatches
the optimal set-points of power electronics interfaced fast devices [PV and EV inverters| every one
minute. The third stage schedules charging/discharging of EV half-hourly with respect to the real-time
electricity price. Furthermore, several rules are formulated to adjust the local volt/var curve of PV and
EV inverters according to the voltage magnitudes. The combined central and local control approach
ensures that EVs attain the desired SoC at the time of their departure from the charging station
without violating the voltage limits. The proposed control approach is tested in 33-bus distribution
network and 38-bus distribution network with different operating conditions. Simulation results depict
that the performance of the proposed control approach is better than uncoordinated charging in terms

of reduced voltage deviations, energy loss, and control resources utilization.

5.1 Introduction

5.1.1 Background and motivation

Reducing carbon emissions and reliance on fossil fuels are the two major drivers of transporta-
tion electrification and renewable-based energy generation. This has led to a significant increase in the
installed capacity of PV generators and the number of EV in the ADN [27]. Consequently, the integra-
tion of intermittent renewable-based DG units and uncoordinated charging of EVs have complicated
the operation and planning of DNs.

The voltage regulation problem is one of the serious concerns arising out from the integration of DG
units and the uncontrolled charging of EVs. Various control methods are proposed in the literature.
However, the frequent voltage violations due to the stochastic nature of PVs and EVs increase the
operations of certain voltage regulating devices (VRD), such as, OLTC, shunt capacitors, etc, leading
to their lifetime degradation [82]. Thus, an advanced voltage control method is needed to coordinate

different VRD, and utilize the PV and EV inverters for voltage regulation.
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5.1.2 Literature review

With the advent of vehicle-to-grid (V2G) technology, the aggregated control, operation, and eco-
nomics of EVs in smart grids have gained the attention of the research communities [82]. The coordi-
nated control of EVs has been proposed for frequency [83] as well as voltage regulation [84]. Authors
in [31,85] have discussed several charging strategies for EVs to house a large number of EV penetra-
tions in the DN. The reactive power support from EVs has been explored in [15,31,85] to minimize the
node voltage variations without degrading the lifetime of the EV battery. In [30], the plug and play
charging requests of shapeable loads (EV) are considered. Similarly, PV inverters have a high potential
in providing support to the network operators with their control of real and reactive power [30,51].
The services that can be provided by PV inverters are voltage and frequency regulation, active power
controls, fault ride through, etc. [28,51].

The PV and EV inverters need to work in coordination with other VRD to regulate the system
voltages. The voltage regulation methodologies discussed in the literature are mainly categorized
into decentralized, distributed, and centralized control schemes. The local or decentralized control
approach causes competition among the control units and induces the possibility of oscillations in
the network [28]. The distributed and centralized coordinated control approaches, on the contrary,
have the potential to overcome the shortcomings of the local control approach and achieve optimal
control performance. Ref. [26] has proposed a MPC-based local control strategy to tune parameters
of control curves to obtain optimal voltage control performance. A distributed control strategy with
two consensus algorithms has been developed in [23] to coordinate the EV battery and PV active
power. A distributed MPC-based online EV charge scheduling has been developed in [86] with power
flow and voltage constraints satisfied. Authors in [14, 14, 21] have proposed an MPC-based control
strategy to coordinate different volt/var devices either on a single timescale or dual timescale to
maintain node voltages within desired limits. Although there exists significant literature on centralized
coordinated voltage control schemes [10, 14, 21, 28], very little work has been done on EV charge
scheduling in addition to scheduling other VRD for voltage regulation. With consideration of the
charging constraints of ESS, EVs can be treated as ESS with a particular requirement on the final
SoC at a given time. However, detailed modeling of EV charging stations is necessary to analyze the
effect of EV charge scheduling in the volt/var control.

From the literature survey, it can be found that coordinated EV charging along with the operation
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of other VRD (smart inverters, OLTC) is rarely investigated. In this work, both the real and reactive
power of EVs and PVs will be coordinated along with the reference voltage of OLTC in a centralized
manner. Therefore, a three-stage coordinated voltage control scheme based on MPC principles has
been proposed in this chapter to effectively utilize the multiple units with different temporal charac-
teristics. Besides, EV user’s satisfaction (in terms of desired SoC at departure time) is ensured with

the coordinated operation of the control units.
5.1.3 Contributions of this chapter

To fill out the research gap as mentioned above, this chapter aims to develop an online control
scheme for EV charging and scheduling volt/var devices to deal with the voltage regulation issues
caused by high PV and EV penetrations in DN. The major contributions of this work can be summa-

rized as follows:

(i) The volt/var devices are coordinated in two different time scales. At the first stage, the reference
voltage of OLTC is set and kept fixed for the next hour. In the second stage, the PV power

set-points and reactive power set-points of EV are dispatched to each inverter.

(ii) At the lower level, a local controller receives the reactive power set-points and adjusts according

to the volt/var curve.

(iii) The EV charge scheduling is performed in the third stage by taking into consideration the

balance between the operating cost and customer satisfaction.

This chapter is structured as follows: the system descriptions including modeling of EV charging
stations are discussed in Section 5.2. In Section 5.3, the proposed voltage control strategy is explained
explicitly. Simulation results are presented and discussed in Section 5.4. Finally, Section 5.5 draws

the conclusion.

5.2 System description

A radial distribution system with N number of buses in the set N = [1,2..., N] is considered.
The set of edges, € = (m,n) C NXN represent the distribution lines of the network. Each line is
represented by admittance Yy, = (Rpn + ijmn)_l. The DG units are connected to a set of buses

P C N. The EV charging stations (CS) are connected to buses H C N. Node-1 is the secondary
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side of the substation transformer equipped with OLTC. The loads are modeled as constant power
loads that vary hourly over the day. The residential, industrial, and commercial types of loads are
distributed in the network.

The EVCS models are developed considering the EV characteristics, such as, initial SoC, time of
arrival, and time of departure. Moreover, these EV characteristics change based on their placements in
the DN. The EVs are considered to be located in the industrial and residential lateral of the DN. The
EV owners are managed and controlled by an EV aggregator of an area. The EV owners of residential
and industrial laterals receive the data and accordingly, models of EVs are developed [31,85] as shown
in Fig. 5.1. The initial SoC, plug-in and plug-out times of EVs are generated from a normal probability
distribution function.

Figs. 5.1 (a), (b) and (c) represent the SoC of EVs at arrival times, plug-in and plug-out times
of the EVs in the residential area, respectively. Similarly, Figs. 5.1 (d), (e) and (f) show the initial
SoC, plug-in and plug-out times of EVs in the industrial area. Maximum of the EVs’ initial SoC,
arrival time and the departure time in the residential area are 0.4, 7:00 PM and 7:00 AM. Similarly
the maximum number of EVs in the industrial area is found to have SoC of 0.4 while entering the
charging station. The time of arrival and departure of the maximum number of EVs in the industrial
area are 9:00 A.M. and 6:00 P.M., respectively, according to Fig. 5.1. The data of arrival time of
EVs in the residential area follow a normal distribution with a mean of 19:00 hours and a standard
deviation of 2.2 hours. Similarly, data of departure time for residential EVs, the arrival and departure
of EVs in the industrial area are generated from the mean and standard deviation data. The mean of
normal distribution of EVs’ arrival SoC for residential and industrial laterals is considered as 0.4.

The final SoC, (socyiy,) for all the EVs is considered to be 0.8. It is presumed that there are 1000
and 450 EVs in industrial and residential areas, respectively. It is further assumed that the chargers
in the EV charging stations are bidirectional. Both parking as well as charging events occur in the
EVCS.

The time for which EVs are parked at the CS is defined as the parking time, ¢,4,+ and is evaluated

as

tpark = ta — td (5.1)

where t,,ty are the arrival and departure time of EVs to the CS. The EV driver submits the EV

data, i.e., initial and final SoC, energy requirement, their parking time, all-electric range, and battery
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Figure 5.1: Data of EV: (a) initial SoC of EVs in residential area, (b) plug-in time of EVs in residential area,
(c) plug-out time of EVs in residential area, (d) initial SoC of EVs in industrial area, (e) plug-in time of EVs
in industrial area, (f) plug-out time of EVs in industrial area.

specifications to the EV aggregator of that area as soon as it reaches the charging station.
The required energy for each EV, E,.., as calculated by aggregator at the arrival time is evaluated

as
50Creq-Beap

. (5.2)

Ereq -

where B, and n are the battery capacity of EV and efficiency of the EV charger for charging/discharging,

respectively. The soc,eq is given by
$O0Creq = SOCfin, — SOCingt (5.3)

Moreover, it is presumed that the CS has the capability to provide reactive power support to the
network in addition to dispatch of active power to/from the network. The EV charger reactive power

absorption/injection is bounded by

Qev = £\/Spv* — Pey? (5.4)

where Sgpy and Pgy are the charger rating and active power dispatch by the EV charger. The state

space model for EVs that fits into MPC framework is expressed as follows:

P,
z(k+ 1) = soc(k + 1) = soc(k) + BEV nAt (5.5)
cap
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where Pgy is the charging/discharging power of EV
y(k+1) = soc(k +1) (5.6)

where A=1I; B:gc—i; Cc=I.

Smart PV inverters can affect the feeder voltage with their active as well as reactive power pro-
duction. This work assumes that the PV inverter is oversized to enable injection of at least 44% PV
reactive power, even with 100% active power production. Further, due to economic considerations, the
curtailment of PV active power is limited to 20% of its active power production. The reactive power
set-points of the PV inverters, obtained from the centralized control are further adjusted according
to an autonomous volt/var curve. Depending on the local voltage magnitudes, the volt/var curve

determines the reactive power.
5.3 Proposed control scheme

The proposed control scheme aims at realizing two control objectives:
(i) Voltage control: To ensure voltage magnitudes at all the buses remain within bounds

(ii) User’s desired SoC: To ensure that the desired energy is provided to all the EVs before departure

An online centralized controller (CC) that follows the principles of model predictive control is chosen
to fulfill the desired objectives. The sensitivity model is chosen for prediction purposes. The sensitivity
coefficients for the linear model of MPC are evaluated from the inversion of the Jacobian matrix [6].
The sensitivity matrix for a given network topology needs not to be updated frequently, and is extracted
only once at the beginning of the simulations. The CC, on receiving the necessary information from
the data acquisition system calculates a set of optimal control actions, out of which, only the first
set is taken into consideration. The optimizer embedded into CC minimizes the cost function subject
to certain constraints. Here, the CC aims at driving the voltages and the SoC of the EV battery to
the desired values, with the minimum usage of controllable resources. The controllable resources are
tap changing positions of OLTC and power set-points of PV and EV inverters. The proposed control
scheme operates in three stages as depicted in Fig. 5.2. There are certain rules to adjust the volt/var
curve according to local voltage magnitudes. This section describes the preliminaries of MPC and

describes the stages of MPC in detail.
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Figure 5.2: Coordinated centralized controller: three-stage MPC.

