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ABSTRACT iii

Abstract

This Ph.D. dissertation provides a collection of tools and methods performed since 2017
at the Austrian Institute of Technology, in association with the Institute of Mechan-
ics and Mechatronics, Vienna University of Technology. The research was conducted
within the Blockchain Grid (FFG No. 868656) project funded by the Austrian Research
Promotion Agency. The publications resulted from the cooperation between the Aus-
trian Institute of Technology, Siemens AG Osterreich, Energienetze Steiermark, and
Vienna University of Technology.

This Ph.D. presents research on control and optimization of the distribution grid and
integrated energy assets in a local energy community. It also offers a solution to recon-
cile the physical settlement issue that a local energy market faces in a distribution grid
by providing a method to limit the flexibilities to ensure overall grid security preemp-
tively.

For several years, the amount of intermittent distributed energy resources (DER’s) like
photo-voltaic systems, wind generators, and new loads like electric vehicles, electric
and thermal storage, and heat pumps has increased in distribution grids. Power system
tools like load and optimal power flow, designed for transmission grids, are applied
to distribution grids with limited or no modification. Since DER’s and loads directly
depend on weather factors like ambient temperature, irradiation, and other external dis-
turbances, they, in turn, affect the performance of these tools. Therefore, novel optimal
grid control methods are to be developed which are compatible with distribution grids.
This dissertation presents a novel three-phase unbalanced holomorphic embedding load
flow method in conjunction with a non-convex optimization solver. Additionally, a
novel three-phase unbalanced model-based energy management system is presented to
manage the flexibilities that a smart home can offer. A control scheme is introduced
to derive relations between the grid level optimal power flow and individual flexibility
controller consisting of energy management systems. All the methods are demonstrated
at a pilot in Heimschuh, Steiermark, Austria.
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Chapter 1

Overview

Local Energy Communities (LEC) are being widely introduced in Europe, as outlined in
the Renewable Energy and the Electricity Market Directives, part of the Clean Energy
Package from the European Commission . This provides a framework for member
nations to develop their own legislation on LECs. In Austria, the directives are trans-
posed into the Renewable Energies Expansion Act (German: Erneuerbaren Ausbau
Gesetz) and an amendment of the Electricity Industry and Organisation Act (German:
Elektrizitaetswirtschafts und Organisationsgesetz) [2]. The most crucial goal of a LEC
is the local production, consumption, trading of energy, and democratizing the energy
system by empowering the citizens. LECs can incentivize the community members to
install new or increase renewable energy production, conducive to the challenging cli-
mate goals set by the European Green Deal.

This Ph.D. details a series of methods and tools to enable LECs’ optimal and safe
operation and the underlying energy system. It compiles novel methods developed to
control distribution grids, and local flexibilities, allowing a peer-to-peer local energy
market.

Chapter [T presents the motivation, problem statement, concepts developed, and related
basic research for control of the distribution grid and various flexibilities on the grid
and community member side. Chapter [2] presents the contributions and publications
related to this Ph.D. dissertation.

1.1 Motivation and Problem Statement

In recent years, distributed energy resources (DERs) like photo-voltaic systems, micro-
wind, and a new generation of integrated energy loads like electric, thermal storage,
electric vehicles, heat pumps, and hydrogen electrolyzers, are being increasingly con-
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1.1 MOTIVATION AND PROBLEM STATEMENT 2

nected to distribution grids. It is essential to operate and securely control the distribu-
tion grid to ensure the continuity of supply. LECs are expected to exasperate the issue
by further motivating the increase of such devices, and Distribution System Operators
(DSO) are obliged to facilitate the integration.

LECs will enable the creation of Local Energy Markets (LEMs) to trade and accounting
energy within the community. A central limitation of a LEM is the lack of a physical
settlement process. It is to ensure that the bids in a LEM, when executed, will not
cause any grid violations. At a national or European level energy market, physical
settlement is done with the help of a Transmission System Operator. However, due to
the large number of customers and devices involved, it becomes impractical for DSO to
perform the same in the distribution grids.

1.1.1 State-of-the-art review

In paper , OPF algorithms were classified into two categories; Class A algorithms use
ordinary load flow methods to generate intermediate solutions, use Jacobian matrix,
and other sensitivity relations to generate optimal solution iteratively. This method
is susceptible to failure since it entirely depends on the accuracy of the load flow. If
load flow converges, the solution already satisfies all the constraints. The optimization
problem is solved using the sensitivity relation from arriving at an optimal one. Class
B algorithms depend on exact optimal conditions, and load flow equations are used as
equality constraints. Detailed formulation of OPF is needed, which includes the entire
search space making it non-convex and is challenging to compute the global optimum.
One of the main challenges is constraint handling. The two classes have various advan-
tages and disadvantages. The performance of Class A depends on the load flow method
used. Newton-Raphson and Gause-Siedel methods are well known in the community.
The above-mentioned methods have certain limitations as detained in , leading to a
non-converged state and failure of OPF. Since Class B uses the entire search space and
is non-convex in nature, it is not easy to find a global optimum. Additionally, convex
relaxation is needed or a heuristic optimization method.

A novel Class C method is presented in this work which combines Class A and Class
B. Using a reliable load flow described in Section method wrapped around a heuris-
tic optimization method. The load flow generates accurate operable high voltage and
phase angle solution at every iteration and is used as equality constraints. Since the
models used for low voltage distribution networks are derived from transmission grids,
this section presents a novel three-phase unbalanced optimal power flow. A detailed
discussion can be found in Section 2.1]
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1.1 MOTIVATION AND PROBLEM STATEMENT 3

Smart home energy management systems (HEMS) have been widely described in the
literature . Model predictive control (MPC), with its large popularity in the chem-
ical industry, is increasingly being used in smart buildings and homes to handle the
uncertainties associated with the building models, new intermittent generation, and
loads. Various MPC-based HEMS are available in the literature. In [10], an MPC
technique to optimize the air-conditioning and other energy-intensive appliances are
presented. The objective is to minimize the energy peaks throughout the day. Authors
in have presented a HEMS with a variety of generations and loads with the goal to
increase self-consumption, maximal utilization of PV system, and decrease operational
costs. Work done in presents an MPC method to control electric vehicles, hot-water
tanks, and domestic heating to reduce energy consumption. Forecasting methods are
used to predict the disturbances like uncontrollable loads and solar irradiation. Results
lead to a minimization of energy costs and peak power.

However, most of the research relies only on single-phased electrical models. This can
be observed in @,, where building RES generation and loads are optimized. Addi-
tionally, most of the methods only control active power, and reactive power is elimi-
nated. However, voltage is directly coupled with reactive power, and therefore, reactive
power control is interesting. In this Ph.D., a novel three-phase unbalanced home energy
management system is developed to achieve per-phase control of various flexibilities.
Additionally, both active and reactive power control is presented (see Section .

In power system, stratified control is mainly used in microgrids as presented in [14}16].
However, these methods need detailed information about the flexibilities that they are
controlling to generate the set-points. This is not typically available in a local energy
community with a number of customers, and data privacy does not allow it. Moreover,
in the literature, stratified control methods are designed to operate a specific type of
device or flexibility as presented in , where electric vehicles are managed. Meth-
ods to include smart buildings are presented in [20,21]. In this Ph.D., a generalized
stratified control method, which generates set-points at the points of common couplings
of individual flexibilities, is presented. This is device and flexibility independent, re-
sulting in the inclusion of a wide variety of flexibilities into the community.

In the literature, there are numerous methods describing capacity management in dis-
tribution grids. They are either numerically iterative in nature or use mathematical
optimization. The grid capacity, optimal hosting capacity, optimal placement problems
are fundamental, based on optimal power flow (OPF) methods, as described in [3].
Various methods on hosting capacity are presented in .

Authors in , have presented a micro-grid energy and power management system that
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1.1 MOTIVATION AND PROBLEM STATEMENT 4

is bi-level in nature. Two levels of control, namely, upper and lower, are implemented
using evolutionary algorithms for power and energy management, respectively. Using
this approach, the global optimum is challenging to achieve, and the flexibilities directly
receive set-points. This is a significant limitation as detailed flexibility models are
needed. In [26], an energy management system to control RES generation from solar,
tidal, and wind is described. It is used for demand response programs, coupled with
storage devices in a micro-grid. Linear multi-objective programming method is used.
However, it does not provide a method for separating load types and provides a method
for including a wide variety of flexibilities without the need for robust data. Authors
in detail a control problem with two approaches, the direct method and the Bellman
principle of dynamic programming, with promising results. However, it does not involve
any flow of energy. This method cannot be extended to a low voltage distribution
network made up of power lines where energy flows must be taken into account. The
term hosting capacity is commonly referred to as RES in distribution grids and can
be used generally to include both generation and loads. In this Ph.D., the available
capacity is dynamically managed among the flexibilities by generating active power
limiting operational profiles at the points of couplings. If the flexibilities operate within
these limits, no grid violations are observed at any part of the grid.

1.1.2 Problem definition

The underlying energy system of a LEC in Austria consists of a low voltage distribution
grid along with multiple grids and community members’ energy assets like community
batteries, smart homes, and buildings. As discussed earlier, the goal of a LEC is to
maximize the local production, consumption, and trading of energy. To do so, the
distribution grid needs to be operated in an optimal fashion to accommodate all the
grid and customer assets without any curtailment. Additionally, optimal power flow
methods, which were developed for transmission grids, cannot be readily applied to
distribution grids. They need to be modified to handle the diversity of flexibility types,
objectives, functions, and constraints, which can be linear, mixed-integer, non-linear,
non-convex. It should also be able to include the intermittency of DERs and the new
generation of loads.

Pertaining to the assets connected at the community member side, the smart homes
and buildings cannot typically accommodate per-phase control of the flexibilities and
do not include both active and reactive power control. There is also a lack of a stratified
control mechanism that can deal with a large number of flexibility types.

LEC will host LEMs in the distribution grid. LEMs currently do not address the grid
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1.2 GOALS 5

issues during the market mechanism. It is essential to ensure grid security irrespective
of the volume and delivery of power traded on the LEM. There is a lack of a physical
settlement mechanism in the LEMs.

1.2 Goals

The main goal of this Ph.D. is to design, simulate and demonstrate a generalized con-
trol structure for a low voltage distribution grid to optimally manage the power flows
by utilizing the grid and consumer level flexibilities. The objective of such a control
structure is to ensure grid stability by managing the intermittency of DERs and the
new loads. It should also accommodate a variety of objectives and constraints that
a LEC can impose, being technical or economical. Additionally, it should be able to
include a variety of flexibility types with diverse control requirements.

Most distribution grids are three-phase unbalanced due to the uneven loading on each of
the three phases. However, most energy management systems do not consider this detail
and are single-phased. Therefore, a more realistic three-phase energy management
system is needed for per-phase power control. To coordinate the smart buildings and
other grid-level flexibilities like community electric storage, a control mechanism is
required to manage the interactions between the grid and various flexibility controllers.
With the introduction of LEMs in a distribution grid, a method to provide the physical
market settlement is needed to ensure that the bids do not cause grid violation. This is
to maximize the available grid capacity and accommodate all the community members
into the LEM.

1.3 Methodology

In this Ph.D., four main pieces of research work are presented. Firstly, a novel "Class
C" OPF algorithm with a novel three-phase unbalanced Holomorphic Embedding Load
Flow method and genetic algorithm. Secondly, a novel three-phase unbalanced model-
based Energy Management System. Thirdly, a stratified control structure to manage
various flexibilities in a distribution grid. Lastly, an Optimal Capacity Management
tool to enable a LEM by providing a physical settlement mechanism. Only a brief
introduction to various models and methods is presented in this dissertation. Detailed
information with results are recorded in various publications (see Chapter [2)).
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1.3 METHODOLOGY 6

1.3.1 Three-phase Unbalanced Optimal Power Flow

Power flow equations associated with low voltage distribution networks are non-linear
and non-convex. In this work, in the context of Class C algorithms, a three-phase un-
balanced holomorphic embedding load flow method with a genetic algorithm is used to
generate optimal set-points. Network models are adopted from .

OPF problem can be formulated as follows,

minimize  F(x,u)
xr

subject to H(x,u) =0, (1.1)

Where,

x and u are state and input variables.

F(z,u) refers to the OPF objective function. Traditionally, typical objectives are net-
work loss minimization, optimal dispatch, plant cost minimization.

Three-phase voltage unbalances objective minimization function is chosen and is of the
form described in Equation. (1.2

minimize J = Z Z(Tea’l(vkzjbalanced) - 7,ea’l(‘/k:p>>2 + (imag(vlgjbalanced> - Zmag(vk:p>>2
keQ) peP
(1.2)

Where (2 refers to all the buses in the network and P € phases(a, b, c), voltages are
represented in a rectangular coordinate system with both magnitude and phase angle
being minimized related to the real and imaginary part of the complex value.

G(z,u) and H(x,u) are equality and inequality constraints, respectively. The three-
phase unbalanced holomorphic embedding load flow method developed is used as equal-
ity constraints.

The three-phase unbalanced holomorphic embedding load flow developed in this work is
based on the method developed in . The load flow equations are modeled as follow,

Ay AV AT A3 AL A
AaPQ3 AII)DQ3 A%Qs ACILJQzL AZI)DQAL A%sz [m{va n]

[ = |7pgan_s (1.3)
A(IJsz AII)DV:', ACPV3 A(IZDVAL AbPV4 ACPV4 -[m{vb [
[
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}

} Tn—1
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1.3 METHODOLOGY 7

Is of the form,
where the matrix A is clarified as,

Ai]_:GP-+5z' jRe{yl}, i,jEQ,Pe€a,b,c
APU:BP i, jIm{yl’}, i,jEQ,P€Ea,b,c
APQ3 — 60, jIm{y’}, i,j € Qpg, P €a,b,c
AﬁV&, =20i,5, i, € Qpy,PEa,b,c (15)
APQ4 —GP+(5Z JIm{yly, i,j € Qpg, P €a,b,c
APV4 =0, 1,7 € Qpy, P €a,b,c
where B and G are the susceptance and conductance matrices respectively. §i, 7 = 1 if

1 =7, else 0.
Elements on the right-hand side are defined as follows,

Tin-1i = On1 (P — Re{yi}) { Z Vim] > Y YEVEn — m]}, i€ (1.6a)

keQ peP

n—1
rpo2n—1i = On1(—Qi — Im{y;}) — Im{ SVEmMY Y YRV n - } i€ Qpg
m=1

keQ peP

(1.6b)
TpPvaon—145 — — ni_l Zp‘/;*[m]\/;p[n — m] + (1 + CY(]\fZ - 1)2)[71], 1€ QPV (16C)

Where target voltage magnitude for PV bus is described using M.
Viskovatov Pade approximant algorithm is applied to learn the power series coefficients
leading to voltages and phase angles results (see ,).

1.3.2 Three-phase Unbalanced model-based Energy
Management
In this Ph.D., smart home flexibility is utilized to provide services to the grid. To aid

that, a novel three-phase Unbalanced model-based Energy Management is presented in
this section. Since DER’s and loads are extremely sensitive to external parameters like
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1.3 METHODOLOGY 8

weather and solar irradiation, the controller chosen should be robust enough to handle
all of these uncertainties.

Flexibilities Disturbances

[ [ | | [

Heat Pump Inverter Controllable Uncontrollable Inverter
[ 1 [ 11 ljoads lfoads [ 1]
! Model Predictive Controller
N~ :: PQ . I AV
—_ ! profile : —_
T T (N j 1 T 1

! 1
Electric Storage [P —— PQ

5 ~+~0 =

1 P.Qsetpoints P profle PV Isysltem
A 1 ! v T TTTEETT T !
1 [JEE | !
1 1 1
Ghouse : : : Weather data:
' R ¥°°"‘ ginterna-l Tambien
e ez -ZDZZcoZcD: B wall Yventilation Irrediation
(north, south, east, west)

Figure 1.1: Schematic of three-phase HEMS with model predictive controller.
It shows all the interconnections with respect to data exchange.

In this work, a novel three-phase Unbalanced Model Predictive Control is derived from
performing control at smart homes with receding horizon control. Figure describes
the MPC and various data exchanges between devices in the smart home.

Smart home thermal models are derived from project iWPP-Flex [32]. They are linear
single zone models developed based on data from real single-family homes in Austria.
Four models are developed by generalizing the data representing major house types.
Various appliance and flexibility models are described in detail in Section [2.2]

In this work, three conflicting objective functions are considered and are as follows,

1. Maximize self consumption: It is economical to maximize self-consumption
in many countries in northern Europe and therefore, Equation is considered.
Since active power is only the dependent factor on electricity tariffs, reactive
power is excluded.

Jself consumption — Z Z (ngmd(t))z (17)
t peP

Where P;’T,id(t) is the per phase active power at the grid connection point.

2. User comfort: User comfort is very important in smart homes and therefore,
Equation [1.§8]is included. Temperature limits are defined by the user.

Juser comfort — Z(T:Oej:;rence(t> - Troom(t))2 (18)

t
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1.3 METHODOLOGY 9

3. Grid Support: The optimal set-points generated by the grid level controller are
actively tracked by the smart home using the objective in Equation ((1.9)).

Jgrid support — Z Z(ngmd Teference(t) - ngmd(t))Q + ( Zm’d reference(t> - Z’rid(t))2
t p
(1.9)

Equation describes the complete objective function. User-defined weights S, U,
and G are introduced using which more importance can be given to the objectives.

minimize J = § Jself consumption +U Juser com fort + g Jgrid support (1 10)

Weights can be changed online and are updated in the following sample time and are the
most significant variables, having much influence on the performance of the controller.
Poatterys Preat pump and Preontroliabie 10ad are controllable variables.

1.3.3 Stratified Control Structure

Stratified Control Structure derives control relationships between the low voltage dis-
tribution grid and various flexibilities local energy community.

P Qo0 Three
] [}
Bus 00— o phase
o1 2 unbalanced
PQ .
Bus 01 —25| o optimal
1 g power flow
1 =
1 2
c
Bus nn——| § PQ%, 4 P.Q0%,,
P: ansm :C) FIeX|b|I|ty 00 :
” 2
(0]
(%]
a
o PQ 01ref + o PQ 01act
% - Flexibility 01 >
5 1
E 1
o 1
o 1+ P QMM
Flexibility nn >
P, Qn"ref

Figure 1.2: Schematic of the stratified control scheme with a grid level OPF
controller and four smart homes with MPC controllers.
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1.3 METHODOLOGY 10

It consists of a grid controller and numerous flexibility controllers. The grid controller
hosts a three-phase unbalanced power flow, generating optimal set-points for a certain
number of controllable buses at critical nodes. Smart home controller hosts Model
Predictive Control with various flexibilities, which are single or three-phased. The op-
timal set-points generated by the grid controller are actively tracked by smart homes
connected to it, leading to a system-level optimization. Figure. [[.2) represents a strat-
ified control scheme with a grid controller providing set-points to multiple flexibility
controllers. The set-points from the grid level controller are generated at the points
of common couplings without the need for sensitive building flexibility information to
preserve privacy.

1.3.4 Optimal Capacity Management

Optimal Capacity Management (OCM) involves generating limiting active and reactive
power operational profiles at the buses where flexibilities are connected. OCM is based
on "Type C" Optimal Power Flow, consisting of a reliable flow solver, such as a Holo-
morphic Embedding Load Flow method, wrapped around a non-convex heuristic solver,
such as a genetic algorithm. The flexibilities are required to operate within limits to
ensure no violations are observed in any part of the distribution grid.

Bus01 Bus02  Bus03 Bus04 Bus05 Bus06
MV LV
@ Line0l | Line02 LineO3|
External Distribution |
Grid Transformer
L01 UL02 CB
\/ \/ L -
Busl1 Bus10 Bus09 Bus08 Bus07
Line07 | Line06 Line05
| f g
ULO03 CS01 UL04 CS02

\Y \Y

Figure 1.3: General schematic of a LEC in Austria, consisting of a community
battery and two charging stations .
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1.3 METHODOLOGY 11

Bus05 Bus07

TN, ML min max
(Pt,Bus 05 Pt,Bus 05) (pt,Bus 07 Pt,Bus 07)

CS02

Figure 1.4: Active power limiting profiles generated at the points of common
couplings of community battery and charging station 02 .

OCM is designed to include multiple objectives, like loss minimization, three-phase
unbalance minimizations, maximizing hosting capacity, in addition to generating the
operational limits. It can handle a variety of grid constraints like the voltage, loading of
various elements and assets, active and reactive power flow limits, and thermal limits.
The limiting profiles can be observed in Figure.[I.4] This is related to Figure[L.3] where,
at Bus 05 and Bus 07, the community battery and charging station are connected.

The limiting profiles are generated using the following objective function,

F(z,u)=> > P, (1.11)

teT ceC

Where, (P P/"**) represents the limiting profiles and are generated as follows,

P™" = minimize
u
F(z,u)
P = —minimize

F(x,u)

(1.12)

Active powers at controllable devices are F,;, at the time step ¢. Set of flexibilities are
represented as C' and T is the time horizon. By minimizing and maximizing (- minimiz-
ing) Equation [1.11] to generate P™™ and P™ values as represented in Equation m

With the help of these limiting profiles, the flexibilities are preemptively controlled to
prevent grid violations in any part of the grid. This constitutes the physical settlement
in a Local Energy Market.
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1.3.5 Demonstration of methods in research projects

This Ph.D. is part of a research project, Blockchain Grid (FFGNo. 868656), funded
by the Austrian Research Promotion Agency. Blockchain Grid project focuses on de-
veloping a peer-to-peer blockchain-based energy accounting system and a grid control
mechanism for the maximal utilization of flexibilities in a low voltage distribution grid.
OCM has been validated successfully in the Heimschuh smart grid pilot.

OCM is currently being applied in several Austrian and European level projects and is
listed in Figure. [[.5 Various methods developed in this Ph.D. are being applied with
limited changes.

Blockchain Grid CLUE
BLOCKCHAIN Instrument - FFG : Instrument - ERA-Net
(15 GRID Partners: 4 Partners: 24
Countries: AT ) Countries: AT, DE,
SE, UK
LocalRES REACT

Instrument — H2020 A Instrument — H2020 A
Local @ Partners: 21 R E AGT Partners: 23

Countries: ES, AT, FR, Countries: ES, IE, NL, DE,

BE, FI, IT, IE AT, FR, IT, SE, UK, EL

Figure 1.5: Methods applied to various Austrian and European Level Projects.

