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Index

Notations related to optimization problems

Indexes:
b — buses;
d — supplied consumers;
ESS — storage energy systems;
h — hydro generating units;
l — transmisison lines;
S — considered scenarios;
S0 — system opertaion conditions;
th — thermal generating units;
wp — wind generating units.
Sets:
dp — users supplied from bus b;
hy, — hydro generating units connected to bus b;
L, — transmission lines to be built;
r(l) — consumer bus;
s() — generation bus;
t — time;
thy — thermal generating unit connected to bus b;
wpy, — wind unit connected to bus b.
Parameters:
y . — probability of scenario s [p.u.];
B, — transmission line susceptance [ [S];
Cgss — production costs of storage energy systems ESS [€/MWh];
Ch — production costs of hydro unit h [€/MWh];
G — maximum transmission capacity of line [ [MW];
i — shedding costs of load d [€/MWh];
Ctn — production costs of thermal unit th [€/MWh];
Cwp — production costs of wind unit wp [€/MWh];
GERs — charging limit of ESS [MW];
GaEeh — discharging limit of ESS [MW];
Gp — hydro generating unit capacity h [MW];
Gin — thermal generating unit capacityth [MW];
Gwp — wind generating unit capacitywp [MW];
L, — load at time ¢;
[Bgss — investment budget in storage systems [€];
IB; — investment budget in new transmission lines [€];
1B,y — investment budget in wind generating units [€];
[Cgss — investment cost for storage energy systems ESS;
IC; — investment costs for new transmission [ [€];
ICy, — investment costs for wind power plants wp [€/MW];
L, — demand of load d [MW];
LVn — minimum discharging level of ESS [MWh];
LVgss* — maximum charging level of ESS [MWh];
Lwp — associated costs with spilled wind;
POy — maximum capacity of new wind generating unit wp [MW];
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— maximum charging limit of ESS at time ¢;

— minimum charging limit of ESS at time ¢;

— maximum discharging limit of ESS at time ¢;

— minimum charging limit of ESS at time ¢

— maximum production capacity of hydro units h at time t;

— maximum production capacity of thermal units th at time t
— minimum production capacity of hydro units h at time t;

— minimum production capacity of thermal units th at time t;
— ramp-up of hydro unit h;

— ramp-up of thermal unit th;

— ramp-down of hydro unit h;

— ramp-down of thermal unit th;

— maximum energy stored in ESS [kWh];

— minimum energy stored in ESS [kWh];

— share of operating system condition so [h];

— conversion efficiency of ESS;

— charging efficiency of ESS;

— discharging efficiency of ESS;

— time period (1 h).

Binary variable:

U
wp
Ay

— binary variable is 1 if the new / line is build and 0;
— availability of wind units wp at moment t¢.

Continuous variable:

Gwp
LS,
LVgss
pet

)2 td ch
Pels
P

— capacity of new wind unit wp [MW];

— load shedding of end-user d [MW];

— charging level of ESS [MWh];

— charging power of ESS at time ¢;

— discharging power of ESS at time t;

— charging power of ESS [MW];

— discharging power of ESS [MW];

— produced power by wind unit wp [MW];

— produced power by hydro unit h [MW];

— produced power by wind units at time t;

— power produced by thermal unit th [MW];
— power produced by thermal unit th at time t;
— spilled power from wind units at time ¢;

— power produced by wind units wp at time t;
— transmisison line power flow [MW];

— storaed energy is ESS at time t;

— phase shoft angle of voltage at bus b [rad].
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Introduction

In Europe, a reduction of at least 55% in pollutant emissions has been set, compared to
1990, which must be achieved by 2050. Europe, through The European Green Deal aims to be
the first continent in 2050 where energy production will be achieved without polluting
emissions [1]. To reduce pollutants, the installation of new renewable energy sources (RES) is
encouraged, which can ensure a major reduction in the level of pollution caused by the
generation and use of electricity [2]. Renewable energy is produced by converting renewable
natural energy into one that can be used by consumers. One of the advantages of these sources
is that do not emit pollutant emissions, but a major disadvantage is the intermittent nature that
does not provide security of the supply and in this context can be used storage systems [3], [4].

The transmission network is a natural monopoly (where competition does not make
sense) and is used by all producers and consumers to exchange electricity. Consumption is
constantly increasing, the infrastructure of the electric power system is aging, the limitations
on pollutant emissions that lead to shut down certain plants that do not meet the requirements
determines the need to plan investments in transmission lines, generating units and energy
storage units. The transport system operator (in Romania, Transelectrica) wants to facilitate the
exchange of energy between producer and consumers, to increase the supply security and to
maximize social welfare while minimizing total operating and investment costs. The National
Energy Dispatcher is responsible for the safe operation of the electricity system, given the
presence of the electricity market and the emergence of imbalances between consumption and
production covered by the balancing market. The electricity market operator (in Romania,
OPCOM) is responsible for programming the operation of power generators, while the national
energy dispatcher economically distributes the power produced to maintain the balance between
production and consumption, considering the constraints in the power system.

Smart grids effectively integrate energy and data communications users connected to it
to minimize its operating costs. Smart grids have many users and achieve cost-effective
management [2], [5].

The doctoral thesis "Electromagnetic compatibility in Smart Grid structures" proposes
different optimization models that are implemented and studies the development of Smart Grid
networks when investments are needed in generating units and network elements to supply
consumers so as to minimize investment and operation costs in the presence of renewable
sources of stochastic nature and energy storage systems whose integration into power systems
will increase significantly in the coming years due to the European Green Deal. It is also
proposed a small-scale Smart Grid network with renewable energy sources, energy storage
systems, a diesel generator that supplies a university campus. The Smart Grid network is
analyzed in terms of optimal operation, with minimal costs, as well as the electromagnetic
compatibility of the devices interconnected to it. The low-power Smart Grid network can be
considered an integral part of a large network that requires optimal investments in transport and
generation to ensure system resilience considering the uncertainty of renewable energy
production. The analysis is intended to validate by simulation the structure of the smart grid
that is implemented at the Maritime Base in Constanta. Different operation case studies of the
Smart Grid system are analyzed, on and off grid operation, at the variation of the input
parameters, which would be almost impossible to achieve in practice.

The structure of the doctoral thesis follows the natural logic of the development of the
phenomenon: in the presence of renewable energy sources, a series of devices with different
operating profiles are part of the Smart Grid network. This network requires optimal operation
with minimal costs and a high degree of electromagnetic compatibility. The integration of these



small smart grids into the power system requires adequate mathematical models to optimize the
development of transmission and generation facilities to ensure the resilience and adequacy of
the energy system.

Chapter 1 entitled Smart Grid: functions and electromagnetic compatibility describes
the smart grid along with its components and prosumers. Subsequently, renewable energy
sources based on wind, solar and storage energy systems and their connection to the grid are
described separately. Also, electromagnetic compatibility is defined, the types of couplings
(inductive, capacitive and by electromagnetic radiation) and harmonic distortion are analyzed.

Chapter 2 entitled Mathematical optimization models and case studies in Smart Grid
describes several optimization problems, namely, the generation and transmission expansion
problem, the transmission expansion planning problem considering energy storage systems and
the optimal economic dispatch problem. These problems are developed in the presence of
renewable energy sources and applied on a smart grid that is similar to a real one located in
southeastern part of Romania. The mathematical models elaborated for each problem are
described, as well as the results of their application on the analyzed intelligent network. The
optimal solution is presented as well as the value of the objective function for the analyzed
cases. The proposed and implemented optimization problems aim to study the development of
Smart Grid networks when investments in generating units and network elements are needed to
supply consumers to minimize investment and operating costs in the presence of renewable
sources that have a stochastic character and of energy storage systems whose integration into
power grids will increase significantly in the coming years due to the European Green Deal.