5.3.1 Three stages of MPC in the proposed scheme

To coordinate different voltage regulation devices with different operation time characteristics,
the proposed control scheme is operated at three stages. In the first stage, the slow discrete devices’
operation is optimized to bring the voltage levels within the desired limit. The optimal control problem
at this stage is solved at every hour to minimize the switching operations of OLTC. The second stage
aims at scheduling different fast volt/var devices at every one-minute interval. It is mainly designed to
coordinate the reactive and active power injections of power electronics interfaced devices to deal with
short-term voltage variations. The third stage deals with the economic charging of EVs to satisfy the
EV users’ demand. As the real-time electricity price is received by the EV aggregator of each area at
half-hour interval, the charging/discharging decisions of EVs are taken half hourly. The optimization

problem is formulated in such a way that it fits into the framework of economic MPC.
5.3.2 Problem formulation

Let, the incremental control inputs over the horizon be denoted by
[Au(k), Au(k +1),...., Au(k + N¢ — 1)]
and inputs be
[u(k),u(k+1),.....,u(k + No — 1)].

The outputs over the prediction horizon are represented as [y(k + 1),y(k + 2),....,y(k + Np)].
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The voltage magnitudes [V (k)] and state-of-charge of the EVs [soc(k)] are the outputs of MPC for
all the stages. The OLTC reference voltage [Viqp(k)| is input for the first stage, active and reactive
power of PV and reactive power of EV [Ppy(k), Qpy(k), Qev(k)] are the second stage inputs, and
charging/discharging power of EV [Pgy (k)] is input for the third stage.

Similarly, incremental input vectors [Au(k)] for first, second and third stage are:

(AViup (W),
[APpy (k), AQpv (k), AQgv (k)]
[APgy(k)], respectively.

The MPC problem for the first stage can be formulated as

Np Nc—1
min Y [||Vyes(k+ilk) = V(k+ilk)Ig + lollg] + > |AViap(k +0)[Z,, 57)
i=1 =0 .

The MPC problem for the second stage can be formulated as

Np No—1
. . . 9) 2 -\ 12
min Y [|[Vieg(k +ilk) = V(k+ilk)[G +lollg] + Y [1APpv (K +)ll7p,
=T 1=0
12 12 (5.8)
HIAQpy (k + i)liEyy, + 1AQev (K + )]y,
The above objective functions are subjected to the following constraints:
Au™" < Au(k + i) < Au™*® (5.9)
u™" < u(k + i) < o™ (5.10)

In egs. (5.9)-(5.10), u and Au are changed according to the stage of operation.

Qpv = +\/Spv? — Ppy? (5.11)
Qev = +£\/Spv* — Pey? (5.12)

fori=0,1,..Nc — 1

It is to be noted that the active power of PV is curtailed to 20% of its rated capacity.

— o1+ V™ (k+40) < V(k+ilk) < V™ (k + i) 4+ 091 (5.13)
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fori=1,2,...,Np.

1% .

Vk+ik)=V(k+i—1]k)+
fori=1,2,...,Np.
The objective function to be minimized in the third stage is a linear programming problem with

economic considerations.

Np Neo—1
min Yy ([Vees(k + ilk) — V(k + k)& + |lo][3] + D [RTP.APgy (k) + py.v] 515
i=1 i=0 5.15

where, RT'P is real-time price of electricity consumption and p, is the penalty associated with the
violation of output variable (SoC of EV battery). Eq. (5.15) is subjected to inequality and equality
constraints as in (5.16)-(5.19) along with (5.13) and (5.14).

AP < APpy(k +1i) < APma® (5.16)
P < Py (k +1i) < PRy (5.17)
— 11 + soc™™(k + 1) < soc(k +i|k) < soc™(k + 1) + 1ol (5.18)
Pry(k+i—1
soc(k +i|k) = soc(k +1i— 1|k) — %—)At (5.19)
cap

fori=1,2,..., Np.

There are basically three types of MPC constraints: plant manipulated variable (MV); plant output
variable (OV), and MV increment constraints. The physical limits on the plant MVs are included in
MPC as hard MV bounds. The MV increment bounds are included when there is a known physical
limit on the rate of change, or the application requires preventing large increments for some other
reason.

Egs. (5.16) and (5.17) are MV increments and MV constraints, respectively. Here, the charging
/discharging power of EV is considered as the MV. They are hard constraints and are handled by the
algorithm that the solver uses. However, due to varying charging power available at each sampling
instant, the input variables and rate of inputs can be out of bounds. To cope with this situation,

several rules are formulated to the MPC problem. They are:

e Rule 1: If at any time, the input constraints are violated due to the sudden changing available

charging power from the aggregated EVs, the minimum/maximum value at that sampling instant
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is automatically considered as discharging/charging power for the next sampling instant.

e Rule 2: The charging/discharging power is adjusted at every sampling instant to keep the storage

constraints within desired bounds.

A popular method for handling state and output constraints in a MPC algorithm is to use “soft
constraints”, in which penalty terms are added directly to the objective function. Here, eq. (5.18) is
the output constraint (soc being the OV). Slack variables, p are added to OV with the aim to soften
the constraint so as to diminish the possibility of infeasibility. These variables are heavily penalized
by the penalty variable p,.

Eq. (5.19) is the equality constraint that describes how the SoC of EV battery is updated at each
sampling instant. This is the plant model for MPC and is thus, handled at each sampling instant.

Reaching the final SoC by all EVs at time of departure, ¢4 is one of the important constraints that

needs to be satisfied. This is described in eq. (5.20).
soc(tq) > S0Creq- (5.20)

Further, with the manipulation of lower bound constraint, soc™" (k) of (5.18), constraint (5.20) can
be satisfied. soc™"(k) needs to be updated at every sampling instant. Using eqs. (5.18) and (5.20),

the required constraint can be represented as:

PEV
Bmax

cap

Socmin(k) — ma;lj[socreq . maﬁ(oy {kout - k)n

}’Soclow] (5.21)

Here, socjyy, is limited to 0.2 due to physical considerations of the EV battery.
5.3.3 Local level control

The reactive power is dispatched by the centralized controller to the local control layer embedded
in each DG unit. The PV and EV inverters need to have their local controller as per the recent
distributed energy resources integration standards. A piecewise linear Q(V) characteristic is proposed
as local control for each DG unit. This local characteristic is adjusted according to the set-points
received from the centralized MPC as per Table. 5.1. The reactive power set-point received from the

centralized control is denoted by Q.
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Table 5.1: Adjustment rules of the local-level controller

Rule No. | Voltage Adjustment
Criteria Rules
1 V <0.9 QM
2 09<V <095 | Qo+ %5 522(0.95—V)
3 0.95 <V <1.05 | Qo
4 1.05 <V <11 | Qo— ¥t (v —1.05)
5 V> 1.1 —Qmax
Commercial 22 242312627282930313233 | Industrial
Loads ——@ /_._._._._._._. ' Loads
ss 12 45 78 910111213 14151617 18
@.@+K.+.
OLTC | \ Residential
| @@ Commercial Loads
i Loads s Load ,
11920 2122 | u Charging Stations (CS)
PV

Figure 5.3: Test network: 33-bus radial distribution network

5.4 Results and discussions

To demonstrate the performance of the proposed scheme, the three-stage control method is tested
in a 33-bus distribution network with nine PV units, loads, and twelve EV charging stations, as shown
in Fig. 5.3. The active distribution network is connected to the substation through a 10 MVA, 66/12.6
kV tap-changing transformer. The configuration of the test network is taken from [56]. The power
profiles of the PV units and the loads (residential, industrial and commercial) are depicted in Fig.
5.4. The EVs are placed in two areas, viz., industrial and residential areas. The plug-in and plug-out
times and SoC for the EVs in both the areas are depicted in Table 5.2. Buses 1, 31, 4, 6, 9, 12, 15, 18,
20, 22, 25, 26, 29, and 33 are the controllable buses whose voltage magnitudes are sent to the MPC
at every sampling instant. The control and prediction interval are designed to be three for all the
stages. The sampling times are one hour, one minute, and thirty minutes for the first, second, and
third stages, respectively.