OCM is being deployed in the Austrian City of Gasen, where a LEC will be set up.
This is done in the CLUE project. In the LocalRES project, a version of OCM will be
deployed in the municipality of Ollersdorf in Burgenland in Austria. Similarly, OCM
will be deployed in the islands of La Graciosa in the Canary Islands of Spain and Aran
Islands in Ireland within the REACT project.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1.4 SUMMARY OF SCIENTIFIC APPROACHES 13

1.4 Summary of Scientific approaches

In Publication A, see section [2.1] a novel "Class C" optimal power flow is presented.
Class C OPF algorithms involve the use of a reliable load flow along with a non-convex
optimization solver. In this paper, a novel three-phase unbalanced Holomorphic Em-
bedding Load Flow method is presented. To check the accuracy of the solution, it is
compared against the Newton-Raphson method in DIgSILENT Power Factory. Volt-
age results from thousand random load flow simulations by varying active and reactive
power at load buses from 4+ 100kW and 4+ 8 kVAr. Mann-Whitney U test is apples to the
result and tabulated with other statistical information. It is observed that the means
are statistically insignificant, leading to the acceptance of the null hypothesis. Using
this load flow technique, a non-convex heuristics solver genetic algorithm presents an
optimal power flow scheme. A use case consisting of a real network in Austria is consid-
ered for evaluation. A three-phase voltage unbalance minimization objective function is
used. By running the proposed TOPF, optimal schedules were generated at controllable
buses. Observations regarding the objective function value, voltage profiles, active and
reactive power profiles are made regarding real, forecasted, and optimal schedules.

In Publication B, see section [2.2] a novel three-phase unbalanced home energy man-
agement system is presented. It includes typical distributed generation like photo-
voltaic systems, loads like electric storage, heat pumps, and various smart home models,
constructed using realistic models representing typical homes in Austria. The models
are three-phase linear in nature and model both active and reactive powers. Three
conflicting objective functions with three objective user-defined weights are presented.
The control scheme is described for three-phase with various chronological events. Sim-
ulation results for unbalanced active and reactive power control for three phases are
provided. Multi-objective mixed-integer quadratic programming model predictive con-
trol is presented.

In Publication C, see section [2.3] a stratified control method is presented to derive
control relationships between the distribution grid and various flexibilities in a local
energy community. The communication is facilitated over a Blockchain. The flexi-
bilities used are smart buildings and community-level electric storage. The grid level
controller uses an OPF type C with a three-phase unbalanced optimal power flow,
comprising a three-phase unbalanced holomorphic embedding load flow method and
genetic programming. Optimal schedules are generated at certain controllable buses.
The flexibilities connected at those buses, with their internal controller, try to tract
the schedules generated by the grid controller. The flexibility controller consists of
mixed-integer quadratic programming-based model predictive control. Each flexibility
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controller is unique and depends on the available flexibility in the building premises
or community electric storage. To test the control scheme, a real network and home
controller to four smart houses are used. The objective function is three-phase voltage
unbalance minimization at all the buses in the network.

In Publication D, see section 2.3, an Optimal Capacity Management method, using
OPF Type C is presented. This method reconciles the physical settlement issue affected
by a local energy market. It preemptively calculated the active power operational limits
at a certain number of controllable buses where flexibilities are connected. To observe
these limits, flexibility is required to ensure system-level optimization even before the
bids in a local energy market are executed. OCM comprises a holomorphic embedding
load flow method and genetic programming to generate the operational limits. The
method is demonstrated and validated in a real pilot in Austria.
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1.5 Scientific Contributions of this Work

The methods developed in this Ph.D. can be applied universally. Class C type of OPF
algorithms can be applied to various real distribution networks without limitations on
the size of the network, number of components, and can handle most types of objectives
and constraints (linear, mixed-integer, quadratic, non-linear, and non-convex). How-
ever, communication infrastructure to process control actions for the entire network can
be a bottleneck. Model predictive control Methods developed can be applied to any
smart home or building type with a diverse set of single and three-phase loads and re-
newable energy generators. Grid level controller as part of the stratified control scheme
generates set-points at the points of common couplings of flexibilities. Therefore, the
method does not depend on the type of flexibility connected, leading to the inclusion
of a diverse set of flexibilities and controllable assets. Similarly, the operational limits
generated by the optimal capacity manager are flexibility type independent. However,
the method is limited to a particular feeder (feeder-specific OCM implementation).
The scientific contributions of this work and can be summarized:

o Development of a novel class of optimal power flow algorithms — Class C

— Three-phase unbalanced Holomorphic Embedding Load Flow Method (THELM).

Benchmarking of THELM against three phase unbalanced Newton-Raphson
method.

Three phase unbalanced optimal power flow scheme using THELM and Ge-
netic Algorithm.

Three phase unbalance minimization objective applied to real networks.

o Development of three phase unbalanced home energy management system

— Multi-objective optimization to maximize self consumption, comfort and grid
support.

— Three phase active and reactive power models for flexibilities.
— Mixed-integer quadratic programming Model Predictive Control (MPC).
— Control both active and reactive power.
« Stratified control structure for optimal scheduling of flexibilities in the low voltage
distribution networks

— Control relationships between the grid and various flexibilities in a local
energy community.
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— Stratified control applied to the real network in Austria with a number of
buildings and a community level electric storage.

— Generating the set-points at the points of common couplings leading to a flex-
ibility model or data-independent grid controller, preserving the consumer
privacy.

o Application of Class C OPF in Optimal Capacity Management

— Reconciling the physical settlement issues in a Local Energy Market by pre-
emptively generating limiting operational profiles at the location of flexibil-
ities to ensure grid stability.

— Demonstration of the OCM in a pilot in Heimschuh, Styria, Austria, leading
to technology readiness level 7.
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Abstract: Distribution networks are typically unbalanced due to loads being unevenly distributed
over the three phases and untransposed lines. Additionally, unbalance is further increased with high
penetration of single-phased distributed generators. Load and optimal power flows, when applied to
distribution networks, use models developed for transmission grids with limited modification. The
performance of optimal power flow depends on external factors such as ambient temperature and
irradiation, since they have strong influence on loads and distributed energy resources such as photo
voltaic systems. To help mitigate the issues mentioned above, the authors present a novel class of
optimal power flow algorithm which is applied to low-voltage distribution networks. It involves the
use of a novel three-phase unbalanced holomorphic embedding load flow method in conjunction
with a non-convex optimization method to obtain the optimal set-points based on a suitable objective
function. This novel three-phase load flow method is benchmarked against the well-known power
factory Newton-Raphson algorithm for various test networks. Mann-Whitney U test is performed
for the voltage magnitude data generated by both methods and null hypothesis is accepted. A use
case involving a real network in Austria and a method to generate optimal schedules for various
controllable buses is provided.

Keywords: unbalanced three-phase distribution networks; optimal power flows; genetic algorithm;
holomorphic embedding load flow method; simulation

1. Introduction

In recent years, with the integration of distributed generators, electric storage, electrical vehicles,
and demand response units, the role of distribution systems is changing. Distributed energy units
(DERs) are posing problems mainly in the low-voltage networks with their intermittency and
uncontrollability. New innovative solutions are required to maintain grid security. Management
of low-voltage distribution networks are challenging since they contain large array of devices which
need to be controlled, and monitoring systems are limited. The above DERs along with loads should
be run in a sustainable fashion since it is one of the biggest challenges. Various methods to control the
DERs are presented in [1].

A so-called advanced distribution management system (ADMS) has come into existence, evolving
from the transmission network’s supervisory control and data acquisition systems (SCADA). This is
possible with the increase in smart meters and monitoring devices in the network which provides data
acquisition abilities [2]. ADMS provides functionalities such as load flow analysis, optimal power flow,
monitoring and control capabilities similar to SCADA systems [3]. This must in theory, host advance
functionalities such as adaptive protection leading to self-healing, real-time monitoring, dynamic

Sustainability 2019, 11, 1774; d0i:10.3390/su11061774 www.mdpi.com/journal/sustainability
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network reconfiguration and control [4-8]. This will provide intelligence to the grid with topology
processor, state estimation, load and generation modeling [3]. The grid needs to be operated optimally
and the power flows should be optimal to reduce losses, increase security, and maximize economic
benefit. Energy balance should be maintained for secure operation of the network to maintain the
frequency and voltage within its limits.

Optimal Power Flow (OPF) is one of the most fundamental functionalities of ADMS. In the
literature, various OPF algorithms can be found. The authors in [9] describe an OPF algorithm to
control active, reactive power, and transformer taps. The objective is to minimize system costs and
losses. This method is based on Newton-Raphson load flow. Feasible power flow is solved, and
the optimum is close to the load flow solution. Therefore, Jacobian information is used to calculate
the optimum in a linear fashion. In [10], a non-linear programming technique is used to provide
solution to OPF problem the objectives being economic dispatch and generation cost minimization.
Same as before, load flow is performed to determine a feasible solution. Fletcher-Powell method
is used to minimize the objective function. A general economic dispatch problem is implemented
in [11]. This approach is similar to that in [9,10]. In [12], an OPF method for power system planning is
provided. It used generalized reduced gradient technique to find the optimum. Hessian Matrix-based
OPF method is illustrated in [13]. It combines non-linear programming, Newton-based methods and
uses Hessian matrix load flow to minimize the quadratic objective. In [14], an OPF algorithm using
Newton’s method with Hessian in place of Jacobian matrix and Lagrangian multipliers is provided.
It provides good convergence when compared to its predecessors. An OPF problem which includes
steady-state security is presented in [15]. It is an extension of [9] which includes exact constraints on
outage contingencies. In [16], a solution to the optimal dispatch problem using Jacobian matrix is
implemented. It provides rapid convergence which can be used in online control. An OPF algorithm
based on reduced gradient method is proposed in [17]. It is used to minimize generator loading and
optimize voltage levels. Load flow equations are represented as equality constraints. The authors
in [18] have described an OPF method using reduced Hessian matrix with systematic constraint
handling. It provides accurate solution, good convergence, and description about acceleration factor is
provided. In [19], modified recursive quadratic programming (MRQP)-based OPF is implemented.
MRQP is based on [11]. An algorithm to solve large OPF problem is presented in [20]. It decomposes
the original large problem into set of subproblems which are constrained linearly using augmented
Lagrangian.

In 1991, a landmark paper [21] classified various OPF techniques into two categories. Class A
describes a series of algorithms which uses ordinary load flow to get an intermediate solution and
this solution is under normal circumstances is close to the optimal load flow solutions. Using Jacobian
matrix and various other sensitivity relations, optimization is performed iteratively. At each iteration,
new load flow is performed. The optimal solution of this class strongly depends on the accuracy of
load flow solution. With a load flow solution, set of voltages, and phase angles, Jacobian matrix and
set of incremental power flow equations are available or can be extended. If a load flow solution exists,
it already satisfies all the constraints. The optimization problem is solved separately by incorporating
the sensitivity relation from before to arrive at an optimal one. In [9] an implementation of Class A
algorithm is provided. Another example of such implementation is provided in parts one and two
in [22] and [23] respectively using linear programming.

Class B refers to the class of algorithms which depend on exact optimal conditions and therefore
use load flow equations as equality constraints. The optimal solution is dependent on detailed
formulation of the OPF problem with the entire search space. This does not need a load flow
solution. However, these kinds of problems are non-convex in nature. Therefore, convex relaxation
or non-convex solvers are needed to compute the optimum which poses its own difficulties. It deals
with the optimality conditions from Lagrangian function and comprises of derivatives of constraints
and objective functions. Since the Hessian matrix is sparse and remains constant, it further increases
the simplicity of this method and ease at which the optimum is achieved. Constraint handling is
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one of the biggest challenges of this class of algorithms. Using a heuristic method, constraints are
handled as penalty terms which requires refactoring at every step and therefore, leads to degradation
of the performance.

The above two classes of algorithms has various advantages and disadvantages. Performance
of Class A directly depends in the performance of load flow techniques such as Newton-Raphson,
Gauss-Seidel and widely used Fast Decoupled Method. It is shown in [24] that the above-mentioned
methods have convergence and robustness issues. This may result in inaccurate load flow solutions. If
the load flow does not result in a so-called high voltage or operable solution, Class A algorithms fails.
In Class B algorithms, getting a global operable solution is challenging since it needs convex relaxation
or heuristic techniques and the operable solution is difficult to achieve by respecting all the constraints.

The authors in this paper present a third class of algorithms, a Class C. This class combines Class
A and Class B. It uses a reliable load flow described in Section 2 method wrapped around a heuristic
to determine the optimal solution. The load flow provides accurate operable voltage and phase angle
solution at every step and the heuristic uses this as equality constraints as described in Class B. Class C
algorithms present various advantages. Operable voltage and phase angle solution is obtained at each
iteration with the help of THELM. THELM always finds a solution, if it exists, irrespective of initial
conditions whereas, Newton-Raphson load flow method leads to a non-convergent solution at very
low or high loading conditions [24]. Since THELM is used in Class C method, the results are high
voltage and operable. Global OPF solution can be obtained with a non-convex solver.

The following contributions and structure of the paper is as follows,

1. Load Flow Solution to three-phase unbalanced distribution network using Holomorphic
Embedding Load Flow Method (HELM) is described in Section 2.

2. Benchmarking of HELM against established Newton-Raphson load flow solver from DIgSILENT
PowerFactory [25] which is a well-known power system simulation and analysis software. This
is discussed in Section 2.

3. OPF using Distributed Genetic Algorithm, a Class C algorithm is described in detail in Section 3

4. Simulation of OPF is performed to generate active and reactive power schedules at controllable
nodes (see Section 5). This algorithm is applied to a real network in Austria.

2. Three-Phase Unbalanced Load Flow Method

A solution to the load flow problem is mostly obtained using numerical iterative methods such
as Gauss-Seidel with its slow convergence and improved Newton-Raphson method, which provides
better convergence [26,27]. Newton-Raphson method is computationally expensive since it must
calculate Jacobean matrix at each iteration step in-spite of using sparse matrix techniques [28]. Various
decoupled methods have been implemented which exploits the weak link between active power
and voltage, in which Jacobian matrix needs to be calculated only once. One such method is Fast
Decoupled Load Flow method which is widely used in the community [29]. The above-mentioned
iterative techniques face similar problems with no guaranteed convergence since it depends on the
initial conditions. This is due to the fact that load flow equations are non-convex in nature with multiple

solutions. It is difficult to control the way these iterative methods converge to an operable solution [24].

In the literature, multiple implementations to improve the convergence of such traditional algorithm
have been illustrated with limited success [30-36].

To use load flow methods in near or real-time applications, the physical models should fully
deterministic and solved with reliability. HELM is one such candidate which can full fill these
requirements [24].
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Three-Phase Holomorphic Embedding Load Flow Method

Power flow equations, for example, the load bus equation described in Equation (1) is inherently
non-analytical. Holomorphic principles can be applied to such equations by means of embedding a
complex variable « such that the resulting problem is analytic in nature.

*

S
) YV = Vf’*, i€ Qpg €]
keQ i

Voltage of the slack bus is assumed to be V) = 1.0 pu. and Bus 00 (see Appendix A) is always set
to be slack bus.

Holomorphic embedding can be done in various methods. Equation (2) represents the simplest
form. Bus voltages are the functions of the demand scalable complex variable a.

Y YpVi(a) = fii**, i€ Qpg 2)
keQ Vit (a)

The research work in [24] suggests that the operable voltage solution can be obtained by analytic
continuum of Equation (2) at « = 1 using the unique solution which exists when « = 0

aS*
Y‘ka(lX) =—1_ie QPQ 3)
kgz l Vi(a®)

= aS;
YiVi(a) = —1  icQ 4)
kg) ik k ( ) Vi ( IX) PQ
Equations (3) and (4), represent a set of polynomial equations and by using the Grobner bases, V;

and V; are holomorphic except for finite singularities.
Vila) = (Vi(@"))", i€ 0 ©)

According to [24], if Equation (5) holds good, then Equations (3) and (4) can be reduced to
Equation (2). Equation (5) is referred to as reflecting condition.

Since voltages of from Equation (2) for « = 0 as discussed above, it can be extended to power
series described in Equation (6) and (7) at &« = 0.

Vi(a) = ) Vilnla", i€ Q (6)
n=0
ﬁ — Wy(w) = gwi[n]a”, icn @)

Equation (9) is obtained by substituting 7 into 2 and power series coefficients can be calculated to
a desired degree.

inf
Y Yie 2 Vilnl(a") = aS;W; [n]a” ®)
keQ n=0

The following steps are involved to calculate voltages.

1.  Fora = 0, solve Equation (9) to obtain a linear equation where the left-hand side of the equation
represents the slack bus at which Vp[a] = 1.

Y YuVil0] =0, i€ Qpg )
keQ)
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2. Thereduced Y bus matrix is assumed to be non-singular. Equation (10) can be obtained based on
the non-singularity assumption.

(10)

3. Remaining power series coefficients can be obtained to the desired n!" degree by equating the
coefficients from Equation (11)

Y Y Vil0] = S;Wi[n—1], i € Qpg n > 1 (11)
keQ

W;[n — 1] are calculated using the lower order coefficients described in Equation (12).

Lo Vil — m — 1]W;[m]

By o

Wi[l/l — 1] =

4. Pade approximations which are particular kind of rational approximations are used for analytical
continuum to determine the voltages at &« = 1.

Based on the fundamentals of HELM discussed above, various research work dealing with
enhancing or improving the method is available. One of the major deficiencies of the HELM described
in [24] is that the PV /Generator bus is not defined. A PV bus model was presented in [37]. Ref. [38]
presents an improved PV bus model and the major contribution of this paper is to provide alternative
models capable of solving general networks. The authors have provided four methods with various
parameters for PV bus. In the literature, three-phase formulation of HELM is lacking. In this paper,
method four developed in [38] is extended to a novel three-phase unbalanced formulation which can
be seen below. Equation (13) represents a general form of three-phase unbalanced HELM. Network
models including various device models such as loads, generators, transformers are derived from the
models developed in [39]. The seed solution, non-singularity of matrix A in Equation (14) and the
reflective conditions of holomorphic functions are taken, as is, from [38]. Three-phase unbalanced
form for a multi-bus system for PQ and PV bus types is presented below.

Ar oAb AC AL AL A

}
i "n—1
¥
}
}

b b _
Abg, Arg, Aboy Aba, Arar Aba| | pygyapy| T [P0 (13)
Aby. A?’V Aby,  Aby, A?’V Aby, b TPV,
3 3 3 4 4 4 Im{V [n] 2,n—1
[n]

Is of the form,
Ax =D (14)

where the matrix A can be further clarified as,
Af, = Gf +5i,jRe{y}, i jeQPeabc
Agj = Bl —oi,jIm{y}, ij€Q,Peab.c
AII;QSU = Bl —oi,jIm{y},  i,j€QpgPeab,.c
AIQVSU =26i,j, i,j€Qpy,P€ab,c (15)
A£Q4ij = G +6i,jIm{yl},  i,j€QpgPeabc

A§V4ij =0 i,j€Qpy,P€ab,c
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where G and B are the conductance and susceptance, respectively. di,j = 1 if i = j, else 0.
The right-hand side matrix elements are defined as follows,

r1n—1i = 0n1(P; — Re{y;}) { 2 Vi m E ZY,kanf } ieQ (16a)

keQ peP

P21, = Ou1 (—=Qi — Im{y;}) — Im{ Z Viml Y Y YaViln — }, i€ Qpg (16b)
keQ peP

Tpvzn 1,i = — Z Z V* TI’Z]V n— } (1 +06(Ml' — 1)2)[1’1], i€ QPV (16C)
m=1peP
where, M,; is the target voltage magnitude for PV bus.
The power series were calculated for using the above equations and Viskovatov Pade approximant
algorithm is used to determine the voltages and phase angles similar to the ones in [24,37].

3. Optimal Power Flow Model

As described in Section 1, OPF algorithms can be classified under three classes. There have been a
lot of research on OPF and this can be seen in the vast array of work available in the literature.

Type C algorithms requires non-convex solvers to perform optimization problems. Non-convex
solvers have been previously used to solve OPF problems but, they are used in the context of Class B
algorithms. The authors in [40] have provided a method to plan reactive power flows optimally using
generic algorithm as it provides optimum which is a global one. The proposed method is applied
to two 51 and 224 bus networks. An OPF problem is solved using generic algorithm in [41] as a

unified power flow controller to regulate branch voltages with respect to both angle and magnitude.

It minimizes real power losses and security limits of power flows are maintained. Reactive power
planning using hybrid genetic algorithm is presented in [42]. It uses genetic algorithm at the highest
level and linear programming to get the optimum sequentially. This can be considered as a modified
version of Class A. It uses genetic algorithm instead of just load flow to determine the initial converged
solution to the OPF problem.

In [43], a feeder reconfiguration technique is presented. It uses genetic algorithm in the context of

OPF to reduce losses in a distribution system. Switches are opened to determine the initial population.

The authors in [44], have presented a hybrid evolutionary algorithm with multi-objective OPF. It is
used to minimize losses, voltage, and power flow deviations and generator costs. In [45], optimal

placement and sizing of capacitor banks in distributed networks using genetic algorithm is presented.

The objective is to simultaneously improve the power quality and sizing of fixed capacitor banks.
In this paper, the OPF problem is formulated as follows,

minimize  F(x,u)
X

subject to uel (17)
G(x,u) =0,
H(x,u) <

where,
x and u represent sets of state and input variables.

F(x,u) is the objective function for the OPF problem. Typical objectives are total generator cost,

loss minimization in network and in this paper, the objective function chosen is the three-phase
unbalance minimization (see Section 4).
G(x,u) and H(x, u) represents the equality and inequality constraints of the OPF problem.
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In the context of type C algorithms, accurate and reliable load flow is used as equality constraints.
In this case, THELM is used.

Typical inequality constraints for a three-phase unbalanced distribution grids are enlisted below,

Limits on active power (kW) of a (generator) PV node: Prow; < Ppv; < Prign,
Limits on voltage (V (pu.)) of a PV or PQ node: [View| < |Vi] < ‘VHighl |
Limits on tap positions of a transformer: tLow, < ti < tHign,

Limits on phase shift angles of a transformer: OLow; < 0i < Onign,

Limits on shunt capacitances or reactances: Spow; <8 <8 High;

Limits on reactive power (kVAr) generation of a PV node: Qrow; < Qpv, <Q High;
Upper limits on active power flow in transmission lines or transformers:  P; j < Pyjgp,

Upper limits on MVA flows in lines or transformers: Pi%j + Q%j < S%Iigh,vj
Upper limits on current magnitudes in lines or transformers: |I,~,j\ <|I High,,j| '

Limits on voltage angles between nodes: Orow; < O; — O < O,

In this paper, the non-convex solver used is a genetic algorithm, to minimize the objective function.