Chapter 3 Operation analysis of the Smart Grid pilot system analyzes a real intelligent
electrical network, located at the Maritime Base of Constanta, part of the University Maritima
of Constanta. On and off grid operation are considered. The situation in which electricity is
injected into the public power system, for a fee, when Maritime Base of Constanta becomes a
prosumer is considered. The possibility of expanding the smart grid is also analyzed,
highlighting the importance of prosumers for the system to be profitable. An analysis of the
harmonic distortion in the presented smart grid is also performed. The analysis is intended to
validate by simulation the structure of the smart grid implemented at the Maritime Base of
Constanta which contains both renewable and conventional sources that use fossil fuels. During
this analysis, different cases of operation of the Smart Grid system were made, due to the
variation of the input parameters, which would be almost impossible to achieve in practice. The
results of the simulations demonstrate the correct operation of the entire system in on and off
grid operation.



1. Smart Grid: functions and electromagnetic
compatibility

In a Smart Grid network (Figure 1.2) there is a two-way communication between the
generation source and the consumer, the consumer (prosumer) is able to exchange energy with
the network. Information on the production, consumption and condition of the storage unit need
to be known in real time for the system to function properly, so there is a need to use Smart
Meters [8], [9].
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Figure 1.2 The structure of Smart Grid

The official definition of smart grids at international level is: Smart grids are power
grids, which with the help of a concrete management, support for the requirements of the near
future, bidirectional communication, in real time, between network components: producers,
energy storage units and consumers through an energy-efficient and cost-effective system [8].

The need for the power system to be safe to operate, energy efficient and sustainable
through the use of renewable energy sources and storage systems, with bidirectional exchanges
of energy and data has led to the emergence and development of the Smart Grid. The smart grid
is an energy efficient, dynamic system with difficult technological features [8].

1.1. Smart Meters

Smart meters are part of smart grids that are needed for automatic processing, transfer,
management and use of measured data. They provide relevant and on time information about
consumption and their systems to network participants, including the consumer [11]. The
existence of two-way communication offers the possibility to transform the consumer into a
prosumer.

1.2. Prosumers

An important element in Smart Grid systems are the prosumers who consume/produce
services and products. This type of consumer requires a two-way connection to be able to
consume and inject energy from and into the grid. The active participation of prosumers in the
operation of the energy system increases competition in the energy market and can contribute
to lower electricity prices, thus improving supply safety. Also, the exchange of energy between
prosumers and the grid is necessary to increase energy efficiency (achieving the balance
between production and efficient consumption) and also the efficient use of the public
electricity grid for the production and decentralized storage of electricity using renewable
energy sources that contribute to reducing pollutant emissions and meeting the targets set for
their reduction. Energy exchange between prosumers can reduce the need for distribution



expansions. As links between users exist, the surplus of the prosumer can be exchanged with a
prosumer who is in deficit [12]. To achieve energy exchange with the grid, a prosumer can use
photovoltaic panels, small wind turbines, thus helping to reduce pollutant emissions.

1.3. Artificial intelligence

In smart grids, existing communication and information technologies automatically
react to changes that occur and increase the efficiency, reliability and sustainability of
electricity production and distribution [17]. Artificial intelligence techniques such as expert
systems, fuzzy logic and artificial neural networks have contributed to the development of the
field of power electronics and power systems. These techniques provide powerful tools for
design, simulation, control, estimation, fault diagnosis and fault control in smart grids and grids
using renewable energy sources [18].

1.4. Power sources based on wind energy

The movement of air masses causes the rotation of the turbine blades that drive the
electric generator transforming the kinetic energy of the wind into mechanical and electrical
energy. The electric generator transforms the mechanical energy into electrical energy, the
obtained electric current being alternative current.

Wind power plants (WPPs) have developed the most compared to other renewable
energy sources. Starting with 2010, the installed capacity in the WPPs increases and reaches in
2011 approximately 820 MW installed, in 2016 approximately 2978 MW installed, and in 2020
3024 MW installed. In general, the power of a wind turbine is between about 2MW and 4MW.

1.5. Power sources based on solar energy

The conversion of solar energy into electricity is based on the internal photoelectric
phenomenon, the solar energy being used in a direct way. The electric current resulting from
the conversion of solar energy is direct current. These systems have developed intensely due to
environmental regulations. The first use of these installations was mentioned for powering the
first American satellites [2]. In 2013, the installed capacity in photovoltaic power plants was
1124 MW, and in 2020 1392 MW.

The orientation of the photovoltaic panels is important for optimal use of the equipment,
it must be positioned so that the sun's rays are incident on the surface of the panel.

1.6. Distribution systems in Smart Grid

The use of a DC power systems (Figure 1.8 (a)) may offer advantages over the use of
an AC power systems (Figure 1.8 (b)). In the event of a failure of the public network, the local
power system is disconnected via the interface device (2) in Figure 1.8 (a) and (b), after which
the generators can continue, if properly sized, to supply the local loads off-Grid.

In the case of the DC power system, the AC/DC converter (1) in Figure 1.8 (a)
disconnects the 50 Hz power system from the DC power system, it can still be powered by
existing generators and storage systems. Off-Grid control of the DC power system is simpler
then the off-Grid control of the AC power system because it is necessary to control a single
parameter, the voltage and it is not necessary to maintain the frequency of 50 Hz. The AC power
system uses more converters than the DC one even if in the case of the DC power system it is
necessary to use the AC/DC interface converter (1), dimensioned for the total load.

DC/DC converters are simpler and use fewer semiconductor elements than AC/DC
converters or DC/AC ones. A large number of converters negatively affect the power quality,
so from the point of view of energy efficiency, the use of a DC network can be more
advantageous. The unique AC/DC converter which is the interface of sensitive users and/or



distributed generation, allows easier control of harmonic disturbances that are usually injected
by loads and generators into the 50 Hz power system. In a DC power system, the power quality
is higher with a stabilized voltage and not influenced by voltage variations in the public supply
network. Voltage sags could be compensated without the existence of storage facilities in the
50 Hz network, following certain DC voltage control strategies in the case of the interface

converter (1) and also the use of capacitors [2].
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Figure 1.8 Comparison between DC (a) and AC (b) distribution system

1.7. The interconnection of renewable energy sources to the public power system

The connection of renewable sources in national power system is done [2]:
- In 20 kV power systems for installed capacities below 10 MW;
- In 110 kV power system for installed powers up to 100...150 MW;
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- In the transport system (220kV and 400 kV) for installed powers of 300...1000 MW.
1.8. Energy storage systems

Regulations on the limitation of pollutant emissions are becoming stricter, the share of
renewable energy sources is constantly increasing. The operation of power plants using
renewable energy determines conventional power plants to operate at partial load or are turned-
off, with renewable sources having priority in covering the load curve. These renewable sources
are intermittent energy sources and to be able to provide increased security in the supply of
consumers, the existence of power reserves is necessary. This need arises because between the
production and consumption of energy, between available and necessary there are mismatches
of time and quantity. Part-load operation, starting and stopping of conventional power plants
increases costs and decreases the life of equipment in power plants. Thus, the use of energy
storage devices is becoming more widely used, important and improved [2].

1.9. Electromagnetic compatibility

The International Electrotechnical Commission defines EMF as "the ability of a piece
of equipment or system to function satisfactorily in its electromagnetic environment without
introducing intolerable electromagnetic disturbances into its surroundings" [10].