To evaluate its performance, the test network is implemented in MATLAB R2018a and power
system analysis toolbox (PSAT) on a PC with Intel Core i5-6500 processor running at 3.20 GHz and

8 GB of RAM. For optimization purposes, the CPLEX solver has been used. The two types of EV
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Figure 5.4: Active power profile of (a) solar PV on sunny and cloudy day, (b) residential, commercial and
industrial loads

Table 5.2: Behaviour of EVCS

Type Location Mean of | Mean of | Mean of | Mean of Charger
Initial Final Arrival Departure | rating
SoC SoC time time rating
Industrial | 28, 30,31 0.4 0.8 9:00 AM | 6:00 PM 2 kW
Residential | 8,9,10,11,13, | 0.4 0.8 7:00 PM | 7:00 AM 4 kW
Residential | 14,15,16,17 (next day)
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Figure 5.5: Real-time price of electricity consumption.

charging that have been studied in this chapter are:
e Type I: uncoordinated EV charging
e Type II: economic EV charging

In Type I charging, EVs are charged with maximum power once plugged in to the distribution network.
On the other hand, in Type II charging, the charging occurs in accordance to eqs. (5.14)-(5.21). The

profile of RTP of electricity consumption is shown in Fig. 5.5.
5.4.1 Performance analysis for different types of charging

The voltage profiles with Type I and Type II charging are depicted in Figs. 5.6 and 5.7, respectively.
As shown in Figs. 5.6(a) and 5.7(a), both rise and drop in voltage magnitudes occur beyond the
desirable voltage limits [0.95 p.u., 1.05 p.u.] due to Type I and Type II charging schemes. However,
the voltage drop is more prominent in Type I charging due to the high EV charging load at a particular
instant. The voltage profiles at 13! hour are shown in Figs. 5.6(b) and 5.7(b) for further performance
comparison. The highest voltage is observed to be around 1.06 p.u, immediately after the departure
of all the EVs from the industrial EVCS. The under voltage occurs during charging of EVs. However,

with the application of the proposed voltage regulation method, the voltages could be regulated after
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a certain time for both types of charging. The active power profiles of the industrial and residential

EVs for both types of charging are depicted in Figs. 5.6(c) and (d) and 5.7(c) and (d), respectively.

The performance of the proposed control method with Type I and Type II charging is tabulated in

Table 5.3. Nevertheless, the performance with Type I charging is found to be poor compared to Type

IT charging. The energy demand at 15" hour in Type II charging has been decreased by 40.36%

compared to Type I charging.

Table 5.3: Performance of Type I and Type II charging

Type | Energy | PV curt- | PV reactive EV reactive Maximum | Minimum | EV energy
loss ailment | power inject- power inject- voltage voltage demand from
(MWh) | (MWh) | ion/absorption | ion/absorption | (p.u) (p-u) 13" to 15"

(MVArh) (MVArh) hour (MWh)

1 3.234 0.477 2.044/-2.122 1.300/-0.518 1.065 0.9128 1677.9

1I 2.582 0.448 1.798/-1.888 1.062/-0.477 1.069 0.9173 1000.648
L1 V(llf‘dge PI'UFII'E Active Power Profile (Industrial)

(c)
1.05 -0.02 Bus-28
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E 0.04 Bus-31
= 095} -0.06
*% 5 10 L 20 0% . 24
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F) l Bus-9
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f =10 Bus-13
f v 15 Bus-14
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Figure 5.6: Simulation results with Type I charging: (a) voltage profile, (b) voltage profile at 13" hour, (c)

active power profile (industrial), (d) active power profile (residential)

5.4.2 Performance analysis during two extreme scenarios

The simulation is then performed under two extreme scenarios:

e Scenario I: light load and sunny condition
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Figure 5.7: Simulation results with Type II charging: (a) voltage profile, (b) voltage profile at 13" hour, (c)
active power profile (industrial), (d) active power profile (residential)

e Scenario II: heavy load and cloudy condition.

The voltage and active power profiles of these scenarios are depicted in Figs. 5.8 and 5.9, re-

spectively. It can be observed that the voltage magnitudes in Scenario II exhibit more voltage dips

compared to Scenario I. It is further seen that the EVs in the industrial area in Scenario II discharge to

lessen the effect of heavy loading and less generation. The lowest voltage measured is 0.9 p.u. Further,

the energy loss and utilization of controllable resources (active power of PV, active and reactive power

of EV) to regulate voltages increase in Scenario II compared to Scenario I, as depicted in Table 5.4.

Table 5.4: Performance of Scenario I and Scenario 11

Scenario | Energy | PV cur- | PV reactive pow- EV reactive pow- Maximum | Minimum
loss tailment | er injection/ er injection/ Voltage Voltage
(MWh) | (MWh) | absorption (MVArh) | absorption (MVArh) | (p.u) (p.u)

1 1.672 0.588 1.889/-1.764 1.092/-0.710 1.063 0.9167

1I 4.430 0.374 2.134/-2.358 1.505/-0.747 1.068 0.9
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Figure 5.8: Simulation results with Scenario I: (a) voltage profile, (b) voltage profile at 14 hour, (c) active
power profile (industrial), (d) active power profile (residential)
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Figure 5.9: Simulation results with Scenario II: (a) voltage profile, (b) voltage profile at 14*" hour, (c) active
power profile (industrial), (d) active power profile (residential)
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Table 5.5: Performance for different percentages of EV penetration

Percentage | Energy | PV cur- | PV reactive EV reactive Maximum | Minimum
loss tailment | power inject- power inject- voltage voltage
(MWh) | (MWh) | ion/absorption | ion/absorption | (p.u) (p-u)
(MVArh) (MVArh)
50% 1.613 0.429 1.716/-1.826 0.620/-0.283 1.043 0.9534
75% 2.034 0.419 1.758/-1.871 0.867/-0.420 1.06 0.938
100% 2.582 0.448 1.798/-1.888 1.062/-0.477 1.066 0.9173

5.4.3 Performance analysis for different EV penetration

Next, to study the effect of different EV penetration levels, simulations have been performed with
50%, 75% and 100% EV penetration into the network. Fig. 5.10 depicts the voltage profile of bus-31
and bus-17 for the three penetration levels. It is to be noted that EV penetration level represents
the ratio of EV loads to the base load of the network. It can be observed that the rise and drop
in voltage magnitudes are least with 50% EV penetration. As number of EVs increases, there is
increase in voltage deviations. Further, energy loss and utilization of control actions increase as there
is growth in EV penetration levels. However, the centralized MPC could bring the voltage magnitudes
back to their desired limits within few seconds. Moreover, the current flowing through the substation
transformer increases with increase in EV penetration levels as shown in Fig. 5.10(e). The numerical

results obtained for different penetration levels have been tabulated in Table 5.5.

5.4.4 Validation of the proposed approach in 38-bus distribution networks

Table 5.6: Performance of Type I and Type II charging in 38-bus distribution networks

Type | Energy | PV curt- | PV react- EV react- Maximum | Minimum | EV energy
loss ailment | ive power ive power voltage voltage demand from
(MWh) | (MWh) | injection injection (p.u) (p.u) 13t to 15

/absorption | /absorption hour (MWh)
(MVArh) (MVArh)

I 4.149 0.389 3.374/-3.553 | 2.054/-1.269 | 1.078 0.91 1676

II 3.762 0.361 3.065/-3.228 | 1.825/-1.292 | 1.071 0.9145 1126

To further validate the proposed control approach, a 38-bus balanced distribution system is chosen
as the test network. The test network with accommodation of PV units, loads, and EVCS is shown in
Fig. 5.11. The data associated with the network is taken from [57]. The sampling time is 60 minutes

for the first stage; 1 minute for the second stage and 30 minutes for the third stage. Fig. 5.12 depicts
TH-2808 176102002

113



5. Coordinated Control Scheme for EV Charging and Volt/Var Devices Scheduling to Regulate
Voltages of Active Distribution Networks

Voltage (pu)

Voltage (pu)

o
©

Current (pu)

o
©

=

o
[&

o

[N

Voltage Profile of Bus-31

5 10 15 20
Time (hour)
Voltage Profile of Bus-17

©

5 10 15 20
Time (hour)
Current Profile of Transformer

o

5 10 15 20
Time (hour)

(b)

13 135

14 14.5 15

14 145 15

50% Penetration
75% Penetration
100% Penetration

Figure 5.10: Simulation results for different levels of EV penetration: (a) voltage profile of bus-31, (b) voltage
profile of bus-31 at 13*" hour, (c) voltage profile of Bus-17, (d) voltage profile of Bus-17 at 13t" hour, (e) current
profile of transformer

Bus with Loads

Figure 5.11: Test network: 38-bus distribution network

TH-2808_176102002

114



5.4 Results and discussions

Voltage Profile for Type I charging Voltage Profile for Type 11 charging

1.1 1.1
~1.05} ~1.05
2 2
o) o
g | 2 1
I i
~ 095 ~095¢
0.9 09
0
1.1 1.1
1.05F | 1 105}
1 LL il f |
F A e e e flssen A R |"'—'-'-"_-.'_|.“' anflod 1 Ennnniy nenesmn AT \._.. il ey finane prfaiid arlliny
T T T L T T L
0.95H 1 ooesl .
0.9 : : : 0.9 : : —
13 13.5 14 14.5 15 13 13.5 14 14.5 15

Time (hour) Time (hour)

Figure 5.12: Simulation results in 38-bus distribution networks: (a) voltage profile for Type-I charging, (b)
voltage profile for Type-II charging

the simulation results for Type I and Type II charging in 38-bus distribution networks. Although at
certain time instants, the bus voltages are out of the desired bounds as in Fig. 5.12, the proposed
control scheme brings the voltages within desired limits. The enlarged view of the voltage profile of
bus-16 is shown in Fig. 5.12 (b). The energy loss calculated during the 24-hour simulation with Type
II and Type I charging are 3.762 MWh and 4.149 MWh, respectively, as depicted in Table 5.6. It is
to be noted that the results obtained with this test network are found to be consistent and similar to

the 33-bus distribution network.
5.4.5 Comparison of execution times for 33-bus and 38-bus distribution networks

To measure the performance of the proposed approach, computation times of the proposed ap-
proach are evaluated for both the test networks with Type I charging and Type II charging. Table 5.7
depicts the execution times of the proposed approach. It is observed that computation times increase
with increase in network dimensions. Moreover, due to the presence of third stage of the proposed
approach, execution times of the proposed approach are more in Type II charging than in Type I

charging for both the distribution networks.
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Table 5.7: Comparison of execution times

33-bus 33-bus 38-bus 38-bus
ADN ADN ADN ADN
(Type-D) | (Type-Il) | (Type-I) | (Type-1I)
Execution time for 3.0214 s | 3.5734 s 3.1234 s | 3.6429 s
one sampling instant
Execution time for 4320 s 4500 s 5100 s 6000 s
24-hour interval