Genetic algorithm is chosen due to its wide use in OPF techniques, ease of parallelizability to handle
large networks and its probabilistic transition rule. The authors have used the method developed
in [46]. Genetic algorithms of the kind, mixed integer non-linear non-convex is used to include all
the constraints mentioned above. To accommodate THELM in genetic algorithm, it is included in the
fitness function and penalty functions are used to include constraints.

4. Three-Phase Unbalance Minimization

As mentioned in Section 1, it is essential to manage the distribution network optimally and in
a balanced fashion. Various methods have been presented in the literature to minimize three-phase
unbalance. In [47], a method to minimize three-phase unbalance is presented. Reactive power
compensation is performed using flexible AC transmission system (FACTS) devices to minimize the
three-phase unbalance. It is applied to a simple study case of four bus system. This method does not
provide optimal scheduling of loads and does not include all the buses in the network. It is applicable
only to local grid where the FACTS devices are located. The authors in [48] have provided a method
to minimizing network unbalance using phase swapping. A genetic and greedy algorithm is used
to optimally swap the phases to generate a convenient solution, leading to a minimum number of
swaps to minimize network unbalance. In [49], plug-in hybrid electric vehicles are used to minimize
local three-phase unbalance. It does not include a grid perspective and is done only on the point of
common coupling.

In this paper, OPF from Section 3 is applied to a real network in Austria. Figure 1 represents a real
low-voltage distribution network. In this use case, the objective function is to minimize three-phase
voltage unbalance which can be seen in Equation (18). This objective can be realized in multiple ways
and in this paper, reference balanced voltages are used.

minimize [ = ) ) (real(Vk’ibalanced) —real(V}))* + (imag(Vkabulmced) —imag(V]))*  (18)
keQ peP

where, P € phases(a,b,c) and B represented all the buses in the network. The voltages are represented
in rectangular coordinate system with real part of voltage being the magnitude and imaginary part
being the phase angle. Both real and imaginary value are considered because both phase and angle of
voltages need to be balanced.
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Figure 1. Topology of a real network in Austria with controllable loads at Bus 07, Bus 15, Bus 18,

Bus 22. It represents a three-phase unbalance low-voltage distribution network with bus voltages rated

at 0.4 kV.

The controllable variables are per phase active (P) and reactive powers (Q) at buses 07, 15, 18, and
22. The single-phase loads are replaced with three-phase loads (see Figure 2).

@ﬁf@‘

Uncontrollable
singe phase load

Controllable three
phase load

Controllable single
phase load

Figure 2. Single-phase loads are replaced by three-phase ones which can take both positive and

negative values.

For simplicity of representation, these three-phase loads are represented as single-phase loads

with red coloring. This can be observed in Figure 1. P and Q on individual loads can be modulated by

the OPF algorithm and can take values which are both positive and negative essentially, acting as a

prosumer node.

5. Simulation Results

This section provides simulation results to the concepts presented in the previous sections.
In Section 5.1, THELM described in Section 2 is validated against DIgSILENT PowerFactory
Newton-Raphson algorithm. In Section 5.2, simulation results for three-phase unbalanced optimal

power is presented with the three-phase unbalance minimization objective presented in Section 4.
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5.1. Validation of THELM

THELM is benchmarked against load flow solver in an established power system analysis tool,
DIgSILENT PowerFactory. Various simple networks are drawn with increased level of complexity
(see Appendix A).

Voltages from 1000 random load flows by varying active and reactive power at load buses from
£10 kW and +0.8 kVAr (which accounts for power factor 0.9) are generated and tabulated below.

Mann-Whitney U test is used to compare the sample means of voltage magnitudes from the two
methods, since the samples are non-parametric in nature. It checks whether to accept or reject the
null hypothesis. Mann-Whitney U test is similar to student’s T test but is suitable for non-parametric

samples. A sample of 100 voltages from both THELM and Power Factory NR methods are used.

Various statistical information and test results are tabulated in Table 1. Columns mean, standard
deviation, min, 25%, 50%, 75%, max are calculated by taking the absolute difference between their
respective voltages. All the data above is calculated by taking the average between various buses and
phases. From the column statistic and p-value, it can be observed that their means are statistically
insignificant, and the null hypothesis is accepted. The results from the test suggests that THELM
produces results which are acceptable for load flow analysis with lower deviations from one another.

Table 1. Benchmarking THELM against Power Factory NR method.

Mean Std Min 25% 50% 75% Max Statistic p Value
Test00 0.00489 0.00350 1.14 x 107> 0.00194 0.00430 0.00724 0.01591  2.38719 0.016977
Test01 0.00572 0.00414 1.01 x 107> 0.00237 0.00496 0.00846  0.01938  3.23993 0.001195
Test 02  0.00209  0.00027 0.00167 0.00186 0.00205 0.00228 0.00287 547075 448 x 1078
Test03 0.00015 0.00028 9.38 x 1078 4.57 x 107>  9.85 x 107>  0.00018 0.00529 —4.69619 2.65 x 107°
Test04 0.00343 0.00246 1.08 x 107> 0.00144 0.00296 0.00508 0.01125 —5.6259  1.84 x 1078
Test05 0.00178  0.00023 0.00142 0.00159 0.00175 0.00195 0.00241 —5.83359 5.42 x 107
Test06  0.05586 0.01114 0.02464 0.04779 0.05540 0.06339 0.09113  5.69187  1.25 x 1078

5.2. Simulation Results for Three-Phase Unbalanced Optimal Power Flow

Simulation is performed for the real grid detailed in Figure 1 using OPF algorithm described in
Section 3. It is performed for one day from 2018-8-31 00:00:00 to 2018-9-01 00:00:00 with the sampling
time of 15min (96 intervals). Load profiles are from smart-meter data, from real households and are
acquired from all the buses in the network updating a database. Forecasted profiles are inputs to the
OPF algorithm and optimal schedules are generated based on it. Load forecasting is performed for this
time horizon using convolutional neural networks, using data until 2018-8-30 23:45:00. It is performed
for one day (day ahead forecast) and more details able it is not provided since it is out of scope.

Load flow solution is non-causal in nature and to generate an optimal schedule for controllable
buses, it must be run for all 96 intervals. OPF is performed using Class C algorithm presented in
Section 3 for controllable buses described in Section 4. It can also be observed that the optimal schedules
are generated for all the three phases and can take both positive and negative values. Real profile is
recorded during day for uncontrollable loads at the buses.

Forecasted, optimal and real active and reactive power consumption profiles at one of the
controllable buses (Bus 15) can be seen in Figures 3 and 4 respectively. At Bus 15, all the loads
are single phased (connected to phase C).
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Figure 3. Active power of real, forecasted, and optimal profiles at Bus 15. It can be observed that the
real and forecasted data is zero for phases A and B. This is for to the fact that the loads are single phased
and connected only to phase C. During the OPF, they are replaced with three-phase controllable loads.
On the x-axis, data time format is MM-dd HH. Data is from 2018-8-31 00:00:00 to 2018-9-01 00:00:00.
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Figure 4. Reactive Power of real, forecasted, and optimal schedules at Bus 15. On the x-axis, data time
format is MM-dd HH. Data is from 2018-8-31 00:00:00 to 2018-9-01 00:00:00.

Active and reactive power for all the phases can be observed in Figures 3 and 4.

Using the three schedules shown in Figures 3 and 4, load flows are performed using THELM
described in Section 2. Loads flows are performed for all intervals and are represented using box-plots.

Figure 5 describes the averaged objective function values based on Equation (18). It can be
observed that the three-phase unbalance has been reduced from 0.879 for real and forecasted profiles
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to 0.529 for optimal profiles which accounts for 39% unbalance minimization based on the defined
objective function (see Section 4).

Real Voltage

0.8

0.6

0.4

0.2

Objective function value

0.0 -

Real load profile

0.87994815

0.87921861

Forecasted load profile

0.52947113

Optimal load profile

Figure 5. Average values of optimal power flow objective for real, forecasted, optimal voltage and

phase angles based on Equation (18).

From Figure 6, it can be observed that the voltages are indeed balanced, and the average values
are close to balanced voltages. Additionally, the nature of the objective function used has also caused

the voltages to cluster around 1 pu. since the balanced real part of the balanced voltage is exactly 1 pu.
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Figure 6. Voltage profiles generated from real, forecasted and optimal schedules from Figures 3 and 4.
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6. Conclusions and Outlook

In this paper, a novel class of OPF algorithm is presented. It uses a novel three-phase unbalanced
HELM presented in Section 2. Benchmarks are performed to test the performance of THELM and
DIgSILENT Power Factory Newton-Raphson method described in Section 5.1. These benchmarks
were performed on various test networks. Mann-Whitney U test was performed, and it was concluded
that the results from both load flow methods were statistically indistinguishable and null hypothesis
was accepted. Using THELM, optimal power flow method was developed using genetic algorithm in
Section 3, describing the type C class of algorithms. The novel Class C algorithm provides various
advantages over Class A and B OPF algorithms as discussed in Section 1. A use case with an objective
function to minimize three-phase unbalance was applied to a real network in Austria in Section 5. The
reason for choosing this objective is motivated by the requirements of the network operator and to
handle the unbalance locally. It involves the generation of active and reactive power schedules for
four controllable buses using smart-meter forecasts from other uncontrollable loads in the network
(see Figure 1). Optimal schedules for these buses were generated and used to produce voltages using
THELM and the results were described in Figure 6. It can be observed that the three-phase voltage
unbalance has reduced up to 39% and the optimal average objective function values can be observed
in Figure 5.

In future work, the scalability and replicability of the method needs to be analyzed. The method
needs to be applied to various larger networks with large number of nodes. Simulation time and
code optimization is not considered a priority for this study. To use this method in a real-time or
near-real-time operation, the algorithm needs to be optimized. In this work, only three-phase unbalance
minimization is used. OPF with various other objective functions need to be considered.

Author Contributions: Conceptualization, B.V.R., EK. and M.K,; Formal analysis, B.V.R. and M.K.; Investigation,
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B.V.R. and EK.
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Appendix A. Test Networks

Various test networks used for the analysis described in Section 5.1.
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Figure A2. Test 01.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.1 PUBLICATION A

32

Sustainability 2019, 11, 1774

External Grid

External Grid

External Grid

External Grid

Load 01

Figure A6. Test 05.

Bus 00 Bus 01 Bus 02 Bus 03
Trans 00 Trans 01
25MVA .. ) 0.1 MVA 10/0.4 kV DOTE ..
Line 00
NAYSEY..
Figure A3. Test 02.
Bus 00 Bus 01
Line 00
NAYBY ..
Line 02 Line 01
NAYBY 3.. NAYBY 3x2..
Bus 02
Load 01
Figure A4. Test 03.
Bus 00 [ Bus 01 [ Bus 02
Line 00
0.1 MVA 10104 4 DOTE .. - NAYBY . -
s
Line 02 Line 01 = > 3
NAYBY 3.. NAYBY 3x2.. K]
[
Bus 03
Load 01
Figure A5. Test 04.
Bus 00 |: Bus 01 |: Bus 02
Line 00
25 VA 3010 kY - NAYSE. -
Line 02 Line 01 >
NAYSEY .. NAYSEY 3x..
[ [
¢ Bus 03
@
3
e
g
w
9]
a
2
=
S
E
s
s
S
Bus 04

Load 00

Load 00

Load 00

13 of 16



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.1 PUBLICATION A

33

Sustainability 2019, 11, 1774 14 of 16

External Grid

[ Bus 00 [ Bus 01

Line 00
NAYBY .

Load 00

Line 05

NAYBY 4x240sm 0.6/1kV
Line 01

NAYBY 4x240sm 0.6/1kV.

Line 02
NAYBY 4x240sm 0.6/1kV

Bus 06 o Bus 02 '_L Bus osl:]_._
n

\

Load 01

g
§

Load 04

Line 06

NAYBY 4x240sm 0.6/1kV
Line 03

NAYBY 4x240sm 0.6/1kV

Line 04
NAYBY 4x240sm 0.6/1kV

Bus 07\:]_:_ Bus 04 Bus 05 S,
' LT3 T3

v v \

Load 05 Load 02 Load 03

Figure A7. Test 06.

References

1.

10.

11.

Seritan, G.; Porumb, R.; Cepisca, C.; Grigorescu, S. Integration of Dispersed Power Generation. In Electricity
Distribution: Intelligent Solutions for Electricity Transmission and Distribution Networks; Energy Systems;
Karampelas, P., Ekonomou, L., Eds.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 27-61. [CrossRef]
Campos, F; Marques, L.; Silva, N.; Melo, F;; Seca, L.; Gouveia, C.; Madureira, A.; Pereira, ]. ADMS4LV #8211;
Advanced Distribution Management System for Active Management of LV Grids. CIRED Open Access Proc. ].
2017, 2017, 920-923. [CrossRef]

Fan, J.; Borlase, S. The Evolution of Distribution. IEEE Power Energy Mag. 2009, 7, 63—-68. [CrossRef]
Horowitz, S.H.; Phadke, A.G. Boosting Immunity to Blackouts. IEEE Power Energy Mag. 2003, 1, 47-53.
[CrossRef]

Novosel, D.; Begovic, M.M.; Madani, V. Shedding Light on Blackouts. IEEE Power Energy Mag. 2004, 2, 32—43.
[CrossRef]

Taylor, C.W.; Erickson, D.C.; Martin, K.E.; Wilson, R.E.; Venkatasubramanian, V. WACS-Wide-Area Stability
and Voltage Control System: R D and Online Demonstration. Proc. IEEE 2005, 93, 892-906. [CrossRef]

Ilic, M.D.; Allen, H.; Chapman, W.; King, C.A.; Lang, ] H.; Litvinov, E. Preventing Future Blackouts by Means
of Enhanced Electric Power Systems Control: From Complexity to Order. Proc. IEEE 2005, 93, 1920-1941.
[CrossRef]

Santo, M.D.; Vaccaro, A.; Villacci, D.; Zimeo, E. A Distributed Architecture for Online Power Systems
Security Analysis. IEEE Trans. Ind. Electron. 2004, 51, 1238-1248. [CrossRef]

Dommel, HW.; Tinney, W.E. Optimal Power Flow Solutions. IEEE Trans. Power Appar. Syst. 1968,
PAS-87,1866-1876. [CrossRef]

Sasson, A.M. Combined Use of the Powell and Fletcher—Powell Nonlinear Programming Methods for
Optimal Load Flows. IEEE Trans. Power Appar. Syst. 1969, PAS-88, 1530-1537. [CrossRef]

El-abiad, A.H.; Jaimes, EJ. A Method for Optimum Scheduling of Power and Voltage Magnitude. IEEE Trans.
Power Appar. Syst. 1969, PAS-88, 413-422. [CrossRef]



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

2.1 PUBLICATION A

34

Sustainability 2019, 11, 1774 15 o0f 16

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.
22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Peschon, J.; Bree, D.W.; Hajdu, L.P. Optimal Power-Flow Solutions for Power System Planning. Proc. IEEE
1972, 60, 64-70. [CrossRef]

Sasson, A.M.; Viloria, E; Aboytes, F. Optimal Load Flow Solution Using the Hessian Matrix. IEEE Trans.
Power Appar. Syst. 1973, PAS-92, 31-41. [CrossRef]

Rashed, A.M.H.; Kelly, D.H. Optimal Load Flow Solution Using Lagrangian Multipliers and the Hessian
Matrix. IEEE Trans. Power Appar. Syst. 1974, PAS-93, 1292-1297. [CrossRef]

Alsac, O,; Stott, B. Optimal Load Flow with Steady-State Security. IEEE Trans. Power Appar. Syst. 1974,
PAS-93, 745-751. [CrossRef]

Happ, H.H. Optimal Power Dispatch. IEEE Trans. Power Appar. Syst. 1974, PAS-93, 820-830. [CrossRef]
Mukherjee, PK.; Dhar, RN. Optimal Load-Flow Solution by Reduced-Gradient Method. Proc. Inst.
Electr. Eng. 1974, 121, 481-487. [CrossRef]

Bala, J.L.; Thanikachalam, A. An Improved Second Order Method for Optimal Load Flow. IEEE Trans. Power
Appar. Syst. 1978, PAS-97, 1239-1244. [CrossRef]

Lipowski, ].S.; Charalambous, C. Solution of Optimal Load Flow Problem by Modified Recursive Quadratic-
Programming Method. Transm. Distrib. IEE Proc. C Gener. 1981, 128, 288-294. [CrossRef]

Burchett, R.C.; Happ, H.H.; Wirgau, K.A. Large Scale Optimal Power Flow. IEEE Trans. Power Appar. Syst.
1982, PAS-101, 3722-3732. [CrossRef]

Glavitsch, H.; Bacher, R. Optimal Power Flow Algorithms. Control Dyn. Syst. 1991, 41, 135-205. [CrossRef]
Stott, B.; Hobson, E. Power System Security Control Calculations Using Linear Programming, Part I.
IEEE Trans. Power Appar. Syst. 1978, PAS-97, 1713-1720. [CrossRef]

Stott, B.; Hobson, E. Power System Security Control Calculations Using Linear Programming, Part II.
IEEE Trans. Power Appar. Syst. 1978, PAS-97,1721-1731. [CrossRef]

Trias, A. The Holomorphic Embedding Load Flow Method. In Proceedings of the 2012 IEEE Power and
Energy Society General Meeting, San Diego, CA, USA, 22-26 July 2012; pp. 1-8. [CrossRef]
Home—DIgSILENT. Available online: https://www.digsilent.de/en/ (accessed on 1 February 2019).
Ward, J.B.; Hale, H.W. Digital Computer Solution of Power-Flow Problems [Includes Discussion]. Trans. Am.
Inst. Electr. Eng. Part III Power Appar. Syst. 1956, 75, 398-404. [CrossRef]

Tinney, W.E,; Hart, C.E. Power Flow Solution by Newton’s Method. IEEE Trans. Power Appar. Syst. 1967,
PAS-86, 1449-1460. [CrossRef]

Tinney, W.E; Walker, ].W. Direct Solutions of Sparse Network Equations by Optimally Ordered Triangular
Factorization. Proc. IEEE 1967, 55, 1801-1809. [CrossRef]

van Amerongen, R AM. A General-Purpose Version of the Fast Decoupled Load Flow. IEEE Trans.
Power Syst. 1989, 4, 760-770. [CrossRef]

Stott, B. Effective Starting Process for Newton-Raphson Load Flows. Proc. Inst. Electr. Eng. 1971, 118, 983-987.
[CrossRef]

Tripathy, S.C.; Prasad, G.D.; Malik, O.P.; Hope, G.S. Load-Flow Solutions for Ill-Conditioned Power Systems
by a Newton-Like Method. IEEE Power Eng. Rev. 1982, PER-2, 25-26. [CrossRef]

Schaffer, M.D.; Tylavsky, D.J. A Nondiverging Polar-Form Newton-Based Power Flow. IEEE Trans. Ind. Appl.
1988, 24, 870-877. [CrossRef]

Tylavsky, D.J.; Crouch, PE.; Jarriel, L.E; Chen, H. Advances in Fast Power Flow Algorithms. Control Dyn.
Syst. 1991, 44, 295-343. [CrossRef]

Crouch, P.E,; Tylavsky, D.J.; Chen, H.; Jarriel, L.; Adapa, R. Critically Coupled Algorithms for Solving the
Power Flow Equation. IEEE Trans. Power Syst. 1992, 7, 451-457. [CrossRef]

Tylavsky, D.J.; Crouch, P.E; Jarriel, L.F,; Singh, J.; Adapa, R. The Effects of Precision and Small Impedance
Branches on Power Flow Robustness. IEEE Trans. Power Syst. 1994, 9, 6-14. [CrossRef]

Tylavsky, D.].; Schaffer, M.D. A Nondiverging Power Flow Using a Least-Power-Type Theorem. IEEE Trans.
Ind. Appl. 1987, IA-23, 944-951. [CrossRef]

Subramanian, M.K.; Feng, Y.; Tylavsky, D. PV Bus Modeling in a Holomorphically Embedded Power-Flow
Formulation. In Proceedings of the 2013 North American Power Symposium (NAPS), Manhattan, KS, USA,
22-24 September 2013. [CrossRef]

Wallace, I; Roberts, D.; Grothey, A.; McKinnon, K.LM. Alternative PV Bus Modelling with the Holomorphic
Embedding Load Flow Method. arXiv 2016, arXiv:1607.00163.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.1 PUBLICATION A

35

Sustainability 2019, 11, 1774 16 of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Bazrafshan, M.; Gatsis, N. Comprehensive Modeling of Three-Phase Distribution Systems via the Bus
Admittance Matrix. IEEE Trans. Power Syst. 2018, 33, 2015-2029. [CrossRef]

Iba, K. Reactive Power Optimization by Genetic Algorithm. IEEE Trans. Power Syst. 1994, 9, 685-692.
[CrossRef]

Lai, L.L.; Ma, J.T. Power Flow Control with UPFC Using Genetic Algorithms. In Proceedings of
the International Conference on Intelligent System Application to Power Systems, Orlando, FL, USA,
28 January-2 February 1996; pp. 373-377. [CrossRef]

Urdaneta, A.J.; Gomez, ].F.; Sorrentino, E.; Flores, L.; Diaz, R. A Hybrid Genetic Algorithm for Optimal
Reactive Power Planning Based upon Successive Linear Programming. IEEE Trans. Power Syst. 1999,
14,1292-1298. [CrossRef]

Lin, WM.; Cheng, ES.; Tsay, M.T. Distribution Feeder Reconfiguration with Refined Genetic Algorithm.
Transm. Distrib. IEE Proc. Gener. 2000, 147, 349-354. [CrossRef]

Das, D.B.; Patvardhan, C. Useful Multi-Objective Hybrid Evolutionary Approach to Optimal Power Flow.
Transm. Distrib. IEE Proc. Gener. 2003, 150, 275-282. [CrossRef]

Masoum, M.A.S.; Ladjevardi, M.; Jafarian, A.; Fuchs, E.F. Optimal Placement, Replacement and Sizing of
Capacitor Banks in Distorted Distribution Networks by Genetic Algorithms. IEEE Trans. Power Deliv. 2004,
19, 1794-1801. [CrossRef]

Back, T.; Fogel, D.B.; Michalewicz, Z. (Eds.) Basic Algorithms and Operators, 1st ed.; IOP Publishing Ltd.:
Bristol, UK, 1999.