1.9.1. Influence or interference

Interference is felt at the receiver, this statement refers to the fact that electromagnetic
energy from other transmitters (apart from the transmitter intended for the receiver in question)
influences (modifies or interferes) a useful signal [24].

1.9.2. Electromagnetic disturbing phenomena

Nonlinear loads (power electronics) cause harmonic electric currents that flow through
the impedances of the power supply lead to harmonic voltage distortion. In the case of low
voltage networks there are a large number of devices based on power electronics.

1.9.3. Types of couplings

The couplings produce the influence or even the interference of the useful signal [24].

The galvanic coupling that occurs between two electrical circuits that share a portion of
the circuit.

Inductive coupling occurs due to the influence of static or time-varying magnetic fields.
The inductive coupling is also called "transformer coupling” because the estimation of the
interface is possible with the help of transformer operating expressions.

Capacitive coupling occurs due to the influence of static or time-varying electric fields.
The capacitive coupling is determined by the existence of parasitic capacitances.

Electromagnetic radiation coupling occurs when the interference signal is caused by the
electromagnetic radiation field.

1.9.4. Power quality

Renewable energy sources produce harmonic distortions, they are connected to the
electricity grid through converters. Photovoltaic panels, wind turbines with generators
operating at variable frequencies, electricity storage systems include sources at t.c. requiring
converters (inverter), frequency-controlled voltage of the mains to which the source is
connected [9].

The evaluation of the non-sinusoidal regime determined by the presence of converters
is performed with the help of total harmonic voltage and current distortion. The total distortion
factor THD (Total Harmonic Distortion) is based on the effective value of the amplitude of the
harmonics in the current curve [23].
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The total harmonic voltage distortion is expressed as:

VEhp U (1.28)

THDy = =17
1

where / is the order of the harmonic, and 1 is the fundamental harmonic.

The total harmonic current distortion is expressed as:

VZizln (129)

THD, = =%
1

Passive filters are equipment consisting of coils and capacitors tuned to the frequency
corresponding to lower order harmonics. Active filters are devices based on power electronics
that inject a quantity in phase opposition to the non-sinusoidal quantity and of the same
amplitude to compensate for the non-sinusoidal regime. To reduce the impact of harmonic
distortion, passive and active filters can be used on users, as well as pulse control systems for
power electronics-based devices using pulse width modulation that determines the harmonic
spectrum generated by converters of renewable sources and storage devices. either in the high
frequency range, with low amplitude [23].
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2. Mathematical optimization models and case studies in
Smart Grid

This chapter describes several optimization problems: the generation and transmission
expansion planning (G&TEP) problem, transmission expansion planning problem considering
energy storage systems and the optimal economic dispatch. These problems are developed in
the presence of renewable energy sources. To calculate the optimal solution, in the case of the
problems analyzed in this chapter, the GAMS optimization program (The General Algebraic
Modeling System) is used, which uses the branch-and-bound algorithm to solve the problems
described in this paper. The proposed and implemented optimization problems aim at studying
the development of Smart Grid networks when investments are needed in generating units and
network elements to supply consumers so as to minimize investment and operating costs in the
presence of stochastic renewable sources. and electricity storage systems whose integration into
electricity networks will increase significantly in the coming years due to the European ecology
package.

The analysis performed in this chapter is performed on a smart grid similar to a real
electricity grid, located in the southeastern part of Romania, where there are favorable wind
conditions for the integration of wind generation units.

In this work are used storage systems with Li - lon batteries with a conversion efficiency
of 0.9 and is considered the aggregate storage capacity, the location of each storage system is
presented below.

2.1. Investment planning in transmission lines and generating units (Generation
and Transmission Expansion Planning - G & TEP)

In the analyzed G&TEP problem, the increase in consumption until 2030 is considered.
Three scenarios regarding this increase are also considered, considering the use of electric cars
and electrical equipment for end users [51]. In real cases, scenarios with an evolution of random
consumption until 2030 are of interest. The investment decision is made at the beginning of the
planning horizon, in this case the planning horizon is considered equal to 11 years (starting with
2019). The mathematical model presented is used by the transport operator.

2.1.1. The mathematical model of G&TEP problem

The objective function (2.1) of the mathematical model is to minimize generation costs,
consumer disruption costs and investment costs is:

MINIF =S 16 + S 160+ Y e .{z - [z ConPinso +
wp so t

lelp s

+ z ChPh,so + z prPwp,so + z CgSLSd,so]}
h wp d

The mathematical model consists of the objective function (2.1) and the constraints (2.2)
-(2.13).

The limitation of the production capacity for each wind generator that can be built is:

2.1)

0 < Gyp < B, Ywp (2.2)
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The binary variable that determines the construction of transport lines u; = 1 if the line
is constructed and u; = 0 if it is not constructed is:

w, € {0,1}, Viel, (2.3)

The constraint (2.4) limits the investment cost for new wind turbines. It must be less
than the investment budget for new generators.

2 [CypGwp < IByp (2.4)

The constraint (2.5) limits the investment cost for new transmission lines. It must be
less than the investment budget for the new transmission lines.

z IC,u; < 1B, (2.5)

lelp

The balance between production and consumption at each node of the system is:

Z Pth,so,s + Z Ph,so,s + Z Pwp,so,s - Z PFl,so,s +

tety hehy WDPEWD} l|s()=b (26)
+ Z PFl,so,s = Z (Ld,so,s - LSd,so,s) , Vb
Ur(H)=b dedn
The power flow through each existing transmission line is expressed as:
PFl,so,s = Bl(es(l),so,s - gr(l),so,s)'VZ\ldp (2.7)

The constraints that define the flow of power through the new transmission lines are
nonlinear constraints and are expressed as follows:

PFl,so,s = ulBl(es(l),so,s - gr(l),so,s)' Vlé‘lp (2.8%)

The model described is a model of DC power flow in which losses are neglected. This
hypothesis is often encountered because the voltage amplitude between two connected nodes
is considered to be approximately constant. In view of the above, the nonlinear constraints
defining the power flow through the transmission lines (2.8') can be reformulated and
transformed into equivalent linear constraints, thus linearizing the products between binary and
continuous variables. The resulting linear expressions where M is a positive constant, large
enough and equal to 300000:

—ulCl < PFl,SO,S < ulCl,VlElp

_(1_ul)M < PFl,so,s - Bl(es(l),so,s - Qr(l),so,s) < (2-8)
< (1-u)M,vlel,

Power flow is limited by the capacity of each transmission line:
—C, < PF 55 < C,VI (2.9)

The power produced by each type of generator is limited by its capacity:
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0 < Pth,so,s < Gth,Vt
0 < Ppsos < G Vh (2.10)
0 < Pwp,so,s < Gwp,va

The amount of undelivered power of consumer d is less than his consumption:
0<LS4s0s <Lgsos Vd (2.11)
The phase shift angle is limited by:
T < Ops05 < T, Vb (2.12)
Voltage phase shift angle at reference bus:
0p,s0s = 0,reference bus. (2.13)

The mathematical model is applied to a network similar to a real one located in South-
Eastern Romania. This optimization problem is a linear integer programming problem. Model
(2.1) - (2.13) is a model of DC power flow [52].

The optimal solution of the mathematical model determines the optimal number of
transmission lines needed to be built and their location, as well as the number of wind
generating units needed, their capacity and location minimizing investment costs, disconnecting
consumers and also generation costs.

2.2. Transmission expansion planning problem (TEP) Considering the
Integration of Energy Storage Systems

In this chapter the formulation of the TEP problem considering the integration of energy
storage sources is made considering the power circulation model at direct voltage. Investment
decisions are made only once, at the beginning of the planning horizon. The mathematical
model presented is used by the transmission operator.