5.5 Conclusions

In this chapter, a three-stage voltage control method has been developed for distribution networks.
The proposed method aims to coordinate different volt/var devices that possess different temporal
characteristics in the first and second stages, and calculates the power outputs of EVCS in the third
stage. The EV charging behaviors have been taken into consideration while modeling EVCS. The
reactive power support from EVCS has also been utilized to regulate the voltages. Moreover, the
localized volt/var curve integrated into the DG units is adjusted according to the reactive power set-
points obtained from the MPC-based centralized controller. The performance of the proposed method
is validated in a 33-bus as well as 38-bus distribution networks. The findings of this Chapter can be
summarized as follows:

e The bus voltage magnitudes of the distribution networks are regulated within allowable voltage
ranges, and the SoCs of the EVs reach the desired values at the time of their departure for all
the operating conditions. However, the energy loss and resource utilization in Type I charging
are more compared to Type II charging. With coordinated charging, energy loss decreases by

20.16% as compared to uncoordinated charging method.

e [t is observed that energy consumption due to EV charging during high price charging hours is

40.36% less for Type II charging compared to Type I charging.

e In Scenario II, due to heavy loading and cloudy condition, more voltage dips are observed in the
voltage magnitudes. However, the proposed approach shows that the voltage could be brought

back to the desirable value with active and reactive power injections of EVCS.

e With increase in the network dimension and control variables, the computation times increase

proportionately.
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6.1 Introduction

In Chapter 5, a three-stage, two-level receding horizon control (RHC) based volt/var optimization
has been developed for the optimal power dispatch of EVs and solar inverters in ADN. The approach in
Chapter 5 aims at coordinating different voltage regulating devices depending on their slow (first stage)
or fast (second stage) responses to maintain the bus voltages magnitudes and scheduling the charging
of electric vehicles (third stage) in the first level of operation. The EV aggregators (EVA) coordinate
the EVs and act as an interface between the DNO and EV users. In this chapter, the proposed
control algorithm of Chapter 5 further attempts to maximize the benefit of EVA while performing
ancillary services through grid-to-vehicle and vehicle-to-grid infrastructure. Demand response is also
used through the EVA. The model is formulated as a mixed-integer non-linear programming problem
and implemented in general algebraic modeling system (GAMS) software. Furthermore, the reactive
power of the fast converters are dispatched through the local Q(V) characteristics in the second control
level. Further, simulation results depict that the proposed approach results in better performance than
uncoordinated charging method. Moreover, the profit gained by EVAs is more in fast charging scheme

compared to slow charging scheme.

6.1 Introduction

6.1.1 Background and motivation

With increasing penetration of DG units in the distribution networks, the transformation from
passive to active distribution networks has become evident. The bi-directional power flow in the
network induces several challenges to the network operators, such as increment in power loss, power
quality problems, voltage and line congestion, to name a few. The secure operation of ADN relies
on voltage regulation, thus identified as the most severe problem due to high penetration of DG
units. Several volt/var techniques are used to mitigate voltage violation problems. The traditional
voltage regulation devices have been used solely or in coordination with the fast control devices in the

literature [27],
6.1.2 Related works

The voltage control methods with wide variety of control elements are explored in literature. These
methods are mainly classified into distributed [27,59,87] and centralized [14,21]. In [87], a distributed
coordinated voltage control framework has been developed considering different temporal character-
istics of volt/var devices (DSTATCOM, DG units and OLTC). Authors in [59] have included smart
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buildings in the distributed coordinated control structure. However, the real time implementation of
distributed control scheme requires effort in reconfiguration of the overall structure. So sticking to cen-
tralized techniques, several authors have developed a centralized control structure coordinating both
traditional and smart inverter interfaced devices for voltage regulation in different timescales [14,21].
However, the aforesaid papers have not discussed the capabilities of EV in voltage regulation.

Few works report the utilization of reactive power support from electric vehicles as another voltage
control strategy in distribution networks [20,31]. An optimal coordinated control strategy has been
developed in [20] to maximize the EV demand while maintaining desired voltage levels, minimizing
power curtailment from DG units and OLTC operations. In Chapter 4, an online optimization strategy
based on RHC principles to coordinate EV reactive power with other control efforts to mitigate line
congestion and voltage deviations. The reactive power compensation capability of EV inverters has
also been used in conservation voltage reduction technique [43]. However, EV charge scheduling has
not been taken into consideration in these papers.

There are several works that discuss the smart charging of EV [30,82,85,88-91]. Authors in [88]
allow the EVAs to provide optimal charging demand as well as to bid in electricity market. In [30], EV
charge scheduling has been performed to shape the load curve in the residential areas. In [85], voltage
limits constraint has been added to the charge scheduling algorithm. Several authors have further
developed charge scheduling algorithms with consideration of EVA’s profit and EV users’ charging
demands and costs [82,89,90]. Ref. [89] emphasizes on the benefits of the three parties: system
operators, EVAs and the customers from charging/discharging events. EV charge scheduling has been
done in coordination with a two-level voltage control algorithms [82]. Although these aforesaid works
have obtained the voltage regulation objective through the charge scheduling schemes, it is to be noted

that coordination with other volt/var devices (OLTC, DSTATCOM, PV inverters) is missing.
6.1.3 Contributions and organization of the chapter

This chapter thus proposes a three-stage MPC-based centralized coordinated voltage control for
ADN with PV, EV and OLTC. The reactive power outputs of PV and EV are dispatched through the
integrated local Q(V) characteristics. Compared with the existing studies, the main contributions of

the work are summarized as follows:

(i) A RHC-based centralized coordinated voltage control for distribution networks is developed with

PV, EV and OLTC that optimally coordinates the slow timescale devices in the first stage, fast
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timescale devices in the second stage and EV scheduling in the third stage.

(ii) The EV charging/discharging considering benefits for the system operators, EV users and EVA
is performed in the third stage of operation. The EVs are charged to their desired SoC before the
departure time with minimum cost of electricity consumption. A profit optimization problem
is formulated for EVA considering revenue generation from regulation services and provision of

energy to EV users. The system operators benefit from voltage regulation objective.

(iii) Demand response is further incorporated in the third stage of the objective function for better

energy management.

The rest of this chapter is organized as follows: Section 6.2 describes the system model; Section
6.3 discusses the receding horizon voltage control model. The optimization problems at the three
stages are discussed in Section 6.4. The simulation results and discussions are presented in Section

6.5. Section 6.6 presents the conclusions of the chapter.

6.2 System model

Fig. 6.1 depicts the overall structure of the considered system. The distribution network consists of
N number of buses with PV generators, loads and EVCS at specified buses as depicted in Fig. 6.1. The
substation transformer is equipped with OLTC that controls bus-1 of the radial distribution network.
The loads are modeled as constant power loads where the active power absorbed by loads varies
hourly over the day depending on their types (residential, industrial, or commercial). The active
power generation of the PV units varies with atmospheric factors (solar irradiation). The reactive
power generation of PV generators is a function of inverter rating and active power production, as in
(3.1). The PV inverter is modeled as an oversized inverter in such a manner that there is at least 44%
reactive power injection, even at 100% active power production [51]. The active power profiles of loads
and PV are shown in Fig 6.2. The EVCS models are developed considering the EV characteristics,
such as, initial SoC, time of arrival, and time of departure as in Chapter 5. Moreover, these EV
characteristics change based on their placements in the DN. The EVs are considered to be located
in the industrial and residential lateral of the DN. The EV owners are managed and controlled by
an EV aggregator of an area. The EV owners of residential and industrial laterals receive the data

and accordingly, models of EVs are developed [31,85] as shown in Fig. 5.1. The data for initial SoC,
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plug-in and plug-out times of EVs are generated from a normal probability distribution function, as
described in Section 5.2. Both parking as well as charging events take place in the EVCS. The EV
owners’ daily energy consumption shall be in accordance with the agreement signed between the EVA
and EV users. According to the agreement, EV owners submit their data (battery capacity, initial
SoC, all-electric range, SoC requirement, and their parking time, (¢pqr1) to the EVA upon their arrival
to EVCS. The EVA then calculates the energy required by each EV owners and further optimizes the
charging schedule. The modeling of energy requirements of each EV owner is represented below:
tpark is evaluated by eq. (5.1). With battery capacity Bcqp for each EV of 24 kWh, the required
energy for each EV, E,., as calculated from eq. (5.2) by EVA depending on SoC requirement. The
symbol, 7 represents efficiency of the EV charger and soc,¢, is given by eq. (5.3). The SoC at every

time instant is updated using eq. (6.1)

P,
soc(k + 1) = soc(k) + BEV Atn. (6.1)
cap

The EVs in the EVCS are allowed to charge and discharge to provide grid-to-vehicle (G2V) and
vehicle-to-grid (V2G) services. EVs are able to inject as well as absorb reactive power in order to
incorporate the reactive power service provision from the EVCS while managing G2V /V2G dispatch.

However, the capacity of reactive power provision is limited by the charger rating as in eq. (5.4).

***********
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Figure 6.1: System considered: 33-bus distribution network
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Figure 6.2: Power profiles of (a) PV generators and (b) loads

6.3 Receding horizon based voltage control framework

RHC solves an optimization problem that is developed on the basis of state-space equations as
described in eq. (6.2).
min(yref - y)TQ(yref = y) e AUTRA'LL

xz(k+1) = Az(k) + BAu(k)

y(k+1) = Cz(k)
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The output matrix y,, is represented along the prediction horizon Np by:

Y = Fa(k) + ¢pAu
where

F=[CA CA? CA3.cCcANrT

CB 0 0.... 0 (6.3)
é CAB CB 0.... 0
CA’B CAB CB... 0
CANr—1B CAM—2B CANr3B.. CANer-NcB
Further, the control inputs can be written along the control horizon N¢ as:
u=Gu(k—1)+ AAu
where
I 0 0..0
I I 0. 0 (6.4)
G=[I I I..II" A=
I I I.. O
I I I... 1

where I and 0 are identity and null matrices, respectively. In eq. (6.2), Y refers to the predicted
output vector, and is the change in predicted control input vector. The optimization problem in eq.
(6.2) is solved at every sampling instant for Np time interval. The solution leads to an optimal control
sequence of No dimension. While the first value is applied to the system in the next time instant,
the other values are discarded. Thus, a new control sequence is obtained again at the next sampling
instant, that characterizes the receding horizon principle.