Korovkin, N.V.; Vu, Q.S.; Yazenin, R.A. A Method for Minimization of Unbalanced Mode in Three-Phase
Power Systems. In Proceedings of the 2016 IEEE NW Russia Young Researchers in Electrical and Electronic
Engineering Conference (EIConRusNW), St. Petersburg, Russia, 2-3 February 2016; pp. 611-614. [CrossRef]
Fernandes, C.M.M. Unbalance between Phases and Joule’s Losses in Low Voltage Electric Power Distribution
Networks. p. 9. Available online: https://fenix.tecnico.ulisboa.pt/downloadFile /395142112117 /Resumo%
20Alargado%?20Carlos%20Fernandes.pdf (accessed on 15 February 2019).

Fernandez, J.; Bacha, S.; Riu, D.; Turker, H.; Paupert, M. Current Unbalance Reduction in Three-Phase
Systems Using Single Phase PHEV Chargers. In Proceedings of the 2013 IEEE International Conference on
Industrial Technology (ICIT), Cape Town, South Africa, 25-28 February 2013; pp. 1940-1945. [CrossRef]

i N ® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ " article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

2.2 PuBLICATION B 36

2.2 Publication B

Rao, B.V.; Kupzog, F.; Kozek, M.

Phase Balancing Home Energy Management System Using Model Predic-
tive Control

Energies 2018, 11, 3323. https://doi.org/10.3390/en11123323

Own contribution

Concept development, problem analysis, formal analysis, methodology, implementation
of algorithms and coding, simulation studies, structuring and writing of the manuscript
was done by the candidate, under the supervision of second and third authors. Method-
ology and problem statement discussion, editing and reviewing of the manuscript was
done by second and third authors.


https://www.mdpi.com/1996-1073/11/12/3323
https://www.mdpi.com/1996-1073/11/12/3323

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

2.2 PUBLICATION B

37

energies MDPI|

Article
Phase Balancing Home Energy Management System
Using Model Predictive Control

Bharath Varsh Rao *(, Friederich Kupzog ! and Martin Kozek 2

1 Electric Energy Systems—Center for Energy, AIT Austrian Institute of Technology, 1210 Vienna, Austria;

friederich.kupzog@ait.ac.at

Institute of Mechanics and Mechatronics—Faculty of Mechanical and Industrial Engineering,
Vienna University of Technology, 1060 Vienna, Austria; martin.kozek@tuwien.ac.at

*  Correspondence: bharath-varsh.rao@ait.ac.at; Tel.: +43-664-88256043

check for
Received: 31 October 2018; Accepted: 25 November 2018; Published: 28 November 2018 updates

Abstract: Most typical distribution networks are unbalanced due to unequal loading on each of the
three phases and untransposed lines. In this paper, models and methods which can handle three-phase
unbalanced scenarios are developed. The authors present a novel three-phase home energy
management system to control both active and reactive power to provide per-phase optimization.
Simplified single-phase algorithms are not sufficient to capture all the complexities a three-phase
unbalance system poses. Distributed generators such as photo-voltaic systems, wind generators,
and loads such as household electric and thermal demand connected to these networks directly
depend on external factors such as weather, ambient temperature, and irradiation. They are also time
dependent, containing daily, weekly, and seasonal cycles. Economic and phase-balanced operation
of such generators and loads is very important to improve energy efficiency and maximize benefit
while respecting consumer needs. Since homes and buildings are expected to consume a large share
of electrical energy of a country, they are the ideal candidate to help solve these issues. The method
developed will include typical distributed generation, loads, and various smart home models which
were constructed using realistic models representing typical homes in Austria. A control scheme
is provided which uses model predictive control with multi-objective mixed-integer quadratic
programming to maximize self-consumption, user comfort and grid support.

Keywords: three-phase unbalance minimization; model predictive control; home energy
management system

1. Introduction

The Energy Efficiency Directive of the European Commission provides great emphasis on the
need to empower and integrate customers by considering them as key entity towards sustainable and
energy efficient future [1]. Evolving systems such as smart meters are on a road map towards increased
market integration. With the help of such devices, ICT aspects such as data mining, management,
processing, and commutation are gaining lots of traction in smart grid [2].

In recent days, with rigorous funding and investment in renewable energy, large number of
distributed energy resources such as photo-voltaic systems, wind generators, and new loads such
as electric mobility and storage systems are gaining importance. They pose lots of challenges to
the network such as voltage violations and line loading. Most of the typical distribution networks
are unbalanced due to unequal loading on each of the three phases and untransposed lines [3].
Additionally, unbalance is further increased with the high penetration of single-phase distributed
generators. Three-phase unbalance imposes various degrees of stresses on different components in
distribution network. Losses on the lines and distribution transformers increase considerably with

Energies 2018, 11, 3323; doi:10.3390/en11123323 www.mdpi.com/journal/energies



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

2.2 PUBLICATION B

38

Energies 2018, 11, 3323 20f19

the increase in phase unbalance [3]. Therefore, it is extremely important to consider three-phase
models. They have strong dependencies on external factors such as weather, ambient temperature,
and irradiation which follows daily, weekly, and seasonal cycles. Photo-voltaic systems inject large
amounts of active power into the network, especially when the solar irradiation is high during midday.
Voltage violations may occur due to partial stochastic power input. Therefore, it is important to include
reactive power in models so that it can be used to performed voltage regulation.

Homes and buildings are projects to consume a large share of total energy production. Therefore,
it makes sense to produce strategies to use them to help mitigate the issues discussed above. Most of
the homes today are not capable of providing any kind of support to the grid. Certain upgrades need
to be made so that they can perform demand response. Loads which can be controlled directly or
indirectly to provide demand response is referred to as demand side management (DSM). DSM is
also referred to as flexibility. DSM can be used to provide number of grid support functionalities
such as shifting the peak load to off-peak hours or curtailing the load to reduce the peak demand [4].
Smart building customers are given the opportunity to schedule the devices on their own to maximize
comfort level and based on this initial schedule, the optimizer maximizes economic return which will
result in demand which is more leveled over time [5]. Additionally, the optimizer will either minimize
payment or maximize comfort based on the consumer needs in which, the user comfort is represented
as a group of linear constraints [6].

2. Related Work

To control various devices in smart homes and all the issues associated with it, the authors in
paper have presented a control scheme using Model predictive control, which is an ideal candidate to
handle dynamic systems with evolving disturbances described in the previous section.

Various implementations of model predictive controller (MPC) in buildings are available in the
literature. The core principle or issue being addressed by bodies of research mentioned below is
dynamic scheduling of various flexibilities in building. Most of the authors below have addressed this
issue using various MPC algorithms, problem formulations and objectives.

After analyzing the large body of work in MPC for buildings, three major categories can be
defined. MPC in buildings is mainly used for demand side and flexibility management, building
temperature control and optimal usage of energy.

2.1. Demand Side and Flexibility Management

A multi-scale stochastic MPC is implemented to schedule heating, ventilation, air conditioning
which is referred to as HVAC systems and controllable loads such as electric vehicles and washer/dryers
is implemented in [7]. In [8], the authors have presented an MPC approach to tackle the load shifting
problem in households equipped with controllable appliances and electric storage units. This approach
used time of day tariff to minimize energy consumption. A decision-making framework for real
time control of load serving entity of flexibilities used to provide ancillary services to the market
is presented in [9]. This paper provides a generalized framework which includes wide array of
flexibilities. An example with electric vehicle charging is provided in detail.

The authors in [10] have proposed a scheme which uses time varying real time pricing to schedule
appliances in buildings in smart grid context. Thermal mass of the building is considered with a
comfort indicator and a model associated with it is presented. Thermal mass storage is used to hedge
against varying prices with a goal to minimize energy costs. Control approach for home energy
management system (HEMS) under forecast uncertainty is presented in [11]. The smart home is
controlled as a grid connected micro-grid with PV generation, battery systems, critical and controllable
loads. Objective of MPC is to maximize the use of renewable energy generation and to minimize
operation costs. It includes predictions of PV, load, and market prices. Various scenarios are considered
with different forecasting accuracies.
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The authors in [12] presented an MPC model for HVAC system in medium sized building with
receding horizon control. It is used to provide demand side flexibilities. Objective is to operate the
building economically while respecting the comfort of dwellers. MPC scheme provided is a robust one
to participate in both reserve and spot markets. Sensitivity of the controller towards economic and
technical constraints are evaluated. The National Electricity Market of Singapore (NEMS) is used as a
study case for grid building integration studies.

In [13], a non-intrusive identification of components in smart home is provided with a sampling
frequency of one hertz. These identified models are used to predict flexibilities. These flexibilities are
shifted in time to minimize energy costs. An MPC technique for energy optimization in residential
appliance is proposed in [14]. Home cooling and heating system control is proposed to analyze the
effect of conventional thermostats. In [15], an MPC EMS system for residential micro grids is furnished.
EMS optimally schedules smart appliances, heating systems, PV generators based on consumer
preferences. Weather and demand forecasts are integrated in it. Mixed-integer linear programming
(MILP) is the core of MPC which minimizes the system costs of this residential micro-grid. At each
sample time, the optimization algorithm adjusts itself to account for updated weather dependent PV
systems and heating units in a receding fashion. This method is coupled with accurate simulation of
micro-grid including energy storage and flexible loads. Emulation of real-world grid conditions on
standard network interface is presented. The authors in [16] have provided a method to maximize
the use of renewable energy resources in islanded grids. PV systems are used to provide energy to
home loads and pico hydro power plant. MPC is used to control the flow valve of hydro plant and to
modulate the energy supply to fulfill the deficit during islanded conditions.

An economic MPC is illustrated in [17]. It includes PV combined heat and electrical storage system.
Uncertainties from thermal behaviors of the building are quantified, formulated and MPC’s capability
to handle it is presented in this research work. An MPC scheme to control loads in residential buildings
are presented in [18]. It also presents a novel load aggregation method using MPC for distribution
networks. This method is tested with 342 bus network with 15,000 buildings. In [19], an MPC
controller to perform demand side management is presented. It uses an ON/OFF PID controller and
MPC to control air conditioning in rooms in houses. It also includes PV systems. Weekly expenses are
calculated for each tariff is compared with control methods.

2.2. Temperature Control

The authors in [20], have presented a method to control temperature in building in a cost-effective
manner. It uses linear programming heuristic to minimize the objective function of electricity cost to
run air conditioning system. In [21], authors have presented models for Heat Recovery Ventilators
connected to single zone building, its potential and nonlinear MPC is implemented to optimize
energy consumption. Three distinct time zones are used namely, slow timescale for temperature of
structural elements, fast timescale for air temperature and intermediate dynamics for recovery systems.
A stochastic optimization technique is provided in [22]. This paper introduces several load classes
such as heating, ventilation, air conditioning which is commonly referred to as HVAC systems. A first
order thermal dynamic model is used with a mixed-integer MPC to generate load schedules. Real data
is coupled with numerical solutions. The authors in [23] have proposed an MPC algorithm to control
temperature in single zone building coupled with renewable energy generators such as solar and
wind. MPC objective is to control temperature within certain permissible limits and optimal amount
of power consumption.

In [24], a temperature control scheme with the consideration of occupants with three comfort
indicators namely, strict, mild, loose levels are provided. It also includes window blind position
control, illumination, and ambient temperature. Weather data such as solar irradiation, illumination,
and ambient temperature is forecasted and used in MPC algorithm. Goal of MPC is to minimize
energy consumption and maintain the desired level of comfort for occupants. Paper [25] focuses on
analysis of MPC application to domestic appliances to optimize them. Relationship between MPC
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weight adjustment and minimization of energy consumption is evaluated. In this context, water heater,
room temperature control by air conditioning system and refrigerators are explored.

In [26], a centralized direct control of on/off thermostats is furnished. Device operation temperature,
on/ off status, more importantly, temperature ramps are calculated and communicated to the central
controller. It is observed that, same or better performance can be achieved by communication
of temperature ramps which are essential data points. It also reduces the communication needs
significantly. Right information exchange is essential for better performance and data flow reduction is
the concluding argument of this paper.

An MPC control scheme to provide the best tradeoff between temperature control and energy
cost is described in [27]. It also provides a comparison between PID controller and MPC. The weights
are modified to obtain the best solution to increase quality of various electrical and thermal models.
The authors in [28], have presented an MPC for entire building with a comfort metric to ensure high
priority to user comfort for each of the various zones in the building. Simulation results are provided
for four months showing large percentage of reduction in electrical and thermal energy consumption.

2.3. Optimal Energy Usage

Paper [29] proposes an MPC control strategy in HEMS to optimize energy usage and optimal
operational schedules for input variables. It also provides results which demonstrated revenue from
selling power to the utility. In [30], authors have furnished an MPC approach to obtain savings in
residential households. Impact of local power generation such as roof top PV systems is determined
for off-peak, mid-peak and on-peak periods. Hybrid MPC formulation for buildings is provided
in [31]. It describes the interactions between continuous and discrete systems. It involves a two-level
computation structure. Individual systems are controlled with upper level discrete commands.

In [32], an approach to minimize energy in home and office building is presented with renewable
energy resources such as PV systems. This is done using an MPC technique with mixed-integer
programming to handle switching constraints. This method allows for sufficient performance with
respect to energy regulation and efficiency. It is shown that with various seasons, an annual savings
of about 1.72% can be achieved with this approach. An MPC approach is introduced in [33] which
exploits its capacity to reduce energy consumption and improve efficiency to reduce energy bills.
MPC was trained for two different weight sets which is compared to thermostat control with three
typical household loads.

It is shown that it is necessary to augment control weights to maximize energy cost minimization
potential. In [34], an energy scheduling approach for smart home appliances using stochastic MPC is
presented. It comprises a combination of genetic algorithm and linear programming. It analyzes the
competence of the algorithm proposed with the objective of energy reduction.

An MPC scheme with a sample time of one hour is presented in [35]. It includes hot water
usage, electric vehicle, domestic heating and with an actuator with water tank to use it as heat storage.
Total power and energy cost is minimized. MPC robustness is evaluated using forecasted load profiles
of the household. It is shown that using energy storage, the overall energy consumption of the
household can be minimized.

A comprehensive cost optimal design is presented for a building HVAC system which includes
MPC to generate cost optimal solution is presented in [36] The controller provides an optimal hourly
set point for cooling and heating devices. This method is applied to multi-zone building in Italy. In [37],
a study to minimize the cost of electricity for coordinating houses connected a micro-grid. It uses
multi-objective optimization for micro-grid control which includes a house and an independent local
plant. The control algorithm minimizes losses by power exchanges between the plant and the house.

It can be clearly seen that, three-phase implementation of HEMS is lacking. The papers mentioned
above only use simple single-phase flexibility models and appliances are single phased. Additionally,
reactive power control is not addressed by any of the research work mentioned above. Since three-phase
models are not used, phase unbalance minimization cannot be performed. In this paper, the authors
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present a three-phase unbalanced HEMS in which, three objective functions, maximize user comfort,

self-consumption and grid support is implemented. It also includes control scheme to manage both

active and reactive powers and can handle number of electrical appliances with various configurations.
The contributions in this paper are enlisted below,

1. Various three-phase linear flexibility models are presented in Section 3.

Flexibilities are modeled in both active and reactive power.

3.  Three objective functions are provided in Section 5 along with three objective weights which are
user defined.

4. Control scheme is described in Section 6 for three-phase HEMS with various chronological events.

5. Simulation results for three-phase unbalanced HEMS with active and reactive power control is
provided in Section 7.

N

3. System Models

HEMS is a platform which enables monitoring and control of various energy appliances in the
household. It allows the deployment of various control strategies to achieve an objective. Smart home
in this paper refers to a home which is fitted with a HEMS. Using this system, various objectives can
be achieved. For example, keeping the room temperature within certain comfortable limits.

3.1. Overview

Smart home models can be segregated into two categories. Namely, thermal and electrical models
coupled by a heat pump. The main reason to use a thermal model is to characterize indoor temperature
due to the thermal inertia of the house, since consumer comfort is paramount. The controller is
formulated to give complete control to the user, a user-centric approach. The models are linear in nature
so that, simple control strategies can be produced. Figure 1 represents a three-phase HEMS. It contains
both single and three-phase components and therefore, it is unbalanced. In this scenario, the heat pump
is three phased, inverters for battery and PV are three phased, controllable, and uncontrollable loads
are single phased. The control scheme provided in this paper can include variety of configurations such
as single-phase—neutral, phase—phase, three-phase star configuration, three-phase star configuration
with neutral, and three-phase delta configuration. This can be done using the constraint imposed on
the grid connection point described in Section 4.4.

Flexibilities Disturbances
r
s
t [ [ | | [
| | T | I
Heat Pump Inverter  Controllable Uncontrollable  |pyerter
[ 11 [ 11 joadp joads
N \/ Troom  Yinternal \/ N
T _I Twall Gventilation T I_
Electric Storage PV system
A 1 1
| Weather data:
Tambien

Ahouse

Irrediation
(north, south, east, west)

Figure 1. Schematic of three-phase HEMS representing various three-phase interconnections. It can be
observed that, heat pump is the only component which connects thermal and electrical models.

3.2. Smart Home Thermal Model

Various linear single zone models representing single family homes with heat pumps and thermal
parameters of the building are considered. They are based on nonlinear models which were constructed

using data, representing physical behavior of real buildings in Vienna and Salzburg regions in Austria.

Due to consumer privacy, more details about these homes cannot be provided. By generalizing these
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models, four study cases are derived, and their essential distinguishing features are shown in Table 1.
Nonlinear models were created in Dymola [38], which is a modeling and simulation tool, as part
of the project iWPP-Flex [39]. They were linearized using the functions within Dymola and were
mathematically verified.

Table 1. Building study cases which represent typical households in Austria. During the modeling
stage of these houses, they only contained single-phase loads. To perform effective demand response,
they had to be upgraded to include various other flexibilities such as single/three-phase heat pumps,
controllable loads, electric storage, and PV system with three-phase inverters. Some of the important
specifications such as heat demand, control method, and rated capacities which influences the control
scheme are provided in this table.

House Hype Passive House Low-Energy House Existing House Renovated House
Heating demand 15 kWh/(m?a) 45 kWh/(m?2a) 100 kWh/(m?2a) 75 kWh/(m?a)
Heater Under floor Under floor Radjiator Radjiator
Heat exchange medium Air-water brine-water brine-water air-water
Power control Variable On/off On/off Variable
Rated capacity TKW/3kW  12kW/5kW LKW/12KW 27 KW/7KW
(Electrical /thermal)

In the context of smart HEMS, the models of smart homes are recommended to be kept sufficiently
simple to maintain generality, so that many building types can be accommodated. Therefore, first
order models are implemented. Additionally, the focus of this work is not to use realistic building
models but rather the control strategy and to minimize the objective function.

As aresult, continuous state space models were generated and are assumed to be ordinary discrete
linear time-invariant and is then discretized with a sampling time step of 15 min which can be observed
in Equation (1).

xroom(t + 1) = Aroom xroom(t) =+ Broom uroom(t) (1)

The state variables Xy,o5,, Of the building model are the room and wall temperature. The later represents
the temperature of wall, floor, and ceiling of the house. Ao and Broom are the system matrices.

)

x _ |:Twull
room —
Troom

Limits on room and wall temperatures are given in Equations (3) and (4)

ngﬁ S Twall(t) < TZZ% (3)
T < Tyoom (t) < THO% (4)

The input quantities for the building are heat flow supplied by the heat pump, ambient temperature,
solar irradiation from all directions, internal gains, and ventilation.

Jroom
Tambient temperature
Lnorth

ieast
Uroom = . ©®)
Lsouth
Lwest

&internal gain

8ventilation
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Limits on heat flows into the building are provided in Equation (6)

0 < groom (t) < Groom (6)
3.3. Heat Pump in Residential Building

Heat pump is used to provide the heat flow into the home which is the only controllable variable
in the home model described in Section 3.2. Heat pump is the only coupling element between electrical
and thermal systems as mentioned above.

Equation (7) describes the relationship between heat pump power and heat flows. The model
represented below is that of a single-phase heat pump since it is in a modest home. This can be easily
extended to three-phase by dividing the right-hand side of Equation (7) by 3 for per-phase balanced
active power. Coefficient of performance (cop) is assumed to be constant with respect to time.

Jroom (t) @)

Preat pump (t) =
. COPheat pump

Where, Ppeat pump is the active power and coppeqt pump is the coefficient of performance. Low-energy
and existing house contains on-off heat pump. To model this, a binary variable Byt yymp with 0 for off
and 1 for on is used.

ted
Preat pump (t) = Bheat pump P}:Zai pump 8)

The pump in heat pump consists of an induction motor. This motor is assumed to be lossless
and with constant power factor (p feat pump) as described in Equation (9), using which reactive power
(Qneat pump) is calculated.

Qheat pump (t) = tan(C0571 (pfheat pump))Pheut pump (t) 9

Since only heating period is considered, Pieat pump and Qpeat pump = 0. Constraints on heat pump
active power limits.

0< Pheatpump(t) < Pﬁggfpump (10)

Constraints on heat pump reactive power limits,

0 < Qpear pump(t) < Q;?elczzfpump an

max max 3 3 3
where, P\ pump and Q"% pump are the maximum rated power active and reactive powers of head

pump, respectively.

4. Electrical System Constraints

In recent years, lots of smart electrical appliances are becoming popular. It is possible to control
the behavior of these appliances. In this paper, the authors have decided to use the following
electrical appliances.

4.1. Electric Storage Constraints

For the maximal use of intermittent renewable energy generators and self-consumption, electric
batteries are becoming very important in the recent days. Therefore, it is necessary to model and
include them in the HEMS systems. In this paper, only linear battery models are used. Equation (12)
represents the energy balance of electric storage system, a battery.

SOC(f + 1) Cbattery = SOC(f) Cbattery + At Nbattery Pbattery(t) (12)
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It can be seen in Equation (12) that, Py, takes values both positive and negative. This is a form
of linearization because, the battery charging and discharging efficiencies are different and therefore,
nonlinear. This nonlinearity can be tackled by solving it as is, using a nonlinear solver or by splitting
the Pyatrery iNtO Pepgrging and Pyiscnarge- The latter is coupled with a binary variable to make it either
charge or discharge, leading to MILP. The authors have chosen to use the linear form and the reasons
for it are provided in Section 4.2.

Constraints on soc limits are given below,

soc™im < soc(t) < soc™* (13)
Constraints on battery charging and discharging power limits are as follows.

Pgr[;ztrtlery < Pbattery(t) < Plﬁlzfery (14)

4.2. Three-Phase Inverter Constraints

The battery described in the previous section is connected to a three-phase inverter. The inverter
can control active and reactive power flows on each of the phases. The relationship between battery
and inverter is described using simple power balance Equation (15).