2.2.1. The mathematical model related to the TEP problem considering the integration of
energy storage systems

The objective function (2.14) of the mathematical model is to minimize the investment
costs related to the construction of new transmission lines and energy storage systems, the
operating costs of the generating units and the costs related to the disconnection of consumers
from the network:

[MIN]f = Z IC, - u; + Z ICggs * GERG +

lely ESS

- thh Pth(t)-l'zch P, (t) +
. +z Cop Wp(t)+ZCLS LS,(t) +

+ Z Css * LVgss(t)

- ESS

(2.14)

The mathematical model consists of the objective function (2.14) and the constraints
(2.15) - (2.27).
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The investment cost related to the construction of the new transmission lines is lower
than the investment budget available for their construction. The second relation in the set of
relations (2.15) defines the binary variable that indicates the construction of the new
transmission lines, u; = 1 or otherwise, if the line is not constructed, u; = 0.

Z IC,u;, < IB,

lel, (2.15)
ul == {0,1}, Vl € lp

The investment cost associated with the new energy storage units is:
Z ICpss * GE§s < IBggs (2.16)
ESS

The charging level of energy storage systems [MWh] is:

LVgss(t) = LVgss(t — 1) + Pggs(t) " Ngss " T — TI— T (2.17)
ESS

The charging level [MWHh] is limited by the minimum and maximum limit of the storage
system:

LVEE < LVgss(t) < LV, V ESS (2.18)
The charging and discharging powers of the storage system are limited by:

0 < PER,(t) < GE25,V ESS

. . (2.19)
0 < Pgss™ () < Giss™ ,V ESS

The balance between production and consumption at each bus of the system is given

D Pa®+ ) Pu(©)+ ) P () +

tety he€hy ESS _

NERCEEEC e

WPEWD) l|s(l)=b lr(l)=b

by:

- Z (La(®) — LS4(®)) + Z P ()|, vb

dedy ESS
The power flow through each existing transmission line is:
PF, = Bi(6sqy — 6r@y), VI\l€L, (2.21)

The constraints that define the flow of power through the new transmission lines are
nonlinear constraints and are expressed as follows:

PF; = w;B,(0s) — 0-(1), Vel (2.22)
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The model described is a model of DC power flow in which losses are neglected. This
hypothesis is often encountered because the amplitude of the voltage between two connected
nodes is considered to be approximately constant (the voltage is considered equal to 1 p.u.). In
view of the above, the nonlinear constraints defining the power flow through the transmission
lines (2.22') can be reformulated and transformed into equivalent linear constraints, thus
linearizing the products between binary and continuous variables, and the nonlinear constraint
(2.22") becomes:

—ulCl < PFl < ulCl,Vlelp

(2.22)
—(1—w)M < PF, = Bi(8s¢y — 6,y) < (1—u)M, Vlel,
where M is a constant large enough and equal to 300000.
Power flow is limited by the capacity of each transmission line:
—C, < PF, <(C,VI (2.23)
The power produced by each type of generator is limited by its capacity:
0<P <GVt
0< P, <GVt (2.24)
0 <PF,,(t) < GypVwWp
The reduction in user consumption d must be less than its consumption:
0<LS; <L4Vd (2.25)
The phase shift angle is limited by:
-t <60, <mVb (2.26)
The phase shift angle of the voltage at the reference bus is given by:
0, = 0,reference bus. (2.27)

The mathematical model is applied to a network similar to a real network, located in
South-Eastern Romania. This optimization problem is linear integer programming. Model
(2.14) - (2.27) is a model of DC power flow [52].

The optimal solution of the mathematical model determines the optimal number of
transmission lines needed to be built and their location, as well as the number of energy storage
units and their location minimizing investment costs, disconnection of consumers and also
generation costs.

2.3. Optimal economic dispatch in a smart grid

This section describes the problem of optimal economic dispatch in a smart grid. This
problem is developed based on the results obtained for the problems presented above (G & TEP
and TEP considering the integration of energy storage systems). The optimal solutions lead to
the integration in the network located in the southeast of Romania of wind energy sources and
energy storage sources, realizing the first step of transforming the network located in the
southeast of Romania into a smart grid [53].

In this analysis, two scenarios are considered, for which the optimal distribution of
power in a smart electricity grid is achieved [56] - [59]. The optimal operation of the smart grid
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is determined on a reference day in 2018 and also the optimal operation of the system in 2030
in which a 20% increase in consumption is forecast compared to 2018. This scenario is
considered accounting for the forecast offered by Transelectrica regarding the National Electric
Power System [7].

2.3.1. The mathematical model related to the problem of optimal power distribution

The objective function of the mathematical model is to minimize generation costs while
the optimization model determines the optimal operation of the entire smart grid:

[MIN] f = Z Cen " Pene 1+ Z Ch*Ppe 1+ Z LWP-p"P" .1 (2.28)
t

th,t ht

The optimal power produced by the thermal and hydro generating units is limited by the
lower and the upper generation limit:

PI™ < Py < PR
pin < p < pmas (2.29)

The optimum power produced by the thermal and hydro generating units at successive
hours is limited by the ramp-up of the generating units:

Pint — Pept—1 < RUyp

(2.30)
Ppt — Ppt—q1 < RU,

The optimal power produced by the thermal and hydro generation units at successive
hours is limited by the ramp-down of the generating units:

Pipt—1 — Pent < RDypy

(2.31)
Pht—1 — Pnt < RDy
The energy stored in storage systems is influenced by the charging and discharging
power and the charging and discharging efficiency:

dch
E; :Et—1+<PtCh'77ch_ : )'At (2.32)

dch

The charging power of energy storage systems is limited by the maximum and minimum
charging values, respectively:

Pt < peh < PR (2.33)

min —

The discharge power of storage systems is limited by the maximum and minimum
discharge limits, respectively. To maintain good battery life, it is recommended that no more
than 20% of the total capacity to be discharged.

Prin < PA" < Brga (2.34)

The energy stored in storage systems is also limited by the maximum and minimum
value of its energy, respectively:
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Emin < Et < Emax (2~35)

The equilibrium between production and demand is:
Pwp,t+zpth,t+zph,t+PtdChZLt_PtCh (2.36)
th h

The power generated by wind generating units is limited by their availability:
Pypr + PYPT < AP (2.37)

The mathematical model (2.28) - (2.37) is constructed without considering the losses of
reactive power in the smart grid [60].

The optimal solution of the mathematical model determines the optimal operation of
smart grids, also presenting the loading and unloading of storage systems on the reference day
of the two considered years (2018 and 2030).

2.4. Smart grid data

The data related to the smart network are presented in the PhD thesis.

2.5. Results

The results obtained following the application of mathematical models on the real
network located in southeastern Romania are presented below.

2.5.1. Results of G&TEP

It can be seen that the FOB value in Figure 2.4 decreases at the same time as the
investment budget increases. With the increase in the budget, more new transmission lines and
new wind farms can be built, so that consumers are supplied, and the total cost of disconnecting
consumers decreases. In addition, wind power plants have a production cost of 0 € / MWh, the
other plants with the highest production cost will not generate electricity if lower cost plants
can generate as long as the balance between production and consumption is maintained. The
minimum value of FOB is recorded for the budgets of € 75 million and € 1500 million,
respectively € 100 million and € 2200 million because there are no disconnected consumers, so
the costs of disconnecting consumers are 0 € / MW.