Fig. 6.3 depicts the centralized voltage control and charge scheduling framework. All the voltage
control operations are performed by DNO centrally. The DNO manages the controllable resources,
such as, PV units, EV and OLTC by monitoring their set-point status and voltage magnitudes of the
monitored buses. The information of EVs are conveyed through the residential and industrial EVAs.
It is assumed that there exits a well established communication infrastructure for the transfer of

information between the central controller and the controllable resources. As power system operation
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Figure 6.3: Voltage control framework

and control are executed in different time scales, the control architecture in this chapter operates on
three stages. In the first stage, the RHC based controller optimizes the OLTC tap operations hourly.
The fast power electronics based devices are operated every one minute in the second stage. The
charge scheduling of EVs, based on RTP of electricity consumption that is updated half-hourly, is
done at the third stage. The optimal control inputs are calculated accordingly and are sent to the
respective actuators. The local controller embedded in the converter based devices modify the reactive

power injection/absorption according to the local droop characteristics [10,28].

6.4 Problem formulation

The control architecture consists of two levels of control as discussed in this section [Refer to
Fig. 6.4]. While the upper level control is a centralized control scheme, the lower level control is a

decentralized control scheme.
6.4.1 Upper level control

Three stages of operation constitute the upper level control. These stages are defined based on
the operation time of volt/var devices. Let, incremental control variables over the control horizon
be denoted by [Au(k), Au(k + 1), ...., Au(k + N¢ — 1)] and control inputs be [u(k),u(k+1),....,u(k+
N¢ —1)]. The outputs over the prediction horizon are represented as [y(k+1),y(k+2),....,y(k+ Np)].

Being discrete and slow, the OLTC reference voltage [Viqp(k)] is input for the first stage. The
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active power set-points of PV, and reactive power set-points of PV and EV [Ppy (k), Qpv (k), Qpv (k)]
are the second stage inputs. Considering the dependence of charging/discharging events on the half-
hourly real time price of electricity and ancillary services, active power set-point of EV [Pgy (k)] is
the input for the third stage. The incremental input vectors [Au(k)] for first, second and third stage
are [AViqp(k)], [APpy (k), AQpv (k), AQEv(k)], and [APgy (k)], respectively. While the set of voltage
magnitudes [V (k)] is the output of MPC for all the stages, the set of state-of-charge of the EVs [soc(k)]
is the additional output of the third stage. The first and the second stages aim to minimize the voltage

error (deviations from the reference voltage), the slack variables and the control variables.

Np No—1
min » [(Vies = V)TQ(Vees = V) + 07 So] + > Au" RAw (6.5)
=1 =0

The above objective functions are subjected to the following constraints:

Au™" < Au(k + 1) < Au™® (6.6)

U™ < u(k44) < U™ (6.7)

— o1l + V™ (k44) < V(k+ilk) < V™ (k + i) + 05l (6.8)
. . 5V .

V(k+ilk) = V(k+i—1k) + =pAu(k +i — 1) (6.9)

for i =1,2,..., Np. Here, u and Au are changed according to the stage of operation. It is to be noted
that the active power of PV is curtailed to 20% of its rated capacity.

Eq. (6.6) represents the constraint on manipulated variables or inputs of the model. The ramp
movements of these inputs in both the stages are restricted through constraint eq. (6.7). By using slack
variables, the output variable, voltage magnitude constraint [refer to eq. (6.8)] is softened. Further,
the voltage equality constraint is represented as the state-space model of MPC.

The objective of the third stage is to consider the benefits of the three parties: EVA, EV users
and the DNO.
min Y225 [(Viep = V)TQ(Vees = V) + 0750l

+min Zﬁico_l AuT RAu (6.10)

+max Zf\;”l [Profitgy Al
where, profit for aggregators is the difference of revenue generation and cost of charging/discharging,

i.e., Profitpgya = Revgya — Costgpya. The eq. (6.10) is a min-max problem, and consequently,
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converted to a either min or max problem. Here, it is converted to a minimization problem.

The cost for EVA is the aggregation of buying price of energy during charging and degradation of
battery lifetime during discharging process [90,92]. The buying price of energy is the real time price
(RTP) offered by DNO as shown in Fig. 6.5 [31].

PgyRTP|r,,=1
Costgya = (6.11)

2
(0.042B4,/5000) + {0154} Py |, 1.

The revenue earned by EVA from the charging and regulation services,

dy[min(Pg®, P™®) — Pgy]| + (SP)Pgv|r.,=1
Revgy 4 = (6.12)

U PRY |ry,=1.

where, P™** is updated at every sampling instant and is evaluated by

so0C fin — SOCin;

n

pmes — Beap. (6.13)

In eq. (6.12), d; and u; are the real time regulation down and regulation up prices, respectively as
depicted in Fig 6.6 [90]. Regulation capacity is referred to as the amount of charging rate that can
be increased/decreased by EVA as asked by DNO. The regulation capacity of each EV is the sum of
regulation up and regulation down capacities. The EVA is paid by DNO based on these regulation
capacities, since these regulation capacities help in frequency regulation [90].

In eq. (6.12), selling price, SP is SP = M + RTP1; M is the mark up price above the buying
price of electricity. RTP1 is the selling price of electricity by EVA to the EV users for charging
by incorporating demand response (DR). DR is enabled in this third stage through price-based DR
and incentive-based DR. The RTP1, being dynamic in nature, is made high during peak load and
low during the off-peak load by the DNO to maintain stability of the network. Moreover, in the
incentive-based DR program, EV users for charging are charged an extra penalty on top of the RTP
when the load level of the system is above 80% of the system’s peak load. On the contrary, if the
EVs are discharged during these times, they are paid a reward on the purchasing price offered by the
DNO [89]. Furthermore, to ensure that EV either charges or discharges at a given time, two binary

variables 7., and 745 are defined for each EV to convert the problem to a non-linear mixed integer
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programming problem. Eq. 6.10 is further subjected to the following constraints

APR < APgy(k +i) < APRa® (6.14)

P < Py (k+i) < PR (6.15)

soc™™(k 4 1) < soc(k + i|k) < soc™®(k 4 1) (6.16)
Pgy(k+i—1)

soc(k +i|k) = soc(k +1i — 1|k) — At (6.17)

Beap
fori =1,2,..., Np. Further, the optimization problem is subjected to the voltage equality and inequal-
ity constraints as in egs. (6.8)-(6.9).

Moreover, each EVs’ SoC shall reach the desired SoC by the departure time, t4, referred to as EV
user’s constraint,

s0c(tq) > SOCreq (6.18)

To reach the desired SoC before ¢4, the lower bound constraint, soc™" (k) of eq. (6.16) needs to be
updated at every sampling instant. soc™" (k) is determined by two factors for every sampling instant.
The first factor is the physical lower limit of energy as in eq. (6.16). The second one is the EV user’s
constraint in Eq (6.18). These two factors can be combined together as:

Pras Aty

socmm(k) = maz[socreq — max(0, (tg —t)
Bcap

), SOCIow] (6.19)

Here, socjy,, is limited to 0.2 due to physical considerations.
6.4.2 Lower level control

The local control level in addition to upper level control is beneficial to DNO as it responds faster
to voltage disturbances [10,28]. Further, reliability of the system increases with such combined level
of control. According to the recent distributed energy resources integration standard [93], every DER
shall be equipped with local control characteristics, such as, cos(¢) or Q(V') characteristics. The
Q(V) characteristic is chosen in this work. The set-points dispatched from the centralized control are
further sent to the local control layer embedded in each DG unit. The var injection/absorption from

the smart inverters are adjusted according to this piecewise linear autonomous Q(V) characteristics
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Figure 6.5: Real-time price of electricity consumption.
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Figure 6.6: Real-time price of regulation-up and regulation-down services.
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Table 6.1: EV characteristics.

Material | Battery | Charger Battery
capacity | rating cost
Li-ion 24kWh | 2 kW (slow) | $ 13000
4 kW (fast)

in this level of control as in (6.20).

QM. V <0.9

Qo + L==00(0.95 - V),0.9 < V < 0.95

Q(V)=1¢00,095 <V < 1.05 (6.20)

Qo — ¥ Qo 1.05),1.05 < V < 1.1

—Qmer V> 1.1

6.5 Numerical results

The simulation results and analysis of the proposed approach is presented in this section.
6.5.1 Implementation and test network

The proposed control method is implemented in a 33-bus balanced distribution network [56] with
system base of 10 MVA, 12.6 kV as shown in Fig. 6.1. The simulations are carried out on a PC with
Intel Core i5-6500 processor, 3.20 GHz, and 16 GB RAM. The power system analysis toolbox (PSAT)
in MATLAB R2018a is chosen as the simulation platform. The optimization problem is solved by
CPLEX solver in GAMS environment [55].

The DN is divided into three areas, namely residential, commercial and industrial, based on the
load profiles (refer to Fig. 6.2) [31]. There are nine PV units of 0.5 MW rating and are located at
the buses numbered 4, 6, 12, 18, 20, 22, 25, 29, and 33. There are two EVAs in the industrial and
residential areas that control the charging/discharging of 1000 EVs and 1100 EVs, respectively. The
characteristics of the EVs are assumed to be same for both the areas and is shown in Table 6.1 [90].
Fig. 6.6 depicts the prices of ancillary services brought from the system operator [90]. Table 6.2

provides the controller parameters used for numerical simulations.
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Table 6.2: RHC parameters.