(Pbattery(t))2 = (pinverter(t))z + (Qinverter(t))z (15)

Equation (15) is nonlinear. If on the precious section, a binary variable is defined and Pyt is
split into Peparging and Pyiscnarges Equation (15) becomes nonlinear and non-convex. One way to deal

with the nonconvexity is to limit the Qj;perer With a constant power factor as shown in Equation (16).

However, this is still nonlinear.

anvertgr (t) = tﬂn (Cosil (pfinverter ) ) Pj‘;veyter (t) (16)

where, p is the phase and p € phases(r,s,t). To remedy the nonlinearity, the inverter is only controlled
at unity power factor. In other words, the reactive power is zero. This is represented in Equation (17)

(Pbattery(t))z = (Pinverter(t))z (17)

Individual phase powers are represented as follows,

Pinverter (t) = Pipnvertgr (t) (18)
P

4.3. Constraints on Controllable Loads

Simple controllable loads are used with constant power factor operation as described in
Equation (21). Controllable loads have the following constraints. Equations (19) and (20) are the
active and reactive power constraints and Equation (21) is the relationship between them.

4 max

0< Pcontrollable load(t) < Pcontrollable load (19)
4 max

0= Qcontrolluble load(t) < Qcontrolluble load (20)

It is assumed that the power factor is constant with time. Typical power factor for household
loads is between 0.90 to 0.95.

-1
chjontrollable load(t) = tan(cos (pfcontrollable lOﬂd))Pcpontrollable load (t) (21)
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4.4. Constraints on Grid Connection Point

The grid connection point (point of common coupling) is where the smart home is connected
to the grid. When excess power is fed into the grid, it is referred to as infeed and when power is
drawn, it is referred to as consumption. Since P,y takes both positive and negative values due to
battery linearization, both infeed and consumption is represented by Py,;4. It also represents the energy
balance of all the electrical components in the smart home.

Equations (22) and (23) are constraints on limits of active and reactive power at the grid
connection point.

0 — pP 0 0 0
Pgrid(t) - Pinverter(t) + Pheut pump(t) + Pcontrolluble loud(t) + Puncontrollable load (22)
Qria(H) = Q, () +Q, () +Q, (23)
grid heat pump controllable load uncontrollable load

4.5. Various Disturbances Applied to HEMS

Various electrical and thermal disturbances are applied to HEMS during simulation which can be
seen in Figure 2.

5504 —— Active power (kW)
2 ,5 | — Reactive power (kVAr)
o2
A
0.0 T T T T T T T T T
01-01 00 01-01 06 01-01 12 01-01 18 01-02 00 01-02 06 01-02 12 01-02 18 01-03 00
Time
)
<
10 .
o —— P_grid_a
5 _gria_
=1
o
o 5
o
g T T T T T T T T T
= 01-01 00 01-01 06 01-01 12 01-01 18 01-02 00 01-02 06 01-02 12 01-02 18 01-03 00
Time
N L
£ —— lIrrediation north
S 500 —— lIrrediation south
9 —— lIrrediation east
& —— lIrrediation west
T 0
© T T T T T T T T T
= 01-01 00 01-01 06 01-01 12 01-01 18 01-02 00 01-02 06 01-02 12 01-02 18 01-03 00
Time

101 T
_—/\—\/\_—/\\ —— Internal gains (W/m2)
5 -

—— Ventilation losses (m3/m2)

0 T T T T T T T T T
01-01 00 01-01 06 01-01 12 01-0118 01-02 00 01-02 06 01-02 12 01-02 18 01-03 00

Time
Figure 2. Profiles of disturbances applied to smart HEMS. On the x-axis, data time format is MM-dd
HH. Data is from 01-01-2018 00:00:00 to 01-02-2018 00:00:00.

Disturbances are forecasted using a convolutional neural network which is not described in this
paper. Uncontrollable loads data is from a smart meter from a real household in Austria. Various
thermal disturbances such as ambient temperature and irradiation data is sourced from weather
stations in Austria, ventilation, and internal gains from the project iWPP-Flex.
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5. Objective Functions

In this paper, three different objectives are considered. These are explained in detail below.

5.1. Improve Self-Consumption

In many countries, with higher share of renewables, it is more economical to self-consume and
therefore, the following objective function in Equation (24) is minimized. Since electricity tariffs only
depend on active power, reactive power is excluded from the objective.

]self consumption — Z Z(Pgrid(t))z (24)
tp

On the other hand, in Austria, it is more economical to feed as mush power into the grid as
possible since power sale tariff is higher than consumption tariffs. It can be done easily by maximizing
equation. It is customary to involve a variable price signal along with Pg,;; which is the electricity tariff
provided by the energy retailer. However, this is neglected for the sake of clarity.

5.2. Improve User Comfort

Since user comfort is paramount, this objective is introduced. It minimizes the difference between
a reference temperature and actual room temperature in smart home. The limits of these temperature
are defined by the user.

Juser comfort = Z(Tyr(%’;rence (t) — Troom(t) )2 (25)
t

5.3. Improve Grid Support

As mentioned in Section 1, smart homes can provide support to the grid by optimally controlling
its renewable generation and consumption. Therefore, objective in Equation (26) is provided.
It minimizes the difference between reference and actual active, reactive powers at grid connection
point. This reference is generated from a large grid level optimal power flow controller based on a grid
level objective function.

]gridsupport = ;;(Pgrid reference(t) o P(fg)rial(t))2 + (Qgrid reference(t) o Qgrial(t))2 (26)

This paper does not include details or methods to generate this reference profile and instead
uses it as is. If the smart home can follow this reference profile, grid level optimization is achieved.
The objective on the grid can be loss minimization, line loading minimization, operational efficiency,
unit dispatch and so on. In this paper, the reference profiles where generated with an objective
to minimize the three-phase unbalance on the grid level. For this to work, multiple buildings
connected at various locations in the network must follow its own reference profile provided by
the grid controller, simultaneously.

5.4. Complete Objective Function

Complete objective function is provided in Equation (27). Weights S, i and G are introduced
with self-consumption, user comfort and grid support, respectively. By varying these weights, more
importance can be given to the objectives.

minimize ] = S ]self consumption +U Juser comfort +9 ]grid support (27)

These weights can be varied on-line and the controller updates it in the next simulation step.
There are the most prominent parameters which the user can determine and can have significant
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influence over the controller and ultimately the optimum. Controllable variables are Pystery, Pheat pump
and Peontrottavle load-

6. Control Scheme

Due to the high intermittency of renewable energy generators, loading in households along with
dependencies on external factors such as weather and solar irradiation, it is extremely important to
choose a controller which makes effective use of available predictions.

Therefore, the authors have chosen to use MPC. MPC control used is receding horizon control.
Figure 3 describes an MPC and data exchange between various devices in smart home. MPC is
responsible to generate optimal set-points to minimize the objective function.

Flexibilities Disturbances
r
s
t [ [ | | [
n | | LI | I |
Heat Pump Inverter Controllable Uncontrollable Inverter
I I I I I I Loads ___ Loads I I I
L 1, -z 1|
N~ R <« PO . AV
_— ! : profile : _—
T T [N pQ ! T 1
Electric Storage ! PQsetpoints : VoTTmmmme e prc')me‘ -= PV Isysltem
A 1 ! 1 !
1 [ | !
1 ! 1
Ahouse : : : Weather data:
1 o Troom Ginternal Tambien
1
mmme-eooZIZZZZZZIZZZN Twall  Gventilation Irrediation

(north, south, east, west)

Figure 3. Schematic of three-phase HEMS with model predictive controller. It shows all the
interconnections with respect to data exchange.

MPC control scheme is illustrated in Figure 4. It describes various functions which need to be
executed within a sample duration.

Receive reference

optimal grid profile e

Update sensor User defined Optimal set points

database Obijective weights generated

\4

@ ! t+1)

Sensor data Receive reference

acquisition temperature profile Repeat process

Disturbance
forecasting

Setup constraints

Figure 4. Model predictive control scheme for three-phase HEMS. It describes various functions which
are executed for a sample period.

The chronological control functions and events described in Figure 4 are described in detail below.

1. Attime t, measure thermal disturbances such as irradiation, ambient temperature, ventilation
losses and internal gains. Additionally, smart meters measures uncontrollable load and
photo-voltaic generation.

2. These sensor data points are acquired by the data acquisition system and sensor database is
updated. Figure 5 illustrates the sensor data acquisition system using in this work.
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3. Disturbances are forecasted for a given prediction horizon using an appropriate forecasting
algorithm. In this paper, using convolutional neural networks.
4. Active and reactive power optimal set-points are received from the grid level controller.
5. Internal temperature reference signals are received.
6. User defined objective weights are received.
7. Objective functions are set up using Equations (24)—(27).
8.  Constraints from Equations (1)—(23) are setup.
9. Optimal set-points are generated.
10.  The process is repeated for next sample period, (f +1).

. Irrediation Ventilation losses
Ambient temperature (north, south, east, west) Internal gains

Uncontrollable load Photo-voltaic
(Active and reactive power) (Active and reactive power)

Sensor data acquisition

Figure 5. Schematic of a sensor data acquisition system use in three-phase HEMS.

The optimization problem is solved by a suitable quadratic programming for passive, renovated
house and mixed-integer quadratic programming for low-energy and existing houses as discussed
in Section 3.3.

7. Simulation Results

In this section, simulation setup and results are provided. As mentioned earlier, the objective
weights, S, U and G are defined by the user, it is difficult to analyze the controller performance due to
large number of combinations of these three variables.

To overcome this, only extreme cases of these weights are considered. This can be observed
in Figure 6. The method of choosing weights in such fashion was inspired from [40] in which,
mixed-integer quadratic programming is introduced with multi-objective optimization. The simulation
is performed for the duration of 48 hours with prediction and control horizon of 24 hours.

S

S

(1,0,0) (0,1,0) (0,0,1)

S S

ug ING ULt TNG
(1,0.1) 1,10 ©1,1) a1

Figure 6. Objective weights, S, i and G for various extreme cases.
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Simulation parameters are provided in Table 2.

Table 2. Simulation parameters.

Variable Value
Simulation parameters

prediction horizon 24 h

control horizon 24 h

simulation duration 48 h
Building model

LM 10C

Tu";’:l’l‘ 40 C

T 18 C

Tmax, 25C

Tinitial 18C

Tiobn " 20C

Controllable load model

Pg;ftfrollable load 2kW
pfcontrollablclaad 0.95
Electric Storage model
soc™" 0.3
soc™** 0.9
Cbattery 20 kWh
Wba@tery 0.95
P l?;jt?ery -10 kW
Pg;?t’i,ry 10 kW
Heat pump model
cop 3
Pfheat pump 0.90
Passive house: P2 pump 1kW
Low-energy house: P77¥ pump 1.2 kW
Existing house: Pa¥ pump 4 kW
Renovated house: P}7* prump 2.7kW

7.1. Analysis of Results

Due to the large number of combinations of objective weights and controllable variables, results
are analyzed based on the three objective functions. Four scenarios of objective weights are chosen
for analysis. (S, U, G) = (0,0,1), (0,1,0), (1,0,0) and (1,1,1). Additionally, to represent powers,
only phase r is used. The results are plotted using boxplots. More information about it can be seen

in Figure 7.
Interquartile Range
Outliers & Outliers
v v
OOF——— —0 O
Minimum . Maximum
Q1-151QR qr Medan o Q3+1.5 QR
(25th percentile) (75th percentile)

Figure 7. Boxplot is a standardized method to display data.

7.1.1. Improve Self-Consumption

Figure 8 describes the results for the objective function to minimize self-consumption
(see, Equation (24)). It illustrates Pg,y for various home types and for given simulation horizon.
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It can be observed that for objective weights (S, U, G) = (1,0,0), the controller is trying to get Pgnd
close to zero which can be perceived from the medians which are at zero for all the house types.
Same can be observed with objective weights (S, U, G) = (1,1,1). Since all three weights are equal,

the results are not as effective as the one from before and S is not dominating other weights.

Objective weight = (0, 1, 0)

3

-
L

Active Power (kW)
°

Objective weight = (0, 0, 1)

I
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Figure 8. Schematic of Three-Phase HEMS.

7.1.2. Improve User Comfort

rejerence
T'ef

Objective terms abs(Tyopm  — Troom) is illustrated in Figure 9. Since the objective weight I/ is
T" ference

room

predominant, (S, U, G) = (0,1,0), the absolute difference between
It can be observed that the temperature median is very close to zero. From this, it can be inferred that
the objective function to improve user comfort is maximized. However, since the building models are

and Typom is the least.

first order, the controller is quiet easily able to achieve similar results with (S, U, G) = (1,1,1).
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Figure 9. Schematic of Three-Phase HEMS.

7.1.3. Improve Grid Support

Figure 10 illustrates abs(Pgrig reference () — Pgria). With the predominant weight in (S, U, G) =
(0,0,1) is G. Therefore, similar to previous objectives, it can be observed that the controller is able
to minimize the absolute difference between the target profile and the profile at the grid connection
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point. This is also illustrated in Figures 11 and 12 where, both active and reactive power profiles are

presented for phase r.

Objective weight = (0, 0, 1) Objective weight = (0, 1, 0) Objective weight = (1, 0, 0) Objective weight = (1, 1, 1)
4.0 A 5
6
o o [e]
3.5 15.0 8
5 4 44
301 125 4O
—~ —~ —~ 4 —
g 2% B © ° B g5
< X 10.0 1 < <
] 5 o ] ]
3 2.0 A H 3 3 2
o o O o o
a a5 a a
3 3 : 3 v
= = > > 2
g 15 k9] © 9]
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Figure 10. Schematic of Three-Phase HEMS.

Figures 11 and 12 describes all the parameters for passive house with objective weight scenario

(S,U,G) = (0,0,1) for both active and reactive power. In Figure 11, since the objective weight scenario
is to minimize abs(Pyrig reference (t) — Pgria) + abs(Qgrid reference(t) — Qgria), it can be observed that the
rid 18 trying to closely follow the Pe,ig re ference-
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Figure 11. Per-phase active power controllable and disturbance variables for passive house and weight
scenario (S, U, G) = (0,0,1)
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It is evident from Equation (23) that, there are no direct reactive power controllable variables
for all the phases. This makes it difficult for the controller to actively tract Qgyid re ference Wwhich can be
observed in Figure 12. In phase r, due to the existing single-phase appliances, better reactive control
tracking is possible unlike phase s and t.

Phase r
Z 2 1 =
2 —— Q_heat_pump
T 14 —— Q_controllable_load
2 od T Q_uncontrollable_load
& — Q_pv.r | — —7
.g -14 — Q_target_r '
3 I Q_grid_r
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T T T T T T T T T
03-01 00 03-01 06 03-01 12 03-0118 03-02 00 03-02 06 03-02 12 03-0218 03-03 00
Time
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] ‘ “ '
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: ] ML l n Wi [N IL‘" ’ L)
¢ '] — e l T I
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4
T T T T T T
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Time

Figure 12. Per-phase reactive power controllable and disturbance variables for passive house and
weight scenario (S, U, G) = (0,0,1)
8. Conclusions and Outlook

In this paper, a novel three-phase balancing HEMS was presented along with control strategies
for both active and reactive power. Four linear building models representing typical households

in Austria were described. Various linear three-phase flexibility models were presented in detail.
Three unique conflicting objective functions with three weights which are user defined is described.

Model predictive control scheme was applied to this smart home for various extreme objective weight

scenarios. Active and reactive power set-points were generated for all electrical controllable variables.

Due to the vast number of combinations of objective weights, four extreme cases were chosen for
analysis, (S, U, G) = (0,0,1), (0,1,0), (1,0,0) and (1,1,1). Analysis was done based on three objective
functions. It was shown that the results reflect the chosen objective weights for each of the three
objective functions. In Figures 11 and 12, grid support maximization objective was illustrated for
objective weights (S, U, G) = (0,0, 1). In these figures, it was shown that Pg,;3 and Qgis are indeed
able to track their reference profiles and implications being, the objectives on the grid level controller
(three-phase unbalance minimization) are being met, leading to a grid level optimization.

The models presented in the paper were linear and first order in nature. In reality it makes sense

to use higher order nonlinear models to closely match the real behavior of the smart home. Therefore,
the model needs to be extended to nonlinear ones. Even though the scheme includes reactive power,
itis not given high importance in this paper to keep it linear. Due to high share of renewable generators,

it is interesting to be able to control reactive power in this context. The inverter connected to the
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battery in this paper only works at unity power factor. However, by including reactive power control,
better reactive power tracking can be performed. Additionally, with the power balance equation at the
inverter is non-convex in nature. Therefore, the MPC needs to be extended to be able to solve such
problems using a non-convex solver.
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Abstract: This paper presents control relationships between the low voltage distribution grid and
flexibilities in a peer-to-peer local energy community using a stratified control strategy. With the
increase in a diverse set of distributed energy resources and the next generation of loads such as
electric storage, vehicles and heat pumps, it is paramount to maintain them optimally to guarantee
grid security and supply continuity. Local energy communities are being introduced and gaining
traction in recent years to drive the local production, distribution, consumption and trading of
energy. The control scheme presented in this paper involves a stratified controller with grid and
flexibility layers. The grid controller consists of a three-phase unbalanced optimal power flow using
the holomorphic embedding load flow method wrapped around a genetic algorithm and various
flexibility controllers, using three-phase unbalanced model predictive control. The control scheme
generates active and reactive power set-points at points of common couplings where flexibilities
are connected. The grid controller’s optimal power flow can introduce additional grid support
functionalities to further increase grid stability. Flexibility controllers are recommended to actively
track the obtained set-points from the grid controller, to ensure system-level optimization. Blockchain
enables this control scheme by providing appropriate data exchange between the layers. This scheme
is applied to a real low voltage rural grid in Austria, and the result analysis is presented.

Keywords: local energy communities; Blockchain; stratified control; optimal power flows; holomor-
phic embedding load flow method; model predictive control; smart grids

1. Introduction

In recent years, local energy communities (LECs) are gaining interest in Europe and
the world by introducing new regulations for its formation, operation and control. LECs’
introduction is due to increased distributed renewable energy sources (DERs) and new
loads such as electric vehicles, storage and heat pumps, hereafter referred to as next-
gen loads, in low voltage distribution grids. This is to motivate the local generation,
distribution, consumption and trading of energy. The research presented in this paper is
conducted under the Blockchian Grid project funded by the Climate and Energy Fund
and implemented in the RTI-initiative “Flagship region Energy” of the Austrian Research
Promotion Agency. The most significant limitation of a local energy market associated
within an LEC is the availability of a settlement process. Such processes are in place to
ensure no violation occurs in the grid when the bids, accepted in the market, are executed.
The need is due to the lack of controllability of DERs and next-gen-loads. In this context,
a stratified control system, which manages both the grid and various DERs and flexibilities,
could be one of the approaches.
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In the literature, stratified control for flexibility management is extensively used.
In [1], a stratified control scheme to control voltage and current is presented. It includes the
optimal reconfiguration of various systems in micro-grid based on changing conditions.
The first layer consists of the optimal sharing of load and the second level consists of
dynamic optimization of droop gains. However, this approach is not designed for three
phase systems as size of the problem will start to become large. Additionally, the second
level consists of only droop gains where flexibilities, which offer on/off behavior cannot
be included. The authors of [2] have proposed a hierarchical energy management system,
to interconnect multiple micro-grids. At the higher level, micro-grid coordination opera-
tions are performed based on energy scheduling and generation of power reference values
for other micro-grids.In the lower level, a chance-constrained MPC is applied for local
operation management. The goal to maximize the local utilization of capacities and reduce
the dependence on interconnected grids. A major limitation of this approach is that the
higher level control does not include an optimal power flow based scheduling algorithm,
leading to a sub-optimal solution. In [3], a hybrid stratified control to improve grid security
is presented. In the lower level, the controllers are responsible for coordinating each of
the individual control units. Whereas, in the higher level, continuous dynamic control of
discrete controllers and with individual lower-level controllers is presented. The authors
of [4] have presented a hierarchical iterative control algorithm to balance the grid optimally
and, at the same time, meet consumer demand. The major limitation of the control strate-
gies mentioned above is the need for detailed technical models of lower-level controllers.
Detailed models are often not available or difficult to derive, making them unrealistic
for implementation. Additionally, any change in the devices at the lower level needs to
be recorded and appropriate adjustment in the algorithm needs to be made. However,
in this paper, optimal schedules are generated at the PCC of flexibilities irrespective of
what is connected to it. Moreover, the data exchange between each layer and within each
layer needs to be sufficiently strong enough to handle a large number of variables being
exchanged. Blockchain with a 15s block speed is used in this paper to write data into the
chain, which is available in all other buses in the next sample.

The stratified controller consists of an OPF at the upper level. As discussed in [5],
OPF algorithms can be classified into two types, A and B, respectively. Type A deals with
algorithms that use load flow methods to generate a certain set of intermediate solutions
for voltages and phase angles. Since the optimal solution is close to the load flow solution,
using jacobian and other sensitivity relations, it can be sequentially determined. Various
implementations of class A algorithms are presented in [6-8]. Class B deals with algorithms
that use load flow equations as equality constraints, depending on the exact conditions and
detailed formulation. It utilizes the entire search space. Since power grids are nonlinear
and non-convex in nature, convex relaxation or non-convex solvers are to be used. It uses
optimality conditions using Lagrangian functions with objective and constraint derivatives.
In [9], a novel class C algorithm is presented in which a reliable load flow is coupled with a
heuristic optimization method. This method helps to overcome the challenges presented
by classes A and B, which are used in this paper.

Low voltage rural distribution grids are unbalanced due to untransposed lines and
uneven loading on their three-phases [10]. The unbalance can be heightened with increase
in single-phase DERs and next-gen loads [11,12]. They are dependent on weather pa-
rameters such as temperature and solar irradiation. Moreover, they are periodic, with
hourly, daily, weekly and monthly cycles and are dependent on seasons. Three-phase
unbalance, induces several issues in the grid. Most prominently, it increases losses in lines,
grid devices and transformers. Transformers in the distribution grids are designed for
balanced operation and would lead to uneven temperatures on the three phases, caus-
ing degradation [13]. Induction motors are significantly affected by voltage imbalance,
causing accelerated aging due to high temperatures on winding with the highest loading
and shorten the lifespan [14]. Torque fracturing can lead to permanent damage in motor
winding with the increase in voltage unbalance [15]. Protection systems can be triggered
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falsely due to the presence of negative and zero sequence currents in the lines [16]. Cur-
rently, models describing the low voltage distribution grids are based on the transmission
system’s supervisory control and data acquisition systems at the transmission level. This
host functions like load (LF) and optimal power flow (OPF), using models that are single
phased. They cannot be readily applied to distribution grids without modification to
accommodate the new changes, as discussed above. To overcome this, the LF and OPF
should include three-phase unbalance.