The optimal number of new transmission lines that need to be built is three (lines 16,
11, 13) and the optimal number and capacity of WPPs are shown in Figure 2.5 (WPP3 —600
MW, WPP20 - 207 MW, WPP21 - 200 MW, WPP22 - 89 MW and WPP24 - 291 MW), thus,
it can be seen that the budget to be changed.

5000
4.394

3750

2500 123

1.574 1.574

1250

0
25 mil. € & 500 mil. € 50 mil. € & 1000 mil. € 75 mil. € & 1500 mil. € 100 mil. € & 2200 mil. €

Figure 2.4 Variation of the objective function
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The budget needed to build all the new elements needed to supply all consumers is € 50
million (for new transmission lines) and € 1,500 million (for new WPPs). With a budget of € 50
million and € 1,500 million, the FOB value (annualized cost) is € 1574 million. This budget has
been recalculated knowing the investment costs of each new item. For the new transmission
lines, the investment cost is 400,000 € / km, and for the new WPPs it is 1000,000 € / MW, these
values are used in the extension of the real energy system in 2018, in Romania.

The optimal solution is shown in Figure 2.6 and Figure 2.7. Applying the optimal
solution to the electricity network considered involves supplying all consumers in each
operating condition of the system and in each scenario considered for 2030.

Linial — Linia 111 Linia 113 Linia 119 Linia 126
50 mil. € & 1500 mil. €

Figure 2.6 Construction of new transmission lines

600

0

WPP3 WPP7 WPP20 WPP21 WPP22 WPP23 WPP24

50 mil. € & 1500 mil. €
Figure 2.7 Capacity of new wind farms

2.5.2. The results of the TEP problem considering the integration of energy storage systems

Under this problem, new transmission lines and new energy storage systems can be
built. The new transport lines that can be built are the same as those considered in the G & TEP
problem.

The optimal solution of the mathematical model is to build all ESS without building
transmission lines, the value of the objective function being 353 938. Storage systems are
charged from wind power plants when consumption is low and are discharged when
consumption increases. All consumers are supplied, so disconnection costs are minimized,
investment costs are also minimized because new transmission lines are not built and only
storage systems are built because they have a lower investment cost. Generation costs are also
minimized due to the use of wind power plants and electricity storage systems, where possible,
instead of thermal units that have a higher generation cost.

2.5.3. Economic dispatch results

After the installation of wind generating units that reduce polluting emissions, it can be
considered the installation of electricity storage systems thus minimizing investment costs and
performing the first step of transforming the network located in southeastern Romania into a
smart grid.

After the implementation of the mathematical model presented, the optimal operation
of the entire analyzed system containing wind generating units and electricity storage systems
is determined. Two scenarios are considered, in the first scenario the operation of the system in
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2018 is analyzed, and in the second scenario, in 2030, the load is expected to increase by 20%
compared to 2018.

Optimal operation of the system in 2018

Figure 2.12 shows the optimal power generated by the thermal generation units in 2018,
while Figure 2.13 shows the optimal power generated by the hydro generation units.

Figure 2.14 shows the optimal power generated by the wind generating units. It can be
seen that when the weather conditions are favorable for wind turbines, the maximum power is
produced by this type of units, because the production cost is lower (0 €/MWh) than the
generation cost of other types of generators.

Figure 2.15 shows the charging and discharging of storage systems in 2018, and Figure
2.16 shows the energy stored in the ESS. ESSs are loaded when production is greater than
consumption and are discharged when consumption is greater than production.

LN

M2 u3 we us us u
Timp (h]

Figure 2.12 Thermal plants generated power Figure 2.13 Hydro plants generated power in
in 2018 2018

3 .
1o 1R ) T 1 24
g D h
o

descircarea [MW]

w o
Timp [h
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Figure 2.14 Wind farms generated power in Figure 2.15 Charging and discharging powers in
2018 2018

Figure 2.16 Storage energy in 2018

Optimal operation of the system in 2030

Figure 2.17 and Figure 2.18 show the optimal power generated by the thermal and hydro
generating units in 2030. It can be seen that production has increased compared to 2018 due to
increased consumption. The increase in power produced was necessary due to the increase in
consumption.

Figure 2.19 shows the optimal power generated by the wind generating units in 2030. It
can be seen that in Figure 2.14 and Figure 2.19 (both scenarios), the power generated by the
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wind generating units is used to the maximum due to the low generation cost. Therefore, the

total cost of generation is minimized.

Figure 2.20 shows the charging and discharging of energy storage systems in 2030, and
Figure 2.21 shows the energy stored in the ESS. Compared to 2018, the loading and unloading
power increases as well as the energy stored in storage systems. In 2018, storage systems are
not as used as in 2030 because the optimal operation of the system to increase the life of storage

systems considering the charging/discharging cycles is achieved.
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Figure 2.17 Thermal plants generated power in ~ Figure 2.18 Hydro plants generated power in
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Figure 2.21 Storage energy in 2030

The mathematical model of the optimization problem determines the optimal
functioning of the analyzed smart grid. It may be modified to determine the optimal operation

of any other transmission network.
The system can meet the requirements of consumers even in 2030, because the power

produced is sufficient, as well as the capacity of transmission lines.

The integration of energy storage systems is necessary to have an energy reserve, due
to the volatility of renewable energy sources and the variation of demand. In recent years, the

use of energy storage systems has increased.
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3. Operation analysis of the Smart Grid pilot system

In this chapter, a Smart Grid electrical network located at the Maritime Base of
Constanta, which is part of the University Maritime of Constanta (UMC), is analyzed. The
smart grid can work connected or disconnected from the network, the system diagram is
illustrated in Figure 3.1. In Figure 3.2 you can see the location of the smart grid on Cuartului
Street no. 2, Constanta, Romania, provided by Homer Pro. The analysis performed in Homer
Pro is intended to validate by simulation the structure of the smart grid implemented at the
Maritime Base of Constanta that contains both renewable and conventional sources that use
fossil fuels. During this analysis, different cases of operation of the Smart Grid network were
carried on at the variation of input parameters, which would be almost impossible to achieve in
practice. The results of the simulations demonstrate the correct operation of the entire system
in on and off grid operation.

Analyzing Figure 3.1, the smart grid has in its composition an electricity storage system,
photovoltaic panels, a wind turbine, converters, a generator, a logic controller (PLC) and a two-
way smart meter.

Photovoltaic panels
21x254 Wp *

Wind Turbine
3kw

SMA Smart
PLC automation Meter
panel

Il T
Rectifier interface for ;-.-..A.‘I

wind turbine

Three-Phase
Inverter SkW

[ 11

Inverters

Maritime Base from - - u
Maritime University of L : b Sunny Island 3x3,3kw  ~ ™
Constanta
Diesel generator
8,8kw

Energy Storage System
6,7 kWh

Figure 3.1 Layout of the Smart Grid network within the Maritime Base of Constanta
3.1. UMC smart grid data

The wind turbines are located near the lake at the Maritime Base of Constanta, and the
photovoltaic panels are located on the roof of the buildings. The 8.8kW diesel generator is
located outside and the rest of the elements inside.

3.1.1. Characteristic data of smart grid components

The nominal parameters of the smart grid are presented in the PhD thesis.

After the implementation of the smart grid in the Homer Pro software, the optimal
solution regarding system costs, operation and sizing is determined. The smart grid scheme
implemented in the Homer Pro software is shown in Figure 3.13.
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Figure 3.2 The layout of the Smart Grid electrical network within UMC implemented in the Homer
Pro software
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Data on solar radiation and meteorological data measured for the analyzed area, Strada
Cuartului, no. 2, Constanta, Romania (44 ° 13°N; 28 © 37.2°E) are collected from the NASA
Prediction of Worldwide Energy Resource (POWER). The smart grid is analyzed using the
power distribution strategy called Load Following (LF) for both on-grid and off-grid operation.