First-stage

Second-stage

Third-stage

Ne=Np=3
Au= AVigy

ts= 1 hour

Noe=Np=3
Au=[AQpy
APpy,AQEv]

ts=1 minute

No=Np=3
Au=[APgy]

ts=30 minutes

Table 6.3: PV/EV reactive power injection/absorption

Type of | Slow Slow Fast Fast

resource | (uncoordinated) | (Proposed) | (uncoordinated) | (Proposed)
MVAr MVAr MVAr MVAr

PV 1.870 1.665 2.412 1.926
-1.923 -1.731 -2.279 -1.731

EV 2.252 2.034 2.793 2.501
-2.043 -1.0436 -2.363 -1.536

6.5.2 Simulation results and analysis

6.5.2.1 Technical aspects of the proposed control method

The RHC-based voltage control algorithm is implemented in the test network to keep the voltage
within the range of [0.95 - 1.05] p.u. The PV active power curtailment is limited to 20% of the active
power production. The box plots of voltages for slow and fast charging scheme with the proposed
method has been shown in Figs. 6.7 and 6.8. It can be observed that due to high charging rate, the
voltage dips are more in fast charging scheme. Fig. 6.9 presents the results of the voltage control in a
critical bus (Bus no. 18), with the proposed (Type II) charging method as well as uncoordinated (Type
I) charging method for the slow charging scheme. It can be seen from the plots that due to charging
of EV batteries, voltage magnitudes decrease, but the RHC-based corrective controller reduces the
deviations and brings the voltages within their acceptable limits. In the uncoordinated charging
method, the EVs are charged at their rated power as soon as the EVs are plugged into the grid.
This results into more voltage deviations and more corrective actions are required in uncoordinated
charging method as shown in Table 6.3. Moreover, the EVs at all the buses reach their desired SoC

before departure times in all the scenarios. The time taken by the EVs at each bus is depicted in

Tables. 6.4 and 6.5 for the proposed and uncoordinated charging schemes, respectively.
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Table 6.4: Technical results for the proposed method

Type of | Min voltage Max voltage Time taken to

charging | magnitude (p.u) | magnitude (p.u) | reach final SoC (hour)

Slow 0.916 1.0496 [28,30,31]:5.41;[7,8,9,10]:4.067;
[12,13,14,15]:6.016;[16]:12.13

Fast 0.832 1.0496 [28,30,31]:2.7;[7,8,9,10]:2.016;
[12,13,14,15]:3.016:[16]:6.067

Table 6.5: Technical results for uncoordinated charging

Type of | Min voltage Max voltage Time taken to

charging | magnitude (p.u) | magnitude (p.u) | reach final SoC (hour)

Slow 0.9 1.065 [28,30,31]:5.33;]7,8,9,10]:3.983;
[12,13,14,15]:5.96;[16]:12.05

Fast 0.785 L1 [28,30,31]:2.683;[7,8,9,10]:1.983;
[12,13,14,15):2.967;[16]:5.95
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Figure 6.7: Voltage profile with slow charging (proposed method)
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Table 6.6: Economical results

Type of charging | Revenue ($) Cost (%) Profit ($)
Slow EVA1L: 5.8726; | EVAL: 1.6632; | EVA1: 4.2093;
charging EVA2: 13.8284 | EVA2: 3.0276 | EVA2: 10.8008
Fast EVAL: 10.2113; | EVAL: 3.3264; | EVA1: 6.8848;
charging EVA2: 275124 | EVA2: 6.3496 | EVA2: 20.8028
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Figure 6.10: Revenue profile

6.5.2.2 Economical aspects of the proposed control method

Table 6.6 depicts the aggregated revenue, cost and profit of the EVAs for both slow and fast
charging schemes. The revenue, cost and profit profiles for the slow charging scheme are depicted in
Figs. 6.7, 6.8 and 6.9. It can be observed from the simulation results in Table 6.6 that the profit
gained by EVA in the residential area is more than in the industrial area for both the schemes. The

revenue gained by EVAs is due to both the charging as well as discharging events.

6.5.2.3 DR analysis

Table 6.7 tabulates the penalty /incentive imposed/gained by EVAs due to the incentive based DR
for both slow and fast charging schemes. This implies when charging is done during high peak load,
a penalty has been imposed on the EVAs. Thus, highest penalty is imposed on EVAs when peak load

is highest as shown in Fig. 6.13.
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Table 6.7: DR results

Type of charging | Penalty ($)
Slow-charging EVA1:0.2765; EVA2:1.872
Fast-charging EVA1:0.5530; EVA2:0.3743
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6.5.2.4 Cost-economic analysis

To study the economic cost analysis of V2G when deployed to perform voltage support for the
distribution network in the presence of PV systems, a case study is presented to evaluate the total
profit earned by EV aggregators in only G2V and in both G2V and V2G conditions. The profit
earned by EV aggregator is given by the difference between revenue earned and cost incurred during
the charging/discharging process. The cost for EV aggregator (EVA) is the aggregation of buying
price of energy during charging and the degradation of battery lifetime during discharging process.
The buying price of energy is the real-time price (RTP) offered by the network operator. The revenue
earned by EV aggregators is due to the provision of regulation and charging prices. In this coordinated
scenario, it is assumed that the EVs can operate in both V2G and G2V modes. The injected /absorbed
power at every time interval is the decision variable in the proposed charging methodology.

Table 6.8 presents the performance metrics such as revenue earned, cost incurred and profit earned
by EVA for the G2V as well as both G2V and V2G scenario. The profit earned has the potential to
recover the operational cost of V2G as shown in Table 6.8. Due to the V2G effect and the presence
of PV power, the revenue earned and net profit is more in V2G operation mode. However, due to
the inclusion of the battery degradation cost in the V2G scenario, the cost incurred is more (4.7306

$/kwh) than in the G2V scenario (4.5312 $/kwh).

Table 6.8: Profit analysis during G2V and V2G conditions.

Particulars Both G2V and V2G | Only G2V
Total Cost incurred ($/kwh) | 4.7306 4.5312
Total revenue earned ($/kwh) | 20.1124 19.224
Net Profit for EVA ($/kwh) 15.3818 14.6928

6.5.2.5 Validation of the proposed approach in 38-bus distribution networks

To further validate the proposed control approach, a 38-bus balanced distribution system is chosen
as the test network. The test network with accommodation of PV units, loads, and EVCS is shown in
Fig. 6.14. The data associated with the network is taken from [57]. The sampling time is 60 minutes
for the first stage; 1 minute for the second stage and 30 minutes for the third stage. Fig. 6.15 depicts
the simulation results for the proposed and uncoordinated charging methods in 38-bus distribution
networks. The energy loss calculated during the 24-hour simulation with proposed and uncoordinated

charging are 1.017 MWh and 1.840 MWh, respectively, as depicted in Table 6.9. It is to be noted
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that the results obtained with this test network are found to be consistent and similar to the 33-bus

distribution network.

Table 6.9: Technical results for the proposed and uncoordinated charging methods in 38-bus distribution

network.
Type of Min voltage Max voltage Time taken to Energy loss
charging magnitude (p.u) | magnitude (p.u) | reach final SoC (hour)
Proposed 0.9135 1.04 [28,30,31]:5.41;]7,8,9,10]:4.067; | 1017
(Type II) [12,13,14,15]:6.016;[16]:12.13 | MWhr
Uncoordinated | 0.9004 1.0795 [28,30,31]:2.7;[7,8,9,10]:2.016; | 1.840
(Type I) [12,13,14,15]:3.016;[16]:6.067 | MWh

6.6 Conclusions

In this chapter, an RHC based three-stage, two-level voltage control and EV charge scheduling
method has been developed. The first two stages focus on correction of voltage deviations based on
temporal characteristics of voltage control devices. The third stage, however schedules EV charging
considering benefits of EV users, EVAs as well as DNO. The proposed method ensures that the EV
users’ fulfillment of desired SoC at departure time is attained at all the buses. Simulations have been
performed with slow and fast charging schemes. It has been observed that the maximum voltage
dip in fast charging scheme is 9.17% more compared to slow charging scheme with same charging
infrastructure capacity. Moreover, profit gained from charging and regulation services is almost 50%
more in fast charging scheme than slow charging scheme for both the aggregators. Furthermore, it is
observed that the proposed method is better than uncoordinated charging method in terms of better

voltage profile, reduced energy losses, and more profit.
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Figure 6.15: Box plots of voltages for proposed and uncoordinated charging methods.
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7.1 Summary

7.1 Summary

Driven by rising energy demand and environmental concerns, proliferation of RES and EVs in
the power distribution networks have increased manifold. However, high integration of these DERs
into the existing distribution networks introduces significant opportunities as well as challenges to
the DNO. The voltage profile management is identified as one of the major challenges due to huge
integration of DERs. The bidirectional power flow due to penetration of DG units elevates the volt-
age magnitudes across feeders. Besides, intermittent power fluctuations of RES exacerbate voltage
regulation problem. Similarly, proliferation of EVs charging adds further stress to the aging distribu-
tion network infrastructure, and thereby this causes severe voltage fluctuations and congestion in the
networks. This necessitates an advanced VVC to overcome the negative effects of DG units and EVs.

The power system researchers have significantly contributed to voltage control approaches in last
few years. In Chapter 1, the works on voltage control approaches are systematically presented. The
voltage control approaches are classified into a three-level classification tree. It consists of three
levels based on different attributes. The Level #1 classification is based on the functionality of the
control approach. The way the different control schemes are implemented is the basis of Level #2
classification. The Level #3 classification is based on the different voltage control methodologies
reported in literature. The special emphasis is given in the literature review to identify the optimal
voltage control approaches. A wide variety of literature on optimal control of voltage is presented in
Chapter 1.