In the literature, various methods have been presented to minimize three-phase
unbalance, which can be consolidated into three types. Namely, phase transposition, feeder
reconfiguration, and power control. In [17], a method to minimize three-phase unbalance
for both star and delta configurations is presented. This is performed by operating various
devices connected to the IEEE 34 and 123 bus test systems. The grid is linearized to convert
non-linearity non-convexity to mixed-integer linear programming. The authors of [18] have
formulated a method to minimize three-phase unbalance by re-phasing and reconfiguration
using optimization techniques and by optimally placing DER units. In [19], re-phasing
and DER sizing are used to achieve three-phase unbalance minimization. A fuzzy multi-
objective phase balancing optimization is used to do so. Various heuristic optimization
techniques for three-phase unbalance minimization is presented in [16,20,21]. Various phase
swapping algorithms are reviewed in [22]. In [23], power balance is used to minimize
unbalance by optimally operating energy storage, and a similar method is presented in [24].
Various methods involving reactive power control for unbalance minimization are available
in the literature. In [25], static variable compensators are used to balance the three phases.
The authors of [26] describe a method to minimize zero and negative sequence current
components in distribution grids. It involves the use of reactive power management using
the online Karush-Kuhn-Tucker optimization method. This method is applied to IEEE
13-node test network. Most of the methods mentioned above are used in the planning
phase. This does not include the dynamic behavior of unbalanced loads and generation.
In this paper, the stratified controller is to minimize the three-phase voltage unbalance
in real-time.

Flexibilities are controlled using model predictive control (MPC) and, in the literature,
various implementations are available. In [27], a multi-time scale and stage optimization
method is proposed to control flexibilities such as air conditioning, heating and ventilation
systems, and plug-in hybrid electric vehicles are presented. It uses a constrained stochastic
optimization algorithm using MPC to minimize costs, peak power and consumer comfort.
Temperature data, thermal dynamics and real-time electricity pricing are included. The
authors of [28] have presented an MPC approach to shifting loads among household
devices and electric storage systems. Energy consumption is minimized by using time
of day tariff and demand-side management (DSM) by optimally scheduling loads and
charging and discharging times of the electric storage system. An appliance scheduling
method in residential buildings using MPC is presented in [29]. It involves the use of
thermal and non-thermal flexibilities by incorporating forecasts and database updates
to minimize electricity costs. It includes a thermal dynamic of the building and is used
as constraints to MPC. In [30], the MPC approach to controlling photo-voltaic combined
heat and electric storage is presented. The operational cost of the combined heat and
power unit is minimized. The authors of [31] have presented a method to control the
air conditioning system in the room, along with the PV system. Demand response is
provided using time of use tariff. Additionally, the controller is used to minimize energy
consumption. In [32], the authors present a three-phase unbalanced model predictive
control based smart building energy management system. It uses three-phase flexibility
models with mixed-integer quadratic programming. In this paper, the smart building
models and control strategies are derived from: it.

To overcome the limitations presented in the literature, the authors present a novel
stratified control scheme with grid and flexibility layers. The former consists of three-phase
unbalanced optimal power flow using the holomorphic embedding load flow method
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(HELM) and the latter, three-phase unbalanced model predictive control. Blockchain
handles all exchanges of control variables (see Section 2). The flexibilities are connected at
a certain number of buses which are considered controllable, and the grid level controller
generates three-phase optimal active (P) and reactive power (Q) schedules at their points
of common couplings (PCC). The grid level controller concentrates PQ consumption and
in-feed values from smart meters, from all other uncontrollable loads in the LEC over
the Blockchain for each sample time. Contrary to the methods presented in the literature,
the grid level controller does not contain any information about the devices connected at
the PCC, ensuring individual privacy. The stratified controller uses models that include
three-phase controls for both PQ flows, resulting in per-phase power manipulation. These
schedules are actively tracked by the flexibilities along with their objectives, leading to
a system-level optimization. The grid level controller uses Optimal Power Flow (OPF),
based on a three-phase unbalanced holomorphic embedding load flow method (HELM)
and genetic algorithm with certain advantages over the existing methods (see Section 4).
As discussed above, the DERs and next-gen loads are intermittent, dependent on external
factors and, therefore, model predictive control (MPC) (see Section 5), with its proven
robustness, is used to manage them optimally.
The contributions in this paper are listed below:

1. Stratified control structure for optimal scheduling of grid flexibility in an LEC using
Blockchain (see Sections 3 and 6).

2. Online three-phase unbalance minimization control scheme in low voltage distribu-
tion networks (see Section 4.1.1) in an LEC.

3.  Three-phase unbalance optimal power flow with receding horizon formulation
for optimal flexibility placement (see Section 4.1.2) and voltage controllability
(see Sections 4.1.3 and 6).

4. Schedules from the grid controller are generated at the PCC, ensuring privacy. No
device information from the buildings is communicated to the grid controller.

5. Mixed integer quadratic three-phase unbalanced model predictive control hosted
in flexibilities with various electrical connection configurations and thermal
models (see Section 5.1).

6.  Optimal scheduling of PQ set-points at critical buses, where smart buildings are
connected and model predictive control results from flexibilities to the reference
optimal schedules from the grid controller (see Section 7).

2. Blockchain System Architecture

The Ethereum client Open Ethereum is the basis for the Blockchain architecture
adopted in this project. Various servers and communication components are seen in
Figure 1. Any node in the network can write data into the Blockchain. In the project,
this is constrained and limited by the LEC platform manager at the infrastructure server.
Additionally, the grid controller is hosted on this server, which generates optimal set-
points for various flexibility controllers in the LEC and facilitates the market processes.
The consensus algorithm on how to agree on new blocks is Proof-of-Authority, in which
only authorized participants, called sealers, are allowed to generate blocks containing
transactions and add them to the Blockchain. Participants can also be dynamically added
or removed by the platform operator.

There are two different types of nodes, full nodes, which also perform the sealing to
add blocks, and nodes located at measurement devices, sensors and actuators. The latter
ones do not perform any sealing and can be configured to run as light clients to lower the
hardware requirements. Light clients do not keep the whole chain data, but can participate
in the network by trusting other nodes.

Every 15 s a new block is added, which is much lower than the 1 min sample time.
This way; it is guaranteed that transactions are processed in time for the next sample. Every
sample, PQ values are fed into the Blockchain at all the buses in the grid. Information for
the Blockchain, smart contracts, the role of participants and access rights are stored in the
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infrastructure server. Real customer data (name, address, customer number) is associated
with an Ethereum account address. This is managed and used by the Distribution System
Operator (DSO) for billing-relevant purposes. The data exchange between the infrastructure
server and the participants takes place via an encrypted connection. To be able to access
the data, each participant receives an access identifier (username and password). This
identifier is linked to the customer data by the infrastructure server.

Community representative

Regulator, finance
ministry

Infrastructure

Pro-/Consumer

Protected
Il Control

Pro-/Consumer

Community Battery

i Node DB Node

i Archive DB Client

== Infrastructure
- Customer DB

Smart Home 00

Figure 1. Blockchain System Architecture implemented in the BlockchainGrid project at the LEC
in Austria.

3. Stratified Control Scheme for Low Voltage Distribution Networks

In this section, the authors present a stratified control scheme for voltage management
in a three-phase low voltage distribution grid, as part of an LEC. They are inherently
unbalanced, as discussed in Section 1, and the unbalance is further increased by DERs and
next-gen loads. It is paramount to minimize it for safe system operation. A methodology
to generate optimal set-points at a certain number of controllable buses at critical nodes
is presented. Flexibilities connected at these buses actively track these set-points using
model predictive control. In this research, smart buildings with various flexibilities, such
as electric storage and heat-pumps, are connected at these critical nodes (see Section 5).The
upper level controller consists of an optimal power flow model using a three-phase unbal-
anced holomorphic embedding load flow method (HELM-OPF), characterized in Section 4
and mixed-integer quadratic programming model predictive control (MiQ-MPC) is de-
scribed in Section 5. Figure 2 describes a general model schematic and Figure 3 describes
the control structure.
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Bus00 Bus01
Bus02 Bus03 Bus04 Bus05
wv\{ v pr—————p—————p - ==
Line00 Line01 Line02
External
Grid Transformer
UL00 uLo1 uLo02 uUL03
Bus10 Bus09 Bus08 Bus07 Bus06
Line05 Line04 Line03
b ]
uL04
Community
SmartHome01 SmartHome00 Battery

Figure 2. General schematic of a three-phase unbalanced distribution grid with a medium-
voltage/low-voltage transformer, uncontrollable loads (UL), smart buildings and a community

battery system.
Qo0 Three
d [}
Bus 00——=5>| © phase
o1 32 unbalanced
P ;
Bus 0122—="5]| o |  optimal
! 2 power flow
1 =
| B
c
Bus nn—— 9 1 PQ%, 4 P QY0
PQ"Msy 5 Flexibility 00 >
B4 — Q%
Flexibility 01 >

Controllable buses

+ P Q™Mact
Flexibility nn >

!

P Qe

Figure 3. Structure of the stratified control scheme. Inputs to the grid controller are forecasted profiles
of smart meter active and reactive (P;™, Q") profiles from loads located at various uncontrollable
buses (Bus 00, Bus 01, ..., Bus nn). Outputs are optimal Pl.”f and Q:Ef set-points that are calculated
using HELM-OPF and fed into individual flexibility controllers. Using these reference profiles,
the flexibility controller produces optimal set-points for its flexibility portfolio, which are Pf“* and
Q7 using MiQ-MPC. Based on the available flexibility type and their sizing, the buildings may not
be able to perfectly tract the reference profiles generated by the grid controller.

It is to be noted that the grid level controller does not directly provide set-points to
the individual flexibilities as it does not have any device model information. It instead
generated set-points at the buses where they are connected (at the PCC). This leads to the
preservation of sensitive flexibility information and helps protect consumer privacy.

4. Grid Controller Formulation

Power grids are nonlinear and non-convex and it is strenuous to solve the OPF problem
associated with it. Various methods have been presented to handle such non-linearity
and non-convexity. In this paper, a solution to OPF using the non-convex optimization
method is chosen. This is based on the method developed in [9]. It uses a three-phase
unbalanced holomorphic embedding load flow method (HELM) with a genetic algorithm
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to generate optimal set-points, a HELM-OPF method. The reason for using HELM is due
to its robustness and ability to converge to a high voltage operable solution irrespective of
its initial conditions (very high or low loading conditions) [9]. Using HELM, OPF is given
access to the entire search space.
Three-phase unbalanced low voltage distribution network models are adopted from [33].
OPF is formulated as,

minimize ] = F(x,u)
u
subject to H(x,u) =0, @D
G(x,u) <0,

where, x and u are state and input variable sets. Input variables are the active and reac-
tive power injections at controllable buses; state variables are voltage and phase angles
(see Figure 3).

F(x,u) is the objective function for the HELM-OPF problem. Typical objectives are
total generator cost and loss minimization in the network.

4.1. Objective Functions

In this paper, three objective functions are used. Objective Section 4.1.1 is used to
minimize three-phase unbalance and is used online. Objective Section 4.1.2 is used to
choose the best number of controllable buses where flexibilities are needed. Objective
Section 4.1.3 is used to determine the voltage controllability.

4.1.1. Three-Phase Unbalance Minimization

The objective function is chosen to minimize three-phase voltage unbalance. There
are various methods to realize the objective and, in this paper, balanced voltages are used
as a reference, which is illustrated in Equation (2).

C t ,t
minimize [ = ) )" ) (reul(Vk’jbﬂlanced) —real(V} ))?
teT keY peP (2)

. 4 . 1
+ (lmag(vk}jbalanced) - lmag(vkp ))2’

where Y represents buses in the network (see Section 4.1.3 for various scenarios), T repre-
sents simulation time and P € phases(a, b, c). The rectangular coordinate system is used to
represent voltages and to balance both magnitudes and phase angle; therefore, both real
and imaginary parts of complex voltages are used. In Section 7, three different forms of the
objective function are defined.

G(x,u) and H(x, u) are the equality and inequality constraints. Three-phase unbal-
anced HELM developed in [9] is used as equality constraints.

Inequality constraints with respect to distribution grids are as follows,

Plow, < Phy, < Py, ®)
Viow, | < VT < Vi )
FLow; < ti < tHigh; ®)
OLow; < 0; < Onign, (6)
SLow; < i < SHigh, @)
Qlow; < Qbv, < Qhtigh ®)
<ol o
Bl + Q< S, (10
1731 < Hyign, | (11)

p P o <@l
OLow; < 0 — O} < Oy, (12)
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The variables in the equations above are defined in the Table 1.

Table 1. Nomenclature.

Variable Definition

Active power

Reactive power

Voltage

Transformer tap position
Transformer phase shift angle
shunt reactances or capacitances
Branch current magnitudes
Voltage phase angle

@Q—=® TTIO'™

4.1.2. Optimal Placement of Flexibilities

It is essential to optimally place the flexibilities in the grid to have the maximum
impact on voltage control. Various methods are used to determine the location where
flexibility is connected.

Most predominantly, they can be broadly classified into two types. Firstly, the voltage
sensitivity method, like the quasi-dynamic simulation, is used similarly to those in [4]. This
method is limited since it only provides information about the buses where most voltage
violations occur for a given period. This method had several limitations since power grids
are nonlinear and non-convex.

Secondly, an optimal heuristic technique uses flexibility models and OPF to determine
the best location using a non-convex solver. Variations of this method are detailed in [34-36].
In this paper, the authors present a method that is based on the heuristic technique but does
not need any flexibility models, which need to be included in the HELM-OPF formulation.
They are determined based on only active and reactive power injections at the buses.
This method applies to any flexibility or DER unit without including any information
about it. Mixed-integer programming, along with the HELM method from the previous
Section, is used, and the associated objective function is presented in Equation (13). This is
a modification of Equation (2), where an additional integer term is added to determine the
best location.

minimize | = Y (DCy+ E Y (real (V] 1.00q) — real (V]))?
keQ peP ’
(13)
+ (imag(vkijbalunced) - imag(vkp))z)’

where Cj represents the binary variable associated with each bus in the network leading to
a set of optimal controllable buses. D and E are weights associated with the objectives.

4.1.3. Voltage Controllability

During the research, the voltage unbalances minimization at the buses, directly de-
pending on the optimal schedule.

In other words, voltages at all the buses are controlled by PQ powers at flexibilities and
at only certain controllable buses (Case 01). Therefore, using Equation (2), the following
three scenarios are chosen:

Q all buses (Case 01)
Y=<(V voltage violation buses (Case 02) (14)
C optimal controllable buses (Case 03),

where V represents all the buses where voltage violation was observed. C represents opti-
mal controllable buses from Section 4.1.2. The results of the three scenarios are discussed
in Section 7.
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5. Flexibility Controller Formulation

Flexibilities in this paper are mostly hosted in smart building energy management
systems with the addition of a large community battery.

5.1. Smart Building Thermal Model

Smart building models are derived from [32]. Various smart building models with
varying degrees of complexity are used in this paper. Figure 4 represents a three-phase
unbalanced smart building energy management system with various single and three-
phase loads.

abcn
Inverter
Y _r Weather data:
T 1 Tambien
3 PV system | Irrediation
= | | 1 (north, south,
3 east, west)
E 1
2 i .
7]
. Il PQ 4
T proﬁle')
—— |
Electric Load 8
°
s BQ > £
profile 8
o
i
s
Inverter %
N g - P2 i
— profile °
T T 3
=
Electric Storage PQ
3 :' “profile”
5 [ :
3 1
& 1
Heat Pump
! T,
I room
. Twall
< Ginternal
Yventilation
|_— Qro0m J

Figure 4. Schematic of three-phase HEMS with various electrical and thermal components. It can be
observed that the electric appliances can have single, two or three-phase connection configurations.

Thermal models of smart buildings are based on typical buildings in Austria and are
derived from [32] and are represented as a discrete state-space system with a sampling
time of 15 min.

xroom(t +1) = Aroom xroom(t) + Broom  troom (1) (15)

Room and structure temperatures are the state variables in x,o0 (see Equation (16)).
Tstructure is the temperature of the floor, walls and ceiling. Apom and Byon are the system
matrices of the building.

Troom .

Xroom = [Tstructure:| (16)

Equations (17) and (18) are the lower and upper limits of the temperatures in
Equation (16).

s,r’grzgcture < TStVMCtWe(t) < ggflj(cture (17)
Troom < Troom(t) < Tyoom- (18)
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Uroom describes the input vector of the state—space system. The only controllable
variable is §,0om, which is the heat flowing into the room.
Qroom
Tambient temperature
inorth
_ ieust
Uroom = . (19)
Isouth
iwest

Sinternal gain

| Sventilation lossess |

where Typient temperature 15 the outdoor temperature, solar irradiation from all directions
1S Tyorth, east, south, west AN Ginternal gain, ventilation losses are the internal gains and ventilation
losses, respectively.

Equation (20) represents the limits on gys0mm. In this paper, only heating is assumed
and therefore, q,oon is greater than zero.

0 < Groom (£) < Groom- (20)
5.2. Constraints on Heat-Pump

Equations (21) and (22) are the single and three-phase powers of the heart pump, respec-
tively. Coefficient of performance (coppeat pump) is assumed to be time-invariant and constant.

room (t)
, §y = room(t) 21
heat pumP( ) COPheat pump =
t)
o py = _Aroom(t) 2
heat pump( ) 3 coppent pump ()

where Ppegt pump is the active power and coppeqt pump is the coefficient of performance.
p € phases(a, b, c). In order to model the on-off heat-pump model of certain house models,
a binary variable Byt pump is used. This can be observed in Equation (23).

ted
thut pump (t) = Bheat pump P;;Zgi pump* (23)
The pump in the heat pump consists of an induction motor and is assumed to be
lossless. Additionally, it is assumed to be operating at constant power factor (p fyeat pump)
as described in Equation (24), using which, the reactive power (Qpest pump) is calculated.

Qheat pump(t) = m”(cosil(pfheutpump))

(24)
DPheat pump (t)

Preat pump and Qpeat pump > 0, since the heating period is considered, are described in
Equations (25) and (26)

0< Pheatpump(t) < Pl:'égfpump (25)

Constraints on heat pump reactive power limits,

0 < Qheat pump(t) < Q]frﬁguajgpumpl (26)

max max 3 3 3
where P} prump and Q"% pump aT€ rated active and reactive powers, respectively.
5.3. Constraints on Electric Storage

Distributed energy resources are inherently intermittent and it is essential to use their
productions to the fullest extent. Therefore, electric storage is gaining importance in recent
years. In this paper, the authors have used linear models for electric storage and inverters.
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This model is also used to represent the community battery along with the inverter model
in Section 5.4. The state of charge (SOC) is described in Equation (27), represents the energy
balance in electric storage.

SOC(f + 1) Cbattery = SOC(f) Cbattery

27)
+ At Mbattery Pbuttery(t)'
SOC, battery charging and discharging power limits are as follows,
soc™™ < soc(t) < soc™* (28)
Pl?;i?ery < Phuttery(t) < Plrwq:z?fery' (29)

5.4. Constraints on Inverter

The electric storage described in Section 5.3 is connected to a three-phase inverter. Due
to the non-linearity and non-convexity of the three-phase inverter with both active and
reactive control along with binary control variable from Section 5.2. In order to maintain
the linearity, only active power control is chosen, described in Equations (30) and (31).

(Pbattery(t))z = (Pinverter(t))z' (30)

Per phase inverter is modeled as follows,

Pinverter(t) = szverter(t). (31)
p

5.5. Constraints on Controllable Loads

Controllable loads are defined as simple dump loads, which are both single and three-
phased. This is done due to the lack of data related to the presence of controllable loads in
the field. In the future, this is to be replaced with realistic controllable load models. The con-
straints on limits of active and reactive powers are defined in Equations (32) and (33). They
work with constant power factor (pfeontroiianie load), described in Equation (34).

14 max

0 < Plousroltavie toad (t) < Peontrollabie load (32)
r max

0< Qcontrolluble load(t) < Qcontrollublc load (33)

QfOVltVUllllblL’ load (t) = tan(cos_l (pfcontrollable load)) (34)

P
Pcontrollable load (t) .

Real smart meter profiles from the Blockchain are used for uncontrollable loads and
PV systems for each sample.

5.6. Constraints at Grid Connection Point

The bus at which a smart building is connected is referred to as a grid connection

point. Pgr .0 and Q;ri ; takes both positive and negative values. Constraints on active and
reactive powers are constrained in Equations (35) and (36).
P _ pP P
Pgrid(t) - Pinverter(t) + Pheut pump(t) (35)
4 14
+ Pcontrolluble load(t) + Puncontrollﬂble load

p — 0OF p
Qgrid(t) - Qheat pump(t) + Qcontrollable load(t)

. (36)
+ Quncontrollublc load*
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Forecasting of disturbances is carried out using neural networks [37,38]. This method
is not described in the paper since it is not the focus. Weather data, such as temperature,
are sourced from weather stations in Austria. Irradiation, ventilation losses and internal
gains are collected from local sensors and sourced from the iWPP-Flex project. Forecast-
ing uncertainties lead to an issue with the optimal set-points. However, for the sake of
simplicity, these conditions are ignored in this paper.

5.7. Objective Function

The objective function used in the smart building is to provide grid support. The three-
phase optimal power flow formulation from Section 4 produces optimal active and reactive
power schedules, based on an objective function, for various controllable buses. Each smart
building can support the grid by tracking the optimal schedules and by controlling various
flexibilities, as described in Equation (37).

Jgrid support = ;Z(p gpridoptimul schedute(t) =P grid(t))Z
p

p 14 2
+ (Qgridoptimul schedule(t) - Qgrid(t)) +.

(37)

Equation (38) represents the objective function of a smart building, J¢;ig support, the in-
dividual flexibility objective function, G and F are the respective weight. For the sake
of simplicity, J¢yidsupport 1 to maximize comfort for all smart buildings (Keeping Troom
at 22 °C).

minimize ] = G ]grid support +F ]flexibility objective- (38)

Variables Ppeat pumps Poattery and Peontroliavle 10aq are controllable. Grid support is maxi-
mized while maintaining comfort with respect to temperature and load demands are being
completely met.