The objective function is represented by the net present cost (NPC), the LF power
distribution strategy considers the optimal solution, the solution with the lowest NPC. The net
present cost is the present value of all costs of installing and using the system over the lifetime
of the project, minus the present value of all revenues obtained over the same lifetime of the
project. HOMER calculates the updated net cost of each component of the system and of the
system as a whole [75], [76].

Cann, tot

CNPC = —CRF(l',Rpmj) (3.3)

with Cynptoe the total updated cost being denoted. With 7 is denoted the annual discount rate,
and R, 1s the life of the project (in this case 20 years). The CRF is the capital cost recovery
factor and is calculated with [76]:

i(1 4 i)Reroi

CRF (i, Rproj) = 1+ l')RpToj 1 3.4)
Therefore, the objective function used by Homer software is [76]:
[MIN]C _ Z Cann ot
Npe CRF (i, Ryro)) (3.5)

componente

3.1.2. Modeling of smart grid components

Photovoltaic system:

The modeling of smart grid components is described according to the Homer Pro
software that is used in this analysis [75], [76].

G
Ppy = Ypy fpy <G_ T ) : [1 + ap(TC - TC,STC)] (3.6)

T,STC

The nominal capacity of the photovoltaic system, more precisely its power under standard
test conditions, is denoted by Yy [kKW]. The power reduction factor is denoted by fpy [%]. At
each time point, the global solar radiation incident on the surface of the photovoltaic panel
Gr[kW/m?] is calculated. The G grc is the incident solar radiation under STC conditions
[1kW /m2]. The power coefficient of the temperature of the photovoltaic system is denoted by
o, [% /°C], denoted with T¢ [°C] the temperature of the photovoltaic system in the current time
interval and with 7¢ s7c the temperature of the photovoltaic system in STC conditions [25 °C].

Wind system

The power produced by the wind turbine is calculated at any given time using a three-
step process.

Step 1 - calculation of wind speed for the height at which the platform of the wind
system is located, in this chapter, the height of the support pole is 13m.
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Step 2 - calculation of the power produced by the wind turbine at the wind speed at that
time, at the standard value of air density.

Step 3 - adjust the value of the power produced for the actual air density.

The wind speed at the height of the platform is:

Zhup )a 3.7)

Zanem

Unub = Ugnem <

The wind speed at the height of the nacelle is denoted by Ujus [m/s], and the wind speed
at the height of the anemometer Uuen [m/s]. The notation Z.» represents the height of the
turbine nacelle, Zu.em [m] is the height of the anemometer and a is the exponent of the three-
step process.

To adjust the power generated by the wind turbine for the actual operating conditions,
we multiply the value of the forecasted power according to the power curve with the air density
ratio, according to the following equation:

p
Purg = (£
WTG P

) * Pyt stp (3.7)
0

with Pyrc [KW] is denoted the power generated by the wind installation, with Pyrg, ste [KW] is
denoted the power generated by the wind installation under standard conditions of temperature
and pressure, with p [kg/m?] is denoted the current density of air, and with po [kg/m?*] the density
of air under standard conditions of temperature and pressure po = 1,225 [kg/m?].

Demand

The consumption of the Maritime University of Constanta (UMC) is composed of the
consumption of the Maritime Base of Constanta together with the dormitories for students and
the activity of the university. The Maritime Base of Constanta is considered an active consumer
because it has the possibility to inject electricity from renewable sources in the public electricity
network.

Diesel Generator 8.8kW
Diesel generator power is fixed and generator data does not change.

The calculation of the fuel curve used by the generator describes the amount of fuel
consumed to produce electricity. HOMER software considers the fuel curve a straight line.

The fuel consumption of the generator in units/h depending on the power produced is:
F:Fo'Ygen+F1'Pgen (3.8)

with Fy [units/h/kW] the intersection coefficient of the fuel curve is denoted, and with F;
[units/h/kW] the slope of the fuel curve. The nominal capacity of the generator is denoted by
Yoen [kW], while by Pg., [kKW] the produced power of the generator is denoted.

The efficiency of the generator is defined in HOMER as the electricity produced divided
by the chemical energy of the used fuel:

3,6 Byen

Mgen = mfuel ) LHVfuel (39
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The power generated is denoted by Fy.,, [kW], and by 1y [kg/h] the mass flow rate
of the fuel. The notation LHVf,[M]/kg] represents the lower calorific value of the fuel (as
energy value). In the previous relation, the value 3.6 appears due to the conversion 1kWh =
3.6MJ.

The mass flow rate of the fuel depends on F' (generator fuel consumption), but the exact
relationship depends on the unit of fuel. If the unit of fuel is kg, then 1, and F' are equal. If
the unit of fuel is liter (1), the relationship between M., and F includes the density of the fuel
pruel [kg/m?]:

. F
Muer = Pruet* (7500 (3.10)

Storage system

At each time point, the maximum amount of energy that the storage system can absorb
is calculated. The charging power varies from time to time depending on the charging status
and the loading / unloading history of the storage system.

Three separate limitations are imposed on the maximum load capacity of the storage
system.

The first limitation refers to the maximum amount of power that can be absorbed by the
storage system:

kQ,e *At + Qkc(1 — e~kAD) 311
Prat.cmax.cmp = 1 — e kAt 4 c(kAt — 1 + e kAY) G-11)

with Q;[kWh] is denoted the energy available in the storage system at the beginning of the time
period, and with QO [kWh] the total amount of energy in the storage system at the beginning of
the time period. The ratio of storage capacity is denoted by ¢, with & [h'!] the constant of the
storage rate is denoted, and with Af the time period.

The second limitation refers to the maximum loading rate of the storage system [A /
Ah]. The loading power of the storage system corresponds to the maximum loading rate is:

_ (1= e ) (Qmax — Q) (3.12)

Pbat,cmax,rmi - At

with a. [A/Ah] the maximum loading rate of the storage system is noted, and with Qnax [kWh]
the total storage capacity of the system is noted.

The third limitation refers to the maximum charging current of the storage system. The
maximum charging power of the storage system corresponding to the maximum charging
current is:

NpattImax Vs
Pyat,cmax,cmi = . 18188 = (3.13)

The number of batteries in the storage system is denoted by Ny,¢¢, bY Lnax [A] the
maximum charging current of the storage system and by V,.m the nominal voltage of the storage
system.

The maximum load power of the storage system is:
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_ MIN(Pbat,cmax,cmp' Pbat,cmax,rmi; Pbat,cmax,cmi) 314
P batmax — ( . )
Nbatt

Charging efficiency is denoted with 1y ¢¢-

At each time, the maximum amount of energy that the storage system can discharge is
calculated. The maximum discharging power varies at any given time depending on the
charging status and charging/discharging of the storage system.

The maximum power that can be discharged by the storage system is:

—kcQax + kQie7*AY + Qkc(1 — eFAY)
Prat,amax.cmp = 1 — e kAt 4 c(kAt — 1 + e kAt)

(3.15)

with Q; [kWh] is denoted the energy available in the storage system at the beginning of the
time period, and QO [kWh] denotes the total amount of energy in the storage system at the
beginning of the time period. The ratio of storage capacity is denoted by ¢, with k [h'!] the
constant of the storage rate is denoted, and with Af the time period. The maximum storage
capacity of the system is noted with Qmax [kWh].