The contributions of this thesis are summarized as follows:

e In Chapter 2, an MPC-based centralized control approach is presented for maintaining the
voltages of the buses within permissible limits in the presence of high PV penetration. The
proposed control scheme optimally coordinates the actions of OLTC and active/reactive powers
set-points of PV inverters to fulfill the desired objectives. The objectives are minimization of
change in control variables, slack variables, energy loss, and voltage error. These objectives
are weighted to form the overall objective function. Three rules are formulated based on the
severity of voltage magnitudes. The weights of the objectives are adjusted according to these pre-
defined rules. Simulations are performed in an ADN integrated with and without microgrids,
where both demands and generations vary hourly over the day. As power is injected by the

microgrids during most of the time of the day, the excursions of bus voltages are slightly higher
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in the microgrids integrated ADN. Moreover, the incorporation of the proposed rule-based MPC
reduces the energy loss due to active power loss in distribution networks, as is evident from the
simulation results obtained by comparing the proposed approach with an existing MPC-based
approach. Besides, in terms of the computational burden, the computation time of the proposed
controller is found to be less for one sampling period in solving optimization problem, when
compared with an existing MPC approach. Furthermore, control performance is evaluated using

SSVE performance index.

e In Chapter 3, a dual-stage model predictive based voltage control is proposed that optimally co-
ordinates the reference voltage of OLTC in the first stage, and PV inverters’ active and reactive
power set points, and reference voltage of DSTATCOM in the second stage to maintain net-
work voltages within the operating limits. This dual-timescale coordinated algorithm effectively
reduces power loss as well as OLTC tap operations. The two functionalities of active distribu-
tion management system, i.e., demand response and conservation voltage reduction are further
explored in the voltage control methodology to enhance energy efficiency of the distribution net-
works. Simulation results depict that the integration of these two functions in the MPC-based
VVC helps in reduction of energy loss, peak demand, energy consumption and controllable re-
source utilization. The CVR operation with PV inverters’ reactive power capability yields better
results in terms of higher reduction in energy consumptions (0.7%), system losses (5.8%), and
deeper voltage reduction within ANSI standard in comparison with only CVR (absence of PV

inverter).

e In Chapter 4, a dual-stage coordinated control approach has been presented for voltage regu-
lation and congestion management of ADN in the presence of PV generators and EVCS. The
proposed scheme operates on RBMPC to optimally manage the settings of the regulating devices,
i.e., OLTC, DSTATCOM, PV generators, and EV inverters that have different temporal charac-
teristics. Here, the voltage and branch current magnitudes are the outputs as well as the states
of MPC. Three cases are defined to study the effects of locations of EVCS in the distribution
networks. In Case C, although the charging demand is more than the other two cases with two
EVCS, the controller performs better than Case B. This is due to the increased availability of
reactive power support from on-board chargers of EVs. The number of tap movements and line
congestion in the proposed approach are considerably less than the other compared approaches
due to the inclusion of timescale decomposition of volt/var devices and branch current constraint

in the proposed scheme. It is evident from the sensitivity analysis that the proposed approach,
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with proper coordination among the control elements, could fulfill the desired objectives. Each
control element has a role to play in the voltage regulation scheme. While the DSTATCOM
helps to limit the maximum voltage magnitudes, the reactive power support from PV inverters
aids in minimizing voltage error and energy loss. Moreover, the computation time for a partic-
ular sampling instant is evaluated to be few milliseconds, which makes the proposed approach

compatible for practical use.

e The Chapter 5 proposes a three-stage MPC-based centralized coordinated approach to schedule
charging of EV and volt/var devices. The approach aims at maintaining bus voltage magnitudes
and state-of-charge of EV battery within desired limits with minimal usage of control resources
and cost of electricity consumption. The first stage determines the optimal operating points of
traditional discrete control devices on an hourly basis. The second stage dispatches the optimal
set-points of power electronics interfaced fast devices [PV and EV inverters] every one minute.
The third stage schedules charging of EV half-hourly with respect to the real-time electricity
price. The control approach ensures that EVs attain the desired state-of-charge (SoC) at the
time of their departure from the charging station without violating the voltage limits. The
EV charging behaviors have been taken into consideration while modeling EVCS. The reactive
power support from EVCS has also been utilized to regulate the voltages. Moreover, the lo-
calized volt/var curve integrated into the DG units is adjusted according to the reactive power
set-points obtained from the MPC-based centralized controller. From the simulation results,
it can be observed that the bus voltage magnitudes of the distribution networks are regulated
within allowable voltage ranges and the SoCs of the EVs reach the desired values at the time of
their departure for all the operating conditions. However, the energy loss and resource utilization
in Type I charging (uncoordinated charging) are more compared to Type II charging. With coor-
dinated charging, energy loss decreases by 20.16% compared to uncoordinated charging method.
It is observed that energy consumption due to EV charging during high price charging hours
is 40.36% less for Type II charging compared to Type I charging. In Scenario II, due to heavy
loading and cloudy condition, more voltage dips are observed in the voltage magnitudes. How-
ever, the proposed approach shows that the voltage could be brought back to the desirable value
with active and reactive power injections of EVCS. Moreover, it is observed that, with increase

in the network dimension and control variables, the computation times increase proportionately.

e The Chapter 6 proposes a three-stage, two-level receding horizon control-based volt/var opti-

mization for the optimal power dispatch of EV and solar inverters in ADN. The approach aims
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at coordinating different voltage regulating devices depending on their slow (first stage) or fast
(second stage) responses to maintain the nodal voltages magnitudes and scheduling the charg-
ing of electric vehicles (third stage) in the first level of operation. EV aggregators, being the
interface between DNO and EV users, is an independent entity that also seeks its own sustain-
able benefits from the coordinated optimal scheduling and regulation services. In the proposed
control algorithm, attempts have been taken to maximize the benefit of EVA while performing
ancillary services through grid-to-vehicle and vehicle-to-grid infrastructure. Demand response is
also used in the third stage of operation. The model has been formulated as a mixed-integer non-
linear programming problem and implemented in general algebraic modeling system software.
Furthermore, the reactive power of the fast converters are dispatched through the local Q(V)
characteristics in the second control level. Moreover, the voltage regulation objective in all the
stages benefits DNO technically. The proposed method ensures that the EV users’ satisfaction
of desired SoC at departure time is attained at all the buses. Simulations have been performed
with slow and fast charging schemes. It has been observed that the maximum voltage dip in fast
charging scheme is 9.17% more compared to slow charging scheme with same charging infras-
tructure capacity. Moreover, profit gained from charging and regulation services is almost 50%
more in fast charging scheme than slow charging scheme for both the aggregators. Furthermore,
it is observed that the proposed (Type II charging) method is better than uncoordinated (Type I
charging) method in terms of technical (reduced energy loss, voltage deviations) and economical

(more profit) considerations.

The simulation study is conducted for different cases in MATLAB software. The CONOPT /CPLEX
solver of General Algebraic Modelling System /IBM ILOG community edition software is used as the
solution tool. The validation of the proposed control approach is done in 33-bus as well as 38-bus

distribution networks. The summary of this thesis are as follows:

(i) A rule-based MPC approach has been formulated for coordinating OLTC and PV inverters which
can minimize energy losses and can maintain the node voltages, as well. The proposed approach
acts as a corrective controller that brings the voltage magnitudes within their desired limits in

ADN integrated with and without microgrids.

(ii) An MPC scheme based on dual-time scale coordinated algorithm has been developed, that co-

ordinates OLTC, PV inverters and DSTATCOM that possess different temporal characteristics.
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Moreover, integrating CVR and DR techniques in MPC framework aids in reducing energy

consumption, energy loss, and peak demand by 0.5%, 4.1%, and 2.9%, respectively.

ii) An -based dual-stage voltage control algorithm has been developed to manage line con-

iii) An MPC-based dual-st It trol algorithm has b developed t li
gestion in addition to voltage violations of ADN due to increased penetration of EVs and PVs,
with minimal actions of the OLTC tap positions and dispatch of active power from PV, reactive

power from DSTATCOM, EVCS, and PV units.

(iv) To study the effects of EVCS on the dual-stage coordinated algorithm, detailed modeling has
been further done. Furthermore, the local level control has been added to the centralized control

in dispatching DG reactive power through the integrated local Q(V) characteristics.

(v) A third stage is added to the previously developed two-stage MPC framework to perform EV
charge scheduling by taking into consideration the balance between the operating cost and
customer satisfaction. The optimal EV scheduling fulfills the objectives of reaching the desired

state-of-charge at desired time, reducing voltage fluctuations and charging of EVs at less price.

(vi) Furthermore, the EV aggregators’ profit from charging/discharging and ancillary services has
been considered in the economic MPC-based charge scheduling of EVs. Moreover, DR is also

used in the third stage of the MPC-based framework to enhance economic efficiency.
7.2 Scope for future work

There are many practical aspects which can be incorporated in the real-time optimal voltage

control approaches. The following aspects need to be investigated in future.

e Consideration of unbalanced distribution networks: In this thesis, the test networks considered
for validation are assumed to be balanced networks. The study can be extended in future with

consideration of unbalanced distribution networks.

e Consideration of load, generation and EV uncertainties in the modeling of ADN for voltage
control purposes: The real-time optimal voltage control approaches proposed in this thesis have
assumed the output power of PV units, loads and EVs as deterministic and neglected the un-
certainty associated with these DERs. The future extensions of this work might include these
uncertainties in the prediction model and a robust MPC approach can be developed to handle

these uncertainties.
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e Consideration of interface between transmission and distribution networks: The real-time control
of the distribution networks could be further extended to support the transmission network
when the later operates in stressed conditions. The real-time interface between transmission

and distribution systems could be further investigated.

e Consideration of smart transformers’ capabilities for voltage support: Recently, the smart trans-
formers’ capabilities for voltage support have been investigated. The future study encompasses
the usage of MPC to coordinate the smart transformers with other voltage regulation devices of

distribution networks.

e Consideration of a framework to enable EVs to participate in local energy markets: In this the-
sis, price-based electric vehicle charging/discharging scheduling has been considered to mitigate
voltage issues as well as to fulfill EV users’ desired SoC. However, this study can be extended
to develop a flexible framework that combines the economic and control mechanisms through
EV owners’ active participation in real-time local energy markets. Moreover, as part of the
feasibility studies of V2G, the replacement cost and degradation cost of the battery in the EV
would need to be considered to provide the EV owner a good indication whether it is profitable

to participate in providing voltage support to the grid via V2G.

e Validation of the proposed approach in real-time simulation platform: The proposed control
methodology could be further validated in real-time co-simulation platform using a real-time
digital simulator in future. Since the communication delay via the centralized scheme and
the accuracy of the predicted target value of MPC for the next control cycle may affect the
performance of the voltage control, they need to be carefully considered in the setup of the

real-time digital simulation platform.
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APPENDIX

This Appendix provides the simulation data for all the test networks used in the simulation which includes
the bus data, line data, base MVA, base kV etc. Bus data provides the information of active and reactive
power load demand of each bus of a network. However, line data of the network provides the information of
connectivity of each bus to other buses and the values of resistance and reactance of each line of the network.
The simulation data for the time varying load demand and PV generation are also provided in this Appendix.