6. Control Strategy

The smart buildings that are described in Section 5.1 are controlled hierarchically [32].
Inputs to the stratified controller are the smart meter active and reactive power forecasts
(P?™, Q™). The forecasting method is based on convolutional neural networks, and details
about it are not presented in this paper. Three-phase unbalanced optimal power flow
from Section 4.1.1 generates optimal active and reactive power set-points to controllable
buses. The locations of these buses are chosen based on Section 4.1.2 and Equation (13).
Since DERs are intermittent in nature, follow daily, weekly and seasonal cycles, these
changes are reflected in the optimal set-points. The flexibility controller must be robust
enough to accommodate these changes. The authors have chosen a model predictive
control to schedule them optimally. MiQ-MPC receives set-points and is used as reference
input signals.

Chronological control functions at grid and house level are presented below.

6.1. Grid Control

Grid control performs HELM-OPF described in Section 4 and broadcasts the optimal
set-points to various smart buildings in the network. The chronological control events are
presented in Algorithm 1.

6.2. Flexibility Control

Quadratic programming with mixed-integer is used with continuous and on/off
heat-pumps, respectively (see Section 5.2). The chronological control events are presented
in Algorithm 2.
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Algorithm 1: Control actions performed at grid level controller

Result: Generate optimal schedules and transmit to flexibility controllers
while time t = end time do

end

At time t, various smart meters in the grid write active and reactive power values into the Blockchain.
Communication channels are assumed to be functioning ideally with no losses and is validated with a
state estimator;

PQ are forecasted are generated for an appropriate prediction horizon using the updated data from the
flockchain for (t/t + tgrid prediction horizon) ;

Setup constraints based on Equations (3) to (12) (see Section 4.1.1).

Setup objective function using Equation (2) (see Section 4.1.1).

OPF is run and optimal PQ set-points are generated at certain critical buses where smart buildings are connected;
These optimal set-points are written into the blockchain;

Algorithm 2: Control actions performed at flexibility level controller

Result: Generate optimal schedules by tracking references from grid level controller.
while time t = end time do

end

At time t, smart meter data written into the Blockchain ;

Acquire ambient temperature, irradiation and ventilation data from various sensors in smart buildings
along with PQ data from smart meter;

Update the database with these new data points;

Perform forecasts for various disturbances for a given prediction horizon and using an appropriate
algorithm such as convolutional neural networks forecasts (t/f + t Flexibility prediction horizon) 5

Apply user defined weights and reference temperature profiles;

Setup constraints and objectives described in Section 5.1;

Get optimal PQ set-points at that particular bus from the blockchain.

MPC generates various set-points for controllable variables;

The process is repeated for the next sample period, (¢ + 1);

7. Simulation and Results

The grid selected for the analysis is a 264 bus three-unbalanced low voltage distribu-
tion network (three-phase four-wire) in Austria, represented in Figure 5. It contains single
and three-phased loads along with DER units. The network is simplified by summing all
the loads and generations at each bus to obtain one load per bus. Loads are active and
reactive power profiles from real smart meters in the grid. For the sake of privacy, the data
are not visualized or presented in this paper.

A simulation is performed to determine the optimal buses at which flexibilities are to
be placed as mentioned in Section 4.1.2 and by using the objective function in Equation (13).
The optimal buses are presented in Table 2 and are represented in Figure 5. At these buses,
simple single-phase uncontrollable loads are replaced with three-phase flexibilities, smart
building or a community battery. Having determined the optimal buses where flexibilities
are to be placed, the simulation is performed based on the three cases mentioned in
Section 4.1.2. These simulations are benchmarked against real smart meter active and
reactive power profiles at the controllable buses where flexibilities are to be placed, and
their forecasts and optimal schedules are to be produced by the grid level controller. The
simulation is performed for two days between 2019-04-01 00:00:00 and 2019-04-02 23:45:00
with 29 smart buildings and one large community storage (Bus 077). Smart buildings are
comprised of single and three-phased flexibilities as described in Section 5 and in Figure 4.
Table 2 presents various limits on certain controllable variables for optimal buses.
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Voltages all buses and phases

B Smart homes
B Community battery

Figure 5. Topology of a real network in Austria with various smart buildings and a community battery.

Figure 6 presents the voltage magnitude results for three scenarios and benchmarks. It
can be observed that under and over-voltages (0.95 pu. < voltage < 1.05 pu.) are observed
for real and forecasted profiles. The optimal profiles from the grid-level controller have
resulted in no voltage violation. The same can be observed for case 01 and 03, as flexibilities
are tracking the optimal profiles. The reason for Case 02 to observe over-voltage is because
voltage controllability is limited to only controllable buses, as described in Section 4.1.3.
In case 01, since all the buses are included, the optimizer is able to mitigate violations.
In case 03, since the voltage controllability is the optimal controllable buses, under voltage
violation was observed. This is due to the fact that not all the buses are included in the
voltage controllability. This enforces that the voltage is a local effect due to power flows
in multiple directions. To mitigate voltage violations in all buses, voltage controllability
should extend to all buses.

Voltages < 0.95 Voltages > 1.05

00 0.95 --"--‘------’--E--.n: 1085 == Upperlimits
1.05 --9.--9--.,--_-_.;-....,, 0.94 14— T T 1.080
_ © © 093 _ 1075+
E = =
£ 1.00 A 2o 4+—1—1+ 1 L 1 Bi070H+
) o g
2 S 091 HTH 11— £ 1.065+
2095 + @@ --8- = 2
0.90 i = ‘ 1.060 4
o002 == Lower limits 0:33 "' I T 1] 1,055 | |
o 0o | == Upper limits 0.88 - | == Lower limits 1050, Jeebecnennae b pale o b
———T— ’ — T ' — T
N & @@} > H D & & &q} > H P & & @@ > & P
Gl A 4 < & ol S S
QO‘ OQ (;o (;b (J’O <(C§ OQ (/’b ()’b (J’O ((°§ OQ (;0 Qﬁ (_;b

Figure 6. Voltage magnitude distributions for benchmarks, optimal and three cases with under and over voltages for each
of the cases.
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Table 2. Simulation parameter limits for optimal buses.

Optimal Buses Bus 020 Bus 031  Bus 038 Bus 042  Bus 045 Bus 055  Bus 058 Bus 067  Bus069  Bus (077
P;Z;Zf—pump (kW) 5 9 8 9 5 9 5 6 9 -
Preat—pump phase (kW) 1P 1r 3P 1P 3P 1r 1r 1r 1r -
Pg';?t"ery (kW) 20 20 27 24 26 27 21 20 22 30
Chattery (kWh) 42 31 32 29 36 49 39 34 41 120
P ollable load (KW) 19 16 10 6 15 10 9 16 13 -
controllable load phase (kW) 1P 3P 3p 1P 3p 1P 3p 3p 1P -
Optimal Buses Bus 081 Bus 091  Bus 092 Bus 094  Bus 099 Bus112  Bus 117 Bus118  Bus140  Bus 148
P,;';fopump (kW) 6 6 5 5 8 8 7 8 7 8
Preat—pump phase (kW) 3P 1P 1P 1P 1P 1P 3P 1P 3P 1P
Pg’l',‘t’fery (kW) 24 22 27 26 26 23 20 27 26 21
Crattery (kWh) 28 32 26 29 41 30 43 44 31 31
P oliable 1oad (KW) 13 8 9 9 16 5 11 5 15 9
controllable load phase (kW) 3P 3P 3P 1P 3P 3P 1r 1r 1r 1r
Optimal Buses Bus 168 Bus169  Bus171 Bus 184  Bus 207 Bus217  Bus 225 Bus234  Bus238  Bus241
P prump (kW) 8 9 5 7 5 5 7 8 8 6
Preat—pump phase (kW) 3P 3P 3P 1P 3P 3P 1P 3P 1r 1r
Pb";”;lf;ry (kW) 22 28 23 27 21 29 27 23 20 24
Chattery (kWh) 35 31 26 26 33 38 42 40 27 28
P ollable load (KW) 16 16 6 11 14 13 12 7 5 11
controllable load phase (kW) 1P 1P 3P 3p 1P 3P 1P 3p 1P 3P

The performance of the flexibilities directly depends on how well they can track
the optimal grid schedules. In Figure 7 Pg,ig, Poridoptimar @and their absolute difference is
presented for a smart building connected at Bus 020. Similarly, Qqia, Qgrid optimar and their
absolute difference is presented in Figure 8. It can be observed that the smart building can
track the optimal grid schedule. This depends on the flexibility composition available in the
smart building. Therefore, due to this reason, the global optimum cannot be guaranteed.
However, from Figure 9, it can be observed that the results are close to the global optimum.

Figure 9 presents the function values for all the scenarios based on the objective in
Equation (2). As discussed earlier, it can be observed that the unbalance is minimized for
each case when compared to the benchmarks. There is an 85.92%, 64.27%, and 77.02%
reduction in three-phase unbalance for Cases 01, 02, and 03, respectively (the imbalances are
in Voltage (p.u.) values). Stratified controllers are written in Python, including three-phase
unbalanced optimal power flow and model predictive control.

a). Phase A

— Pgriq
~— Pgridoptimal

—— |Pgrid = Pgrid optimail

Active Power (kW)
o

Time (15m)
b). Phase B

)= Paria

~—— Pgridoptimal

—— |Pgrid = Pgrid optimail

- "l R A A B
T

Active Power (kW)
o

Time (15m)
c). Phase C

— Pgria

|| —— Pgridoptimal
I |Pgria = Pgrid optimail

(L

04-01 00 04-01 12 04-02 00 04-02 12 04-03 00 04-03 12 04-04 00
Time (15m)

Active Power (kW)
o

Figure 7. Per phase active powers at point of common coupling, grid optimal schedule and absolute
difference between them at Bus 020.
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Voltage (.pu) imbalance (real and imaginary)

g a). Phase A .

= 51 Qgrid

g Qgrid optimal

o 0 1 |Qgrid = Qgrid optimall
-g vy 1 ' ' '

45 =5 T T T " T T T

< Time (15m)

§ b). Phase B

~

= 54 Qgrid

g Qgrid optimal
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g, ' ' ' Time (15m) ' '
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< 04-01 00 04-01 12 04-02 00 04-02 12 04-03 00 04-03 12 04-04 00

Time (15m)

Figure 8. Per phase reactive powers at the point of common coupling, optimal grid schedule and the
absolute difference between them at Bus 020. Due to the lack of reactive power control in flexibility
models and devices working at a fixed power factor, reference profiles are not being followed when
compared to active power tracking in Figure 7. This is done for the sake of simplicity, to maintain the
linearity of flexibility models and their controllers.

Objective function values for various scenarios

0.08
0.07 A
0.06 -
0.05 1
0.04
0.03 1
0.02 A
0.01 A

0.00 -

0.0739

0.029

Real Forecast Optimal Case 01 Case 02 Case 03

Figure 9. Objective function values for the three scenarios (see Section 4.1.3). Objective function values from Equation (2)

are reduced to voltage (p.u.) for better understanding of results.

8. Conclusions and Outlook

In this paper, the authors present a stratified control scheme in a peer-to-peer local
energy community (see Section 3). It uses a three-phase unbalanced optimal power flow
based on holomorphic embedding load flow method and receding horizon control as
described in Section 4. Blockchain acts as an enabler by making the data available at
all the buses in the grid. Three-phase optimal active and reactive power set-points are
generated for controllable buses, which are found using the objective function in Equa-
tion (13) in Section 4.1.2. Mixed integer quadratic model predictive control is hosted in
flexibility controllers with various electrical connection configurations and thermal models
(see Section 5).
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An objective function to minimize three-phase voltage unbalance with three use cases
is presented in Section 6. Voltage magnitudes for the simulation duration for all the scenar-
ios are presented. It is observed that cases 01 and 03 have completely mitigated the voltage
violations. Is observed that there is an 85.92%, 64.27%, and 77.02% reduction of phase
unbalance for the three cases. In the context of local energy communities, such a system can
provide services to the distribution system operator. Additionally, the objectives defined
by the community operator can be included in the grid level control. One other advantage
is the ability of individual flexibilities to have their own objectives and simultaneously
support the grid. One of the limitations is the intense communication needs as all the
measurement devices and the controllers are to be connected to the blockchain to send and
receive data.

In future work, the stratified control structure needs to be integrated with the peer-to-
peer energy market and modified accordingly to perform the market settlement process.
Additionally, a control scheme should be tested with various other real networks for
stability and replication analysis. The smart building models used in this paper are linear.
More realistic, nonlinear models are to be used to obtain a better optimal profile tracking
along with appropriate sizing of various flexibilities. Additionally, reactive power control
is limited in flexibility models. By implementing them, better tracking of set-points is
possible, leading to a solution being closer to a global optimum.
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ARTICLE INFO ABSTRACT

Keywords: This paper presents a methodology to optimally share the available grid capacity among customer assets con-
Grid capacity management nected within a low voltage distribution grid. Distributed energy resources (DERs) and a new generation of loads
Smart grid such as heat pumps, thermal, hydrogen, electric storages, and vehicles are increasingly being connected to

Low voltage distribution grids
Local energy communities
Capacity sharing

Non-convex optimization
Distributed renewable resources
Local energy markets
Blockchain

distribution grids. These DERs and loads are intermittent and it is essential to optimally control them for the safe
operation of the grid. Additionally, there is increased interest in the local generation, production, trading, and
consumption of energy. New regulations to establish local energy communities (LEC) have come to fruition
among member nations across Europe. This is to provide a control, market, and legal framework for managing
such distributed generators and flexibilities in low and medium-voltage distribution grids and conclusively
empower end-users to democratize the energy system. Within a LEC, a local energy market (LEM) is to be
implemented. A significant constraint of a LEM or energy accounting system is the grid settlement process. The
grid should remain in a steady state when the bids in the market are executed. The methodology discussed in this
paper will preemptively stabilize the grid and generate limiting profiles at various locations for individual
flexibilities that are part of the local energy market. This is achieved by using an Optimal Capacity Management
system which generates limiting profiles at the points of common couplings of various controllable devices in the
grid. The controllable devices are required to maintain their active power injection and consumption within the
generated limiting profiles to ensure optimum grid level. This will ensure that grid limits are maintained, which
are simulated on a test feeder and also applied to a real network model from the Heimschuh pilot site in Styria,
Austria.
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1. Introduction

Clean energy for all Europeans, as part of the Clean Energy Package
from the European Commission, for the first time, recognizes the for-
mation of energy communities [1]. Energy communities can induce both
challenges and opportunities in the energy ecosystem. They can
encourage the community members to increase renewable energy pro-
duction and provide flexibility services to the network operators. Load
aggregation can lead to communities offering flexibility services such as
grid congestion management, peak load shaving, and improve power
quality. However, although energy management within the community

may decrease costs locally, overall system costs may increase due to
individual loads and renewable energy generators’ coordination.
Blockchain Grid project funded by the Austrian Research Promotion
Agency [2], demonstrates a blockchain-based peer-to-peer local energy
community (LEC). The project does not consider how to deal with excess
renewable energy production but rather how to use remaining free grid
resources (time-varying power and voltage bands) in the community’s
merit. Such a system is possible due to the utilization of a high level of
trusted automation provided by Blockchain technology. The method is
to implement a Blockchain-based application that allows prosumers to
share free grid resources for their surplus generation and load. The

* This research work is part of the Blockchain Grid project, funded by the Austrian Research Promotion Agency.
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distribution system operator (DSO) acts as a facilitator. Technical and
organizational requirements are analyzed for a distributed solution in
which grid customers can share excess grid capacities for their flexible
loads. One of the focuses is on potential regulatory designs and the
challenge to design equity among grid participants, given that users are
physically different depending on their localization within the grid.

In Austria, LEC will facilitate the creation of a local energy market
(LEM), located in a low or medium voltage distribution grid. Community
members can trade the energy, locally. With the roll-out of a large
number of smart meters and measurement devices, distribution grids are
becoming more observable. Simultaneously, with a large number of
smart devices connected with the distributed renewable energy sources
and a new generation of loads like heat-pumps, thermal, electric,
hydrogen storage, and vehicles, increasing the controllability. However,
LEMs have a significant limitation. The bids in the market need to be
managed and therefore, a settlement mechanism is needs to be imple-
mented to ensure grid security, when the bids agreed in the market are
executed. This is discussed further in Section 2.1.

In the literature, various methods related to capacity management
are presented. Most of the methods are based on either numerical iter-
ation or optimization. Optimal hosting capacity, grid capacity, and
optimal placement problems are fundamental variations of optimal
power flow (OPF) described in [3]. Hosting capacity is commonly used
in the context of distributed renewable energy (DER) generators (photo-
voltaic (PV), micro-wind, micro-hydro...) connected to distribution
grids [4-6]. However, this term can be extended to loads such as heat
pumps, thermal, hydrogen, electric storage, and electric vehicles (EV),
or any other kind of controllable and uncontrollable loads. Nevertheless,
the term grid capacity is used mostly for loads.

Authors in [7] have developed a methodology to provide power
regulation services to the DSO using aggregated EV. This method can be
used to calculate the regulation of power in the upward and downward
direction of the EV fleet, providing voltage services to the grid.
Futhermore, the research work does not present the impact on the grid
when these services are active, and since they are aggregated, insuffi-
cient control is provided to a single customer or a charging station.
Additionally, more intensive control mechanisms are required within a
local energy market (LEM) for concluding settlement procedures. In [8],
authors present a probabilistic hosting capacity method with the in-
clusion of uncertainties related to RES and loads. The method is mostly
used for planning purposes and is bench-marked using a network model.
However, the method cannot provide schedules or control set-points to
individual generators or loads and cannot be included in a LEC without
major modifications. In [9], a stochastic optimization method is pre-
sented. Similar to [8], it cannot be used for set-point generation meant
for individual flexibility or RES units connected at a particular bus in the
grid. A methodology to optimally control EVs within a region (region-
based) is provided in [10]. This is used to generate an EV chargeable
region and an EV charging upper limit for active power for each bus.
This method can be compatible with the local peer-to-peer energy
market but is limited only to electric vehicles and does not consider
other types of loads or RES generation. In the research work presented in
[11], an electric storage system is used to provide voltage regulation
services to the grid and to increase PV hosting capacity. However, the
method is designed for instantaneous control and does not focus on
scheduling flexibilities. Authors in [12] postulate a deterministic and
probabilistic control scheme for EV control to improve power quality in
a distribution grid. This paper, similar to [8], does not focus on control
of individual EVs. Authors in [13], have presented a scalable optimi-
zation problem to optimally configure the RES placement to maximize
the hosting capacity. The optimization approach looks promising as it
can deliver global optimum, the method is not suitable for real time
operation but rather for planning purpose. Research work described in
[14], presents a novel energy management system to manage inter-
connected micro-grid. It involves the creation of a step-wise demand
response strategy to manage various assets in the micro-grids with two

International Journal of Electrical Power and Energy Systems 134 (2022) 107355

levels of control. A major limitation of this approach is the not being able
to reach a global optimum due to multi-level control. Very detailed in-
formation about the assets are needed. In [15], a bi-level power and
energy management system for a micro-grid is presented. It consists of a
upper level which is responsible for power management and lower level
for energy, using evolutionary algorithms. This approach has similar
disadvantages as [14]. A global optimum is difficult to achieve. More-
over, the set-points are directly transmitted to the flexibilities, where as,
in this paper, a band of limiting profiles are generated. Authors in [16]
presented a stochastic energy management system to manage RES units
like solar, wind and tidal sources in the presence of the demand response
program and storage devices, in a micro-grid. It uses a linear multi-
objective programming method. It does not however, include a
method to segregate the load types and provide a method to include
multiple variety of flexibilities without the need for comprehensive data.
In [17], the authors describe an optimal control problem using two
approaches, direct method and Bellman’s Dynamic Programming Prin-
ciple, respectively and the method looks promising. However, it does not
include the power flow. This method cannot be extended to a low
voltage distribution grid consisting of power lines, where power flows
need to be taken into consideration. An energy management strategies is
presented in [18], which uses deep reinforcement learning, within an
energy internet. The approach is similar to OPF type C, as presented in
[19], where a load flow solver is used in congention with an OPF solver
for power flow related information and OCM is based on OPF Type C
(see Section 2, for more information).

From the literature, it can be established that currently a method-
ology does not exist that can generate active power set-points (operation
band or limits) by calculating the hosting or grid capacity at each node
in the low voltage distribution grid, including multiple RES and load
types. Additionally, methods cited above are not readily compatible
with a LEM to provide settlement services for grid stability. A holistic
methodology that can accommodate all flexibility types coupled with
DERs is missing or needs improvement. Moreover, such a system should
be able to run online with a short reaction or sampling time to counter
stochastic RES and loads.

Therefore, this paper presents the following contributions which are
beyond the state-of-the-art,

1. A holistic methodology, which includes multiple flexibilities and
load types, entitled Optimal Capacity Management (OCM) control
scheme to manage available grid capacity in low voltage distribution
grid (see Section 2.2).

2. A real-time local peer-to-peer energy market settlement process
alongside its relation to OCM (see Section 2.1).

3. OCM methodology which is based on holomorphic embedding load
flow method (HELM) and genetic algorithm (GA) with various ob-
jectives and constraints for test and real grid scenarios (see Sections
2, 2.2.2 and 2.2.3) to generate the limiting profiles for market set-
tlement process, in a peer-to-peer LEC.

4. Validation of the methodology using test (see Section 3) and a real
feeder (see Section 4) located in Austria with real measurements.

This paper is structured as follows; the OCM methodology is pre-
sented in Section 2, the introduction to the relationship between OCM
and a local peer-to-peer energy market is presented in Section 2.1. OCM
formulation, objectives, inequality and HELM used as equality con-
straints are presented in Sections 2.2, 2.2.2 and 2.2.3, respectively.
Results based on a test feeder and Heimschuh pilot site is presented in
Sections 3 and 4, respectively. Finally, conclusions and outlooks are
presented in Section 5. Table 1 is a list of abbreviations used in the

paper.
2. Methodology

Local energy communities are generally located in a low or medium
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Table 1

Abbreviations.
OCM Optimal Capacity Management
DER Distributed Energy Resources
DSO Distribution System Operator
TSO Transmission System Operator
RES Renewable Energy Sources
OPF Optimal Power Flow
LEC Local Energy Community
LEM Local Energy Market
EV Electric Vehicles
PV Photo Voltaic
HELM Holomorphic Embedding Load flow Method
GA Genetic Algorithm
(@ Charging Station
CB Community Battery
UL Uncontrollable Load

voltage distribution grid, as represented by a general schematic shown
in Fig. 1, comprising a low voltage distribution feeder connected to a
certain number of uncontrollable loads (ULO1, ULO2, ...) and flexibil-
ities like a community battery (CB), connected at Bus05 and electric
vehicle charging stations (CSO1 and CS02) at Buses 07 and 09, respec-
tively. Customers connected to the distribution grid have the opportu-
nity to either opt-in (agree) or opt-out (decline) when participating as
part of the LEC. Flexibilities either on the customer premises or at the
grid level can be part of the community [20]. They can support the grid
and the community, either directly or through a local ancillary services
market. In the Heimschuh pilot site, a large community battery and two
charging stations were provided as available flexibilities and are part of
the community (see Section 4).