The maximum discharge power of the storage system is:
Ppat.amax = Npatt * Pbat,dmax,cmp (3.16)

3.2. Smart grid operation simulation results

3.2.1. Analysis of the results obtained using Homer Pro software

Figure 3.17 shows the operating structure of Homer software to determine the optimal
solution for costs and system operation.

Two options of the Homer Pro software are used: Search Space and Homer Optimizer,
respectively. Search Space uses user-imposed component capacity, and Homer Optimizer
optimally measures components based on net present cost (NPC).

Input parameters

Technical and
Data regarding economic
parameters of the
components

Consumption data

Simulation and analysis
using Homer software

\ 4

Optimal solution

Component Costs related to
capacity the operation of
optimization the system

Production of the
analyzed network

Figure 3.17 Operating structure for determining the optimal solution
A) Search Space, operation On-Grid

If the Search Space option is used, the capacity of the smart grid components is the one
installed at the Maritime Base of Constanta, presented in Table 3.2. The operation of the smart
grid does not bring a monetary benefit to the Maritime University of Constanta, as it is
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undersized for its current consumption. For this solution, the updated net cost is $ 41 354
(operating and maintenance costs + energy used from the public transportation network).

Table 3.1 Size of smart grid components - Search Space

Component Characteristic data
Wind turbine 3 kW
Photovoltaic panels 5.04 kW
Storage system Li-lon 6.74 kWh
Converters 19.9 kW
Diesel generator 8.8 kW

B) Homer Optimizer, operation On-Grid

The optimal solution presented in Table 3.3 consists in the installation of 50.16 kW in
photovoltaic panels, 5x3 kW Bornay wind turbines, 46.7 kW converter systems and the use of
the current 8.8 kW generator. For this system, the updated net cost is -7,049 §, obtaining a
monetary benefit. The generator is used as a power reserve in the event of a fault. The storage
system is not used because the consumption of the Maritime Base in Constanta is too high and
there is no correlation between the power produced from renewable sources and the possibility
of energy storage. All consumers are powered, the smart grid is connected to the public
electricity grid. After covering its own consumption, the surplus electricity is injected into the
public grid.

Table 3.2 Optimal solution for on-grid operation

Component Characteristic data
Wind turbine 5 x 3 kW (15kW)
Photovoltaic panels 209 x 0.24 kW (50.16kW)
Converters 46.7 kW
Diesel generator 8.8 kW

C) Homer Optimizer, operation Off-Grid

The optimal solution consists in the installation of 50 kW in photovoltaic panels, 5
Bornay wind turbines of 3 kW, the use of the current generator of 8.8 kW, converter systems
of 19.9 kW and 10 BMZ storage systems of 6.7 kW. The discounted net cost is $ 30,671, with
no monetary benefit (operating and maintenance costs). The smart grid works islanding, there
are times when the load is not powered. In this case, the installation of other types of elements,
of higher capacities, must be considered in order to be able to cover the entire consumption in
case of insular operation.

Table 3.3 The optimal solution for off-grid operation

Component Characteristic data
Wind turbine 5x3kW (15kW)
Photovoltaic panels 209 x 0.24 kW (50.16 kW)
Storage system Li-lon 10 x 6.74 kWh (67.4 kWh)
Converters 19.9 kW
Diesel generator 8,8 kW

Analyzing the results of cases A, B and C, it can be seen that the variant in which a
monetary benefit appears is the one of operation connected to the public network and the
injection into the network for a fee of the surplus electricity from renewable sources.
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Table 3.5 shows the value of the objective function (net present cost) of the smart grid
for each analyzed case. Only in case B there is a benefit.

Table 3.4 Objective function (net present cost) for each case analyzed

Study case Net present cost [$]
A 41354
B -7 049
C 30671

In case A the system has the highest operating costs because it is undersized and
purchases electricity from the public grid. In case C, the system operates islanding, so no
electricity is purchased from the public grid, the cost is lower, but it is necessary to consider
investing in other equipment of higher capacity to supply the entire consumption. In case B, the
network is resized considering the available space. Surplus energy from renewable sources is
injected into the public grid so the benefit of § 7 049 appears (Table 3.5).

3.2.2. Experimental results on distortion regime in Smart Grids

The photovoltaic panels are connected to the 50 Hz network by means of inverters that
cause a distorting regime in the electrical networks, especially in the periods when the
production of the photovoltaic panel is influenced by the shading of the panel. The converters
used in the smart grid are forced switching converters with pulse width modulation to reduce
harmonic distortion. Statistical analysis for 95% of the time was performed for current and
voltage harmonics as well as for the total harmonic distortion factor of current and voltage.

The figures below illustrate the daily variations of the 50 Hz electric currents (Figure
3.27), as well as the variations of the values of 95% of the current harmonics of order 3, 5, 7,
11 recorded at the interface point between the described smart grid previously and the supply
system of the Nautical Base (Figure 3.28) in April. As can be seen, the photovoltaic system is
the one that produces electricity substantially in relation to other sources, observing the
characteristic production curve of a photovoltaic system. The analyzed day is cloudy, causing
significant variations in the current produced by photovoltaic panels. Figure 3.31 illustrates the
variation of the harmonic voltage of order 1 on the three phases. Figure 3.32 shows the
variations of the values of 95% of the voltage harmonics of order 3, 5, 7, 11. The current
harmonics follow the trend of variation of the electric current injected by the photovoltaic
system. These harmonics have been measured in the internal network of the Nautical Base, and
their amplitude is attenuated to the CCP with the public network, without causing problems
regarding the management of harmonic distortion. Voltage harmonics are within acceptable
limits of international standards. It can be seen that the order 5 voltage harmonic has the highest
effective value in relation to the other harmonics.

The variation of the total harmonic current distortion has a shape in opposition to the
current produced by the photovoltaic installation (Figure 3.36). Starting from the definition
expression of the total harmonic distortion it can be observed that the minimum value of THD
is obtained for a maximum value of the current injected by the photovoltaic installation. It
should be noted that the maximum values of THD are recorded at the beginning, respectively
at the end of the production period of the photovoltaic installation. This is determined by the
fact that the photovoltaic installation is just starting to produce, respectively ending its
production, the value of the fundamental harmonic electric current being very small during
these periods. Therefore, to obtain useful information on the impact of photovoltaic installations
on the quality of electricity using THD, it is necessary to calculate these values (of THD) for
periods when the output of the photovoltaic system is at least 20% of its nominal output. The
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variation of the total harmonic voltage distortion (Figure 3.35) falls within the permissible
limits set by international standards.

Figure 3.27 The variation of the 50 Hz electric Figure 3.28 Variation of the effective value of
current on the three phases in April current harmonics of order 3,5,7 and 11 on
phase L1 in April

Figure 3.31 The variation of the harmonic Figure 3.32 Variation of the effective value of
voltage gives order 1 on the three phases in the voltage harmonics of order 3,5,7 and 11 on
April phase L1 in April
TR At g e g
§ H;W*ﬂ': "}";‘I‘U‘F'v' "’“-'-I‘mv"‘*"l' Hl'”‘.”..y‘u” uitu‘#u ."""er

Figure 3.35 Variation of the total harmonic Figure 3.36 Variation of the total harmonic
voltage distortion on the three phases in April current distortion on the three phases in April

The figures below illustrate the daily variations of the 50 Hz electric currents on the
three phases (Figure 3.38), as well as the variations of the 95% values of the current harmonics
of order 3, 5, 7, 11 recorded at the interface point between smart grid (Figure 3.39) in May. On
this day you can see the presence of significant amounts of clouds in the analyzed area. As can
be seen in Figure 3.38, the harmonic current of order 1 has the characteristic shape generated
by a photovoltaic panel over which pass clouds that alternate with periods of sunshine and clear
sky. After midday the panel produces less on this day than in April, presented above. Figure
3.39 illustrates the variations of current harmonics of order 3, 5, 7, 11. It can be seen how the
level of harmonics increases during periods when the sky is cloudy. Figure 3.42 illustrates the
variation of the harmonic voltage of order 1 on the three phases. Figure 3.43 shows the
variations of the values of the voltage harmonics of order 3, 5, 7, 11. The voltage harmonics
are within the acceptable limits established by international standards.