A.1 Simulation data for 33-bus radial distribution network

The 33-bus radial distribution network is a single feeder network with single substation. The bus 1 of this
network is the substation bus and rest all are load buses. Simulation data for the 33-bus radial distribution
network are taken from [56]. The bus data and line data for the 33-bus radial distribution network are shown
in Tables A.1. The base VA and base kV of the network are 100 MVA and 12.66 kV, respectively. The single
line diagram of 33-bus network is shown in Fig. A.1.

232425 6272829303132 33

19 20 21 22

Figure A.1: Single line diagram of 33-bus distribution network.
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Table A.1: Bus data of 33-bus radial distribution network

Bus Load Demand Branch | From | To R X Maximum line
capacity
No. | Active Reactive No. bus | bus (Q) (Q) P(kW)  Q(kVAr)
Power Power
(kW) (kVAr)
1 00 1 1 2 0.0922 | 0.047 4600 4600
2 100 60 2 2 3 0.493 | 0.2511 4100 4100
3 90 40 3 3 4 0.366 | 0.1864 2900 2900
4 120 80 4 4 5 0.3811 | 0.1941 2900 2900
5 60 30 5 5 6 0.819 | 0.707 2900 2900
6 60 20 6 6 7 0.1872 | 0.6188 1500 1500
7 200 100 7 7 8 0.7114 | 0.2351 1050 1050
8 200 100 8 8 9 1.03 0.74 1050 1050
9 60 20 9 9 10 1.044 0.74 1050 1050
10 60 20 10 10 11 || 0.1966 | 0.065 1050 1050
11 45 30 11 11 12 || 0.3744 | 0.1238 1050 1050
12 60 35 12 12 13 1.468 | 1.155 500 500
13 60 35 13 13 14 || 0.5416 | 0.7129 450 450
14 120 80 14 14 15 0.591 | 0.526 300 300
15 60 10 15 15 16 || 0.7463 | 0.545 250 250
16 60 20 16 16 17 1.289 | 1.721 250 250
17 60 20 17 17 18 0.732 | 0.574 100 100
18 90 40 18 2 19 0.164 | 0.1565 500 500
19 90 40 19 19 20 || 1.5042 | 1.3554 500 500
20 90 40 20 20 21 || 0.4095 | 0.4784 210 210
21 90 40 21 21 22 || 0.7089 | 0.9373 110 110
22 90 40 22 3 23 || 0.4512 | 0.3083 1050 1050
23 90 50 23 23 24 0.898 | 0.7091 1050 1050
24 420 200 24 24 25 0.896 | 0.7011 500 500
25 420 200 25 6 26 0.203 | 0.1034 1500 1500
26 60 25 26 26 27 || 0.2842 | 0.1447 1500 1500
27 60 25 27 27 28 1.059 | 0.9337 1500 1500
28 60 20 28 28 29 || 0.8042 | 0.7006 1500 1500
29 120 70 29 29 30 || 0.5075 | 0.2585 1500 1500
30 200 600 30 30 31 || 0.9774 | 0.963 500 500
31 150 70 31 31 32 || 0.3105 | 0.3619 500 500
32 210 100 32 32 33 0.341 | 0.5302 100 100
33 60 40
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A.2 Simulation data for 38-bus radial distribution network

Figure A.2: Single line diagram of 38-bus distribution network.

A.2 Simulation data for 38-bus radial distribution network

The 38-bus radial distribution network is also a single feeder network with single substation. The bus-1 of
this network is the substation bus and rest all are load buses. Simulation data for the 38-bus radial distribution
network are taken from [57]. The bus data and line data for the 38-bus radial distribution network are shown
in Tables A.2, respectively. The base VA and base kV of the network are 10 MVA and 12.66 kV, respectively.
The single line diagram of 38-bus network is shown in Fig. A.2.

A.3 Simulation data for time varying load demand

The hourly average load data of three different types of loads [8] are considered in this thesis to have daily
variation in load demand. The hourly average load demand data in terms of percentage of peak load demand
for three different types of loads (residential, commercial or industrial) are shown in Table A.3.

A.4 Simulation data for time varying PV generation, EV demand
and MG

The simulation data for time varying PV generation are taken from [94]. The PV generation data of a sunny
as well as a cloudy day are considered for the simulation studies. Moreover, the EV data and the microgrid
data are taken from [20, 78] and [16], respectively. The hourly average PV generation, EV and microgrids data
in terms of their peak values are shown in Table A.4.
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Table A.2: Bus data of 38-bus radial distribution network

Bus Load Demand Branch | From | To R X Maximum line
capacity
No. | Active Reactive No. bus | bus (pu) (pu) S(pu)
Power Power
(pu) (pu)
1 00 1 1 2 0.000574 | 0.000293 4.6
2 0.1 0.06 2 2 3 0.00307 | 0.001564 4.1
3 0.09 0.04 3 3 4 0.002279 | 0.001161 2.9
4 0.12 0.08 4 4 5 0.002373 | 0.001209 2.9
5 0.06 0.03 5 5 6 0.0051 | 0.004402 2.9
6 0.06 0.02 6 6 7 0.001166 | 0.003853 1.5
7 0.2 0.1 7 7 8 0.00443 | 0.001464 1.05
8 0.2 0.1 8 8 9 0.006413 | 0.004608 1.05
9 0.06 0.02 9 9 10 || 0.006501 | 0.004608 1.05
10 0.06 0.02 10 10 11 |} 0.001224 | 0.000405 1.05
11 0.04 0.03 11 11 12 || 0.002331 | 0.000771 1.05
12 0.06 0.035 12 12 13 || 0.009141 | 0.007192 0.5
13 0.06 0.035 13 13 14 || 0.003372 | 0.004439 0.45
14 0.12 0.08 14 14 15 0.00368 | 0.003275 0.3
15 0.06 0.01 15 15 16 || 0.004647 | 0.003394 0.25
16 0.06 0.02 16 16 17 || 0.008026 | 0.010716 0.25
17 0.06 0.02 17 17 18 0.04558 | 0.003574 0.1
18 0.09 0.04 18 2 19 || 0.001021 | 0.000974 0.5
19 0.09 0.04 19 19 20 || 0.009366 | 0.00844 0.5
20 0.09 0.04 20 20 21 0.00255 | 0.002979 0.21
21 0.09 0.04 21 21 22 || 0.004414 | 0.005836 0.11
22 0.09 0.04 22 3 23 || 0.002809 | 0.00192 1.05
23 0.09 0.05 23 23 24 || 0.005592 | 0.004415 1.05
24 0.42 0.2 24 24 25 || 0.001264 | 0.004366 0.5
25 0.42 0.2 25 6 26 0.00177 | 0.000644 1.5
26 0.06 0.025 26 26 27 || 0.006594 | 0.000901 1.5
27 0.06 0.025 27 27 28 || 0.005007 | 0.005814 1.5
28 0.06 0.02 28 28 29 0.00316 | 0.004362 1.5
29 0.12 0.07 29 29 30 || 0.006067 | 0.00161 1.5
30 0.2 0.6 30 30 31 || 0.001933 | 0.005996 0.5
31 0.15 0.07 31 31 32 || 0.002123 | 0.002253 0.5
32 0.21 0.1 32 32 33 || 0.012453 | 0.003301 0.1
33 0.06 0.04 33 8 34 || 0.012453 | 0.012453 0.5
34 0.0 0.0 34 9 35 || 0.012453 | 0.012453 0.5
35 0.0 0.0 35 12 36 || 0.012453 | 0.012453 0.5
36 0.0 0.0 36 18 37 | 0.003113 | 0.003113 0.5
37 0.0 0.0 37 25 38 || 0.003113 | 0.003113 0.1
38 0.0 0.0
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A.4 Simulation data for time varying PV generation, EV demand and MG

Table A.3: Hourly average load demand in percentage of peak load.

Hour Residential | Commercial | Industrial
12-1 am 25 25 47
1-2 20 20 47
2-3 18 18 47
3-4 16 16 47
4-5 16 16 47
5-6 20 20 47
6-7 22 21 47
7-8 30 24 47
8-9 40 25 47
9-10 50 30 47
10-11 60 60 47
11-12 pm 70 90 85
12-1 pm 80 94 90
1-2 90 90 85
2-3 95 98 100
3-4 100 100 90
4-5 100 90 70
5-6 100 77 67
6-7 90 52 65
7-8 80 50 65
8-9 70 48 65
9-10 55 38 60
10-11 40 30 55
11-12 35 27 53
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Table A.4: Hourly average PV generation, EV demand and MG in percentage of peak PV generation, EV

demand and MG rating, respectively.

Hour PV PV EV EV MG1 | MG2 | MG3
(Sunny) | (Cloudy) | (Industrial) | (Residential)

12-1 am 0 0 0 0 0 0 0
1-2 0 0 0 0 0 0 0
2-3 0 0 0 0 0 0 0
3-4 0 0 0 0 0 0 0
4-5 0 0 0 0 0 0 0
5-6 0 0 0 0 0 0 0
6-7 0.88 5 5 0 0 0 0
7-8 14.7 20 20 0 0 0 0
8-9 40.59 35 50 0 0 0 0
9-10 64.11 50 85 0 0 0 0
10-11 70.89 95 95 0 0 0 0

11-12 pm 85.89 50 95 0 0 0 0

12-1 pm 99.7 60 95 0 54 75 100
1-2 100 65 65 0 95 7 100
2-3 92.65 55 30 5 52 76 100
3-4 79.41 43 5 20 53 76 100
4-5 61.47 20 0 50 54 66 80
5-6 39.71 0 0 85 25 67 80
6-7 9.71 0 0 95 25 o6 80
7-8 0.88 0 0 95 25 25 75
8-9 0 0 0 95 25 25 75
9-10 0 0 0 65 25 25 75

10-11 0 0 0 30 0 0 0
11-12 0 0 0 5 0 0 0
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