The DSO is required to maintain the grid security at the distribution
level and this role is to be continued after the formulation of a LEC [20].
Since LEMs are located at the distribution grid level they should contain
a settlement mechanism that ensures high power quality and supply
continuity. This is to make sure that the bids agreed upon in the market,
when executed, will not cause grid instability. OCM is presented in this
paper to enable the DSOs to enforce power quality. OCM will be
deployed at the DSO control center or the LEC authority premises. At the
Heimschuh pilot site, the OCM is deployed at the location of the com-
munity battery.

OCM involves the generation of limiting active power profiles (P
and P;j"™) at the buses where flexibilities are connected (see Fig. 2). This
is pertaining to Fig. 1. Similar limits are generated at all the flexibilities
in the grid. This is based on the method presented in [21], where
limiting profiles are generated at the bus where controllable loads are
located. However, in this paper, the limiting profiles are generated
directly for the flexibility itself. This enables multiple flexibilities at the

Bus01 Bus02  Bus03 Bus04 Bus05 Bus06
LineOl | Line02 Line03 |
External  Distribution |
Grid Transformer
L01 UL02 CB
\/ \/ I]]]]]mm] Line04
Busll1 Bus10 Bus09 Bus08 Bus07
| Line07 | Line06 Line05
UL03 CS01 UL04 CS02

Y

Fig. 1. General schematic of a LEC.
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Bus05 Bus07

min Tax min
(IDLB-u.q 053 PLB-us()S) {

max
t.Bus 07 B.Bus 07)

CS02

Fig. 2. Limiting active power profiles (P"" and P"**) generated at Buses 05 and
07, respectively, where the community battery and charging station
are connected.

same bus to participate in the LEM. Additionally, in [21], poor reactive
power control is observed due to the lack of reactive power controllable
devices in the grid. Therefore, reactive power limits (Q["‘"” and Q") are
omitted. Moreover, reactive power is irrelevant in a LEM. Compared to
[21], this paper presents additional explanation and validation of the
OCM and relation to LEM, along with a detailed explanation based on
two experimental setups.

Limiting profiles can be observed in Fig. 10 (adapted from the figure
presented in [21]). Subsequently, this can also be observed in Fig. 3
which represents the P/ and P™* profiles for a particular flexibility.
Such profiles are generated for all the flexibilities participating in the
LEM. The active power consumed by the flexibility during market
operation is required to be in-between the P and P™* limits to
maintain the grid within its prescribed limits. The limiting profiles can
take both positive (power consumption) and negative (power injection)
values. This is applicable to the community battery, which can either
charge and discharge. The load flow analysis of a power grid suggests
that, for a particular grid loading condition, the grid capacity is constant
i.e. the power that can be fed-into or consumed for a particular feeder is
fixed. This is due to the non-causal nature of the load flow solution. This
is also affected by the distance from the transformer and voltage drop
along the lines. These specific limiting profiles are sharing the available
grid capacity among the flexibilities depending on the objective function
and constraints. This is observed in a simple example presented in
Section 3 and Fig. 6.

The flexibilities are required to remain within the operation range
provided by the OCM while participating in the LEM. Doing so will
ensure that no limits are violated at any of the buses in the distribution
grid.

2.1. Relevance to local peer-to-peer energy markets

Traditionally, in national or European level energy markets, the
physical settlement process is done by the transmission system operator
(TSO) who is responsible for maintaining transmission grid security.
This is possible due to the fact that transmission grids are over observed
and controllable. However, such a market structure, cannot be readily
transposed to a distribution grid, which is neither controllable nor
observable.

g 64 ——em Pm/’n —— pmax
~
= 41
s
S 27
o
(%]
2 07
=
- = - » N I
; 2 eIV A AV IIAY
—2 b e ~—
AL s A

00:00:00 (14.00:00 (13:00:00 1.00:00 16.00:00 ,.00:00
Time (hour)

Fig. 3. Representation of limiting profiles of a flexibility in a LEC.
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In recent years, distribution grids are moving towards increased
controllability and observability, with the help of smart meters and a
new generation of loads and distributed generators. Contrary to TSO, a
DSO cannot be responsible for managing the settlement process due to
the large number of distributed loads and generators. Therefore, a
control mechanism is needed to preemptively controlled the flexibilities
even before the market bidding begins. OCM generates the limiting
profiles and if the flexibilities operate within the limits, the physical
settlement has occured. This will ensure that the bids in the LEM, when
enacted, will not lead to grid violations or power quality issues. The
Blockchain Grid project addresses this issue by coupling the LEM with
the OCM system.

In this publication, the LEM structure is not presented, as it is out of
the scope of this study. Rather, the linkage between the OCM and the
market is provided. There are multiple blockchain based energy markets
approached available in the literature [22-24]. The system architecture
of the Blockchain Grid project is presented in Fig. 4. A permissioned
public Blockchain, based on Parity Ethereum is used in the project. The
consensus algorithm used is “proof of authority” procedure. Each
authorized participants (so-called “sealers™), can generate blocks with
transactions into the Blockchain. The platform can dynamically add or
remove participants. This feature is essential as sealers in the “proof of
authority” mechanism generate blocks in a well defined sequence and
the block is only generated by the next sealer, if one sealer fails.

There are two smart contracts considered, the first focusing on
enabling peer-to-peer trading in the energy market and, second, the
managing of the grid capacities. Customers in the pilot can own a certain
amount of battery capacity in the community battery and be part of the
market. Additionally, charging stations are connected to the blockchain
to provide flexibility services. Measurement devices in the field record
the active and reactive powers, voltage and phase angle (P,Q,V,0) at all
the customers in the low voltage grid. This data is directly written into
the blockchain and is available at all other nodes in the system in the
next sample. The sampling rate of the system is 1 min.

Active powers are used in the market smart contract for market ac-
tion, which will lead the generation of battery power (Pcg) values
(charging or discharging). This is dependent on the market mechanism.

OCM will receive the P, Q, V, © to generate P™" and P"% values and is
acquired by the capacity smart-contract. Flexibilities are required to
operate within the provided limits and community battery limits are
considered in the market mechanism, which calculates the battery
power.

International Journal of Electrical Power and Energy Systems 134 (2022) 107355

2.2. Optimal capacity management

As discussed in Section 1, OCM is based on OPF. OPF problems are
non-linear and non-convex in nature [3]. In [3], OPF methods are
classified into two classes. Class A set of algorithms is based on an in-
termediate load flow solution. As the optimal solution is close to those
generated by a complete load flow, it is assumed to be operable, and the
optimum is determined iteratively using Jacobian and sensitivity re-
lationships. Class B involves using the entire search space by using a
solver that can handle non-linearity and non-convexity or by convex
relaxation methods. In [19], authors present Class C type of algorithms
which combines class A and B. OCM is based on the OPF Class C pre-
sented in [19]. However, in [19], the objective is to minimize the three
phase voltage unbalance in contrast to OCM, which has the objective to
generate limiting profiles and integrating it into a LEM. It uses a non-
linear non-convex solver wrapped around a reliable load flow method
like HELM to generate a global optimum.

OCM is defined as an optimization problem as,

minimize  F(x,u)
subject to  H(x,u) =0, (€8]
G(x,u)<0

where, F(x,u) is the objective function of OCM. H(x,u) and G(x,u) are
the equality and inequality constraints respectively.

x, u are the state and input variables. For a low voltage distribution
grid containing only load buses, in the context of load flow, input var-
iables are active and reactive power injection or consumption at loads,
while the state variables are voltages, phase angles and reactive powers
at all the buses.

Active power limiting profiles are to be generated at all the
controllable buses in grid, as discussed in Section 2.

2.2.1. Objective function
As presented in Figs. 2 and 3, limiting profiles are generated by
defining the objective function as,

F()C7 u) = ZZP(‘.I 2)

teT ceC
Limiting profiles (P, P"®) are generated as follows,

P/ = minimize  F(x,u)
p

3)

P = —minimize F(x,u)
p

Market
smart-contract

VEQ O

Customers

(Pminy Pmmc}

Charging
Stations

Blockchain

. Voltage (V)

. Active Power (P)

. Reactive Power (R)

. Power Factor (©)

(P™in, pmax) _ limits from
Optimal Capacity Management
6. Pcp- Charging or discharging
power of Community battery

DB W —

(Prnin, anx)

Peg
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smart-contract
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battery

(P min’ pm ax)

Optimal Capacity
Management

Fig. 4. System architecture of the Blockchain Grid project at the Heimschuh pilot site.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

2.4 PUBLICATION D

81

B.V. Rao et al.

where P, are the active powers at the controllable devices and at the
time step t. C, represents the set of controllable devices/flexibilities. T is
the optimization time horizon. Eq. 2 is minimized and maximized (-
minimized) to generate P™" and P™® values as represented in Eq. 3.

2.2.2. Inequality constraints
Set of inequality constraints G(x, u) in Eq. 1, are described as follows,
Limits on active power of controllable devices, c € C, set of
controllable devices and t € T, time horizon,

PSP, <PS “
Limits on voltage, w € Q represents all the buses in the grid,

Ve IS Vo<V )
Phase shift angles limits,

00"<0,<00" ©)
Limits on shunt reactances or capacitances,

<, < @

Upper limits on active power flow in distribution transformer or
lines, between ’th and I’th nodes,
Py 1 <P,Y, ®

Limits on voltage angles between w’th and I’th nodes,

low high
0/"<0,, — 0,<0/ ©

International Journal of Electrical Power and Energy Systems 134 (2022) 107355

P,Q,V and 6 are active power, reactive power, voltage and phase shift
angle respectively. s is the shunt reactances or capacitances. © is the
voltage phase angle. (See Fig. 5)

2.2.3. Equality constraints

Load flow results are used as equality constraints H(x,u), as described
in the type C class of OPF algorithms. Load flow methods based on nu-
merical techniques are capable of solving a system of nonlinear equa-
tions [25]. Convergence of such methods cannot be ensured as the
operable solution is directly dependent on the assumed initial seed
(starting point or initial condition). If the system has multiple solutions,
it becomes difficult to determine whether the converged solution is
operable. Therefore, to overcome the limitations of iterative numerical
solutions, HELM is used in this research work. The distribution grid is
modeled based on the methodology developed in [26].

HELM, described in [25], involves a non-iterative load flow approach
which guarantees an operable solution if it exists. Eq. 10 refers to the
power balance in the load bus. Inherently, it is non-holomorphic (non-
analytical) in nature. A function is said to be holomorphic if it satisfies
the Cauchy-Riemann condition.

as,
ZYw,V,(a) = — ¥ gV (@), ® € Qpg (10)
7 V(@)

where Y,,; is the @’th and I'th element of the series bus admittance
matrix. V; is the voltage at bus w. Similarly, Y,, sun: refers to the shunt
admittance matrix. Qpq is the set of PQ buses. S represents the apparent
power.

By the process of embedding a complex variable a,V becomes a
function of this new complex variable. This new function is holomorphic

“E f}

Cso1

CS02

Fig. 5. Topology of the Heimschuh low voltage test feeder.
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in nature. If « = 0, there is an exact mathematical solution to the
problem, but it is not the desired solution. @ = 1 provides the desired
solution. It can be expressed as a power series, specifically as a Taylor or
Maclaurin series represented in Egs. 11 and 12 and which, in-turn, is a
function of bus active and reactive power injections. By calculating the
coefficients of series, bus voltages can be approximated. This eliminates
the use of the computationally expensive Jacobian matrix. For « = 0,
S =0, Eq. 10 becomes linear and the solution is mathematically exact.
In order to use the linear solution, the admittance matrix is split into
series and shunt elements.

The term aS is varied to determine the voltage function from a = 0 to
a =1 and thus, embedding is essential.

Vy(a) = Zm: Vylnla", @ € Q (1D
=0
V;(a) = i V;[n]a”. w e Q 12)

n=0

The coefficients of Maclauren series are determined using Pade
approximation. The Pade approximation gives the rational approxima-
tion of a function. It accelerates the convergence with more accurate
results with less coefficients. The approximation is valid for over a small
domain. In this case, the domain o = [0,1].

H()C, M) = Vm :fHELM(Pa)>«, e (13)

Generalized equality constraint is presented in Eq. 13. P,, is the active
power injections at all the PQ (Load) buses.

3. Experimental setup I: Low voltage test feeder

OCM is applied to a low voltage test feeder to demonstrate its
effectiveness. The test network consists of five buses. Two uncontrolla-
ble loads and two charging stations are connected to it. The topology of
the test feeder is presented in Fig. 6. The test feeder consists of only one
branch to produce logical and understandable results. Moreover, only
loads are included in the feeder to eliminate multi-directional power
flows, also leading to an understandable solution.

To validate the generated limiting profiles as described in Section
2.2, the results from the OCM are fed back into the load flow from
Section 2.2.3 and Eq. 13, to get the voltage values along with other state
and unknown variables. For the sake of simplicity and with a focus on
voltage management, the right-hand side of the Eq. 14 (for a low voltage
distribution grid with PQ buses) only contains bus voltage magnitudes
while voltage angles are not considered.

Vu) :fHEI_M(PUL()l’PCSUI 3 PCSOZa PUL()Z) (14)

where w € Q represents all the buses in the grid.

Fig. 7.a. represents the limiting profiles (P, PheX) and (PR,
PTSG,), for the two charging stations, respectively. The limits on the two
charging stations are, 0k W<P¢g01 <22kW and 0kW<P¢s02<22kW. It also

External Grid o ™ =y n
_ (=] o o o o
) 4 [22] 7] 7] 0 [}
3 =] > = =
m m m m m
Line01 Line02 Line03 Line04
| | ‘
uLo1 CS01 CS02 uLo2

Fig. 6. Topology of the low voltage test feeder.
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a). Load profiles for uncontrollable loads and generated OCM
setpoints for the charging stations.

= 30 - :
% — Ppor ---- P, --—- PIL,
= — Puez —— PREN  —— PR
=
o
(=1
£ 101
5
[¥]
<
Q- T T
Time (hour)
b). Vmin, generated after applying P2 and PEES.
0.951 4
5
&
¥ 0.950 A
B
S
0.949 4 Vinin —_— Viow(0.95pu. )

00:00:0044.:00:00455.00:005.00:004 5.00:00,4,00:00
Time (hour)

Fig. 7. Limiting profiles generated for the charging stations.

shows the active power profiles for the two uncontrollable loads (Pyzo1,
Pyroz). It can be observed that the total maximum available capacity is
PES + PEgy, as the voltages are very close to 0.95 pu in Fig. 7.b. This
shows that the OCM shares the available capacity between the two
charging stations. Since CS01 is closer to the transformer, more capacity
is assigned to it. It is also influenced by the two uncontrollable loads and
voltage drops across the lines. The flexibility closest to the transformer is
naturally able to accommodate more loads and generation and therefore
leads to an unfair scenario for the flexibilities at the end of the feeder.
The objective function can be modified to make the problem more fair.
This is however not included in this paper as the authors are interested
in presenting a pure power system solution, without the social factors.

Fig. 7.b is generated using Eq. 14, where Pcgo1 = P, and Pcso2 =
Pr&,, and Vi is obtained. This represents the worst case scenario with
maximum loading. It can be observed that all the voltage values are
above Vj,, (0.95pu), as described in Section 2.2.2.

However, in the highlighted region, Vi, goes below Vy,,, indicating
an under-voltage violation. Only Vi, (under-voltage violation) is pro-
vided since there is no in-feed considered in this test scenario, which
could lead to a over voltage violation.

This is caused due to high loading on Py;0; (an uncontrollable load).
OCM reduces the P{; and PiS), values to O to counter the increased
loading. Since the charging station values cannot go below 0 (start
injecting), voltage violations will sustain. This can be rectified with
electric storage, which can take both positive and negative values.

Recalling from Section 2, as long as ngglspcsm <Prgy; and P?gézé
Pcso2<PrSy, holds, no voltage violations can occur.

In Fig. 8.d, V,, values are obtained by considering random values for
Pcso1 (see Fig. 8.a) and Pcspa(see Fig. 8.b) while maintaining nggls
Pcso1 <PRE, and PR, <Pcsor<PRE,, respectively.

It can be observed that as long as the limiting profiles are considered
by the flexibility, no voltage violations occur. Similarly, as previously
explained, in the highlighted region, under-voltage violations are
observed.

4. Experimental setup II: Heimschuh pilot site feeder

Heimschuh is a town in the federal state of Styria, Austria, with the
largest concentration of PV installations (200 kWp installed generation
capacity) in the grid owned by the Energienetze Steiermark GmbH, a
DSO responsible for management of the Styrian distribution grid. The
power generation is mostly concentrated on one low voltage feeder. The
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a). P20, and PR, along with random loading values.
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b). PZ0, and PIZ; along with random loading values.
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Fig. 8. Random values for P¢gp; and Pcso2 while observing the limiting profiles
and the corresponding V,, boxplots for each time step based on Eq. 14.

generated PV power is straining the grid and it is at its capacity limit.
Therefore, the additional 50 kWp of PV installations and a micro-CHP
cannot be connected to the grid without grid reinforcement or a smart
grid solution with active generation load management.

There is a large utility sized battery on site with 100 kWh of com-
munity electric storage (see Fig. 9). A number of buildings/households
are involved in the project demonstration. Twenty-one single or multi-
family home customers are participating, all of which are fitted with
controllers and measurement devices. Other customers are involved
passively with measurements collected from smart meters for modeling
and validation. OCM algorithm is running on an industrial computer
installed inside the container where community electric storage is
located (see Fig. 9).

For the Heimschuh pilot site, the OCM objective presented in Section

“ |

"w‘ \

Fig. 9. Community battery located at the Heimschuh pilot site in Sty-
ria, Austria.
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2.2 is modified into a two step optimization problem. As the community
battery is part of the LEC and community members own a share of the
battery capacity as part of LEM, priority is first given to the community
battery above any other flexibility participating in the community. OCM
is connected to the blockchain network and receives measurements from
customers who part of the pilot and transformer located at the secondary
substation.
The modified two step OCM is presented in Eqs. 15 and 16.

FCB(X7 14) = Z(PCB,I) (15)

teT

where Fcp(x,u) is the community battery objective function. Pcg, is the
active power of the community battery. (P7i, PT9X) is generated using
the Eq. 3.

Fes(x,u) = ZZ(PCS,I) (16)

teT CSeC

where Fgg(x,u) is the charging station objective function. ¢g; is the
active power of the two charging stations. CS € C represents the set of
flexibilities (two charging stations). (Pgs""'[,Pg;’{) is generated using the
Eq. 3.

Similarly to the low voltage test feeder in Section 3, limiting profiles
are generated for the three flexibilities in the pilot site for each sample
time of 1 min. This can be observed in Fig. 11.a. and.b. Vpy, is generated
when Pcso1 = Plgy; and Pesor = Pigy, and Pcg = PEg* and can be
observed in Fig. 11.d. As expected, Vi, are located around Vi,
(0.95pu). Vingy is generated when Pcsp; = P, and Pesoz = PMi, and
Pcp = PR This is the least loading or power injection condition. It can
be observed that there is capacity left over to accommodate more power

a). Set-points for the community battery.
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Fig. 10. Limiting profiles for the community battery and the two charging
stations, similar to Fig. 7.
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Fig. 11. Random values for Pcp, Pcsor and Pcsoz while observing the limiting
profiles and the corresponding Vpi» boxplots for each time step based on Eq. 14.
Voltage reference at the transformer is at 1.01 pu.

injection into the grid. However, to accomplish this, in the highlighted
region in Fig. 1l.a, the community battery had to momentarily
discharge. This is attributed to high loading conditions observed in the
feeder Pyj", which is the sum of all uncontrollable loads. With the
necessary discharge, and having both Pcgp; and Pcsa, close to zero kW,
the voltages in Fig. 11.c are clustered around the 0.95 pu. limit.
Therefore, by actively managing the low voltage distribution grid with a
community battery, more PV or generators can be hosted.

Similar to Fig. 8, V,, values are calculated by considering random
values for Pcp (see Fig. 11.a), Pcso1 (see Fig. 11.b) and Pcgoz (see Fig. 11.
). V, values are in-between the prescribed limits as mentioned in Sec-
tion 2.2.2. V,<1pu because, there are no power injections in the feeder.

5. Conclusion

In order to facilitate the market settlement process, OCM was pre-
sented. OCM is used to generate limiting profiles (P™" and P"™) values
at all the flexibilities in a LEC, participating in the LEM. The flexibilities
are required to operate within these limits to avoid voltage violations.

International Journal of Electrical Power and Energy Systems 134 (2022) 107355

By doing so, the bids in the market are preemptively grid secure and,
when executed, will not lead to power quality issues. OCM and its
relation to blockchain LEM was presented along with the system ar-
chitecture. OCM is based on OPF type C using a non-linear non-convex
solver, GA, wrapped around a reliable load flow, HELM. This method
was tested using a low voltage test feeder, and a detailed explanation of
the results was provided. It was proved in both experimental setups that
when the the limiting profiles are applied and the flexibilities are
operated within its limits, voltages at all the buses will remain within the
prescribed (+5, —5%) pu. voltage. This is observed in Figs. 8 and 11.
However, if the flexibilities are not able to respect the limits, the voltage
constraints cannot be fulfilled and is observed in Fig. 7. Based on the test
feeder’s learning, the method was applied to a real pilot feeder from
Heimschuh, Austria. It was proven in Fig. 11, that no voltage violations
will be observed as long as the limits were observed.

5.1. Future research

In this paper, only voltage violations are mitigated. In the future, the
algorithm will be adapted to include line loading constraints. Since the
OCM uses a non-linear, non-convex optimization solver, it is numeri-
cally expensive to calculate the global optimum. Therefore, for field
deployment, machine learning models will be trained to behave like the
OCM based on real and simulated data from the field and simulations,
respectively. The machine learning model will be deployed in the field to
cope with the low sampling time.
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