These measurements demonstrate that the large-scale integration of high-capacity
equipment (photovoltaic inverters) can lead to an increase in harmonic voltage distortion.
Further studies are needed to quantify the impact and the extent to which this impact will
increase the likelihood of interference.

From the THDI variation (Figure 3.46) it has high values not only at the beginning and
end of the production period of the photovoltaic installation but also when the panels are shaded,
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the

distortion regime being high at these times. On each of the three phases there are extreme

values for THDI due to the fact that at this moment the value of the harmonic electric current 1
is very small.

The variation of the total harmonic voltage distortion (Figure 3.47) falls within the

permissible limits set by international standards.
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Figure 3.46 Variation of the total harmonic Figure 3.47 Variation of the total harmonic
current distortion on the three phases in May voltage distortion on the three phases in May
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4. Conclusions and personal contributions

The PhD thesis entitled "Electromagnetic compatibility in Smart Grid structures" is in
agreement with the current interests of producers, distributors and consumers of electricity to
find the most appropriate solutions for the operation of the smart grid, at a minimum cost with
a high level of power quality to reduce pollutant emissions.

* One possibility to reduce the impact on the environment, in the context of electricity
generation, is the use of distributed resources, increasingly present in electricity networks.

» The European Green Deal aims to achieve electricity production in Europe by 2050
without polluting emissions.

* The large-scale integration of renewable energy sources affects the operation of power
systems, and measures are needed to compensate for the uncertainties regarding the production
of these sources.

* In recent years, battery-based storage systems have developed extensively, being
integrated both at the place of electricity production and near the places of consumption.

* The use of storage systems can reduce energy costs during peak hours and can maintain
the stability of the power grid when there are variations in production from renewable energy
sources or unforeseen breakdowns.

» The need for the power system to have a safe operation, to be energy efficient and
sustainable through the use of renewable energy sources and storage systems, with bidirectional
exchanges of energy and data led to the development of Smart Grid.

* The development of a flexible, efficient, robust, reliable two-way energy system that
includes renewable energy sources and storage systems has led to smart grids.

* A smart grid efficiently integrates energy and IT decisions of the participants
(producers and consumers) interconnected to it in order to increase the economic efficiency of
the electricity grid by minimizing losses and increasing supply security, without affecting the
power quality.

* The smart grid ensures the active participation of consumers in covering the load curve
and allows the inclusion of all energy generation and storage systems, being able to cope with
changes caused by generation sources (classic and volatile) and consumers, with high
flexibility.

* The consumer has always been at the center of the liberalization and deregulation of

the energy sector, initially looking for the cheapest electricity supplier allowing the economic
efficiency of the electricity market.

* With the liberalization of the energy sector, there was competition between electricity
companies, the consumer being able to choose the supplier freely.

* A basic element in Smart Grid systems are active consumers (prosumers) who
consume /produce services and products. This type of consumer requires a two-way connection
to be able to consume and inject energy from and into the grid.

* Smart meters installed in active consumers allow the existence of a two-way
communication path.

* The decrease of the prices of the technologies that achieve the production of electricity
and at the same time the increase of the digitization level contributes to the existence of active
consumers.
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* In a smart electricity network, active consumers have the possibility to inject
electricity, from renewable sources, into the public grid.

* In the case of public electricity networks, due to the aging of the infrastructure, the
increase in consumption and the limitations on greenhouse gas emissions, it is necessary to
invest in infrastructure.

* The infrastructure of the electricity system is aging, consumption is increasing and the
limitations on pollutant emissions that lead to the closure of certain plants that do not meet the
requirements lead to the need to plan investments in transmission lines and generating units and
energy storage units.

* The optimization of the investment in electricity generation units and in the expansion
of the transport infrastructure is achieved by minimizing the costs, simultaneously with the
increase of the food safety.

* Optimizing the development of the power system in the presence of renewable sources
requires measures to ensure the adequacy and resilience of the system considering the
uncertainty of production from renewable sources.

* The optimal solution of mathematical models determines the optimal number of
transmission lines needed to be built and their location as well as the number of wind generating
units needed, their capacity and location minimizing investment costs, disconnecting
consumers and also generation costs.

* The proposed and implemented optimization problems aim at studying the
development of Smart Grid networks when investments in generation units and network
elements are needed to supply consumers so as to minimize investment and operating costs in
the presence of renewable sources that are stochastic and electricity storage systems whose
integration into electricity networks will increase significantly in the coming years due to the
European Green deal.

* The large-scale integration of low power systems requires optimal power distribution
to ensure variable consumption that is achieved with minimal costs and maximizing the benefits
that can be obtained from the participation of these smart grids in the electricity market.

* The analysis is performed on a smart grid similar to a real electricity grid, located in
the southeastern part of Romania, where there are favorable wind conditions for the integration
of wind generation units.

* Various scenarios have been implemented regarding the increase of consumption that
consider the intensification of electrification for end users. In real cases, scenarios with an
evolution of random consumption until 2030 are of interest.

* The proposed optimization models were made in professional programs considering
the constraints of investment, power circulation and operation of the energy system in Romania

* The developed algorithms can be applied and implemented on different network areas
with renewable sources such as wind installations and storage systems.

* The need to reduce the impact on the environment, the existence of financial incentives
for the integration of renewable sources (photovoltaic panels), the digitalization of the energy
sector and the desire of university campus users to reduce electricity costs led to the emergence
of "smart" campuses.

* The analysis performed in Homer Pro is intended to validate by simulation the
structure of the smart grid implemented at the Maritime Base of Constanta which contains both
renewable and conventional sources that use fossil fuels.
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* Different cases of operation of the Smart Grid network are analyzed at the variation of
the input parameters, which would be almost impossible to achieve in practice. The results of
the simulations demonstrate the correct operation of the entire system in On and Off Grid
operation.

* Renewable energy sources connected to the electricity grid through converters produce
harmonic distortions.

» The quality of electricity is affected by electromagnetic disturbances in the power
system, such as harmonics of current and voltage.

* Electromagnetic compatibility is quantified by quality indicators whose permissible
range of variation is established in international standards.

* Deviation of electricity quality indicators (total harmonic distortion) from the values
accepted by standards can cause damage to consumers and reduce the life of equipment.

* The evaluation of the non-sinusoidal regime determined by the presence of converters
is performed with the help of total harmonic voltage and current distortion.

* The analysis of the distortion of the voltage and current curves is particularly important
because the transmission, generation and distribution systems are made for a sinusoidal
waveform of the curves. The distorting regime affects the performance of electricity networks,
and therefore affects the quality of energy used by consumers.

* In the operation of the Smart Grid network islanded from the public electricity
network, harmonic disturbances represent an important technical problem that needs to be
managed by the local energy management system, so that no interference occurs with other
equipment and control systems are not affected.

* The total harmonic distortion of the current produced by the converters of photovoltaic
installations is higher at the beginning and end of the production period, when the value of the
fundamental current is low.

* In periods of cloudy skies, the operation of photovoltaic system converters can lead to
increased harmonic disturbances, especially in the field of high (supraharmonic Characteristic
data) frequencies that can affect the operation of programmable controllers and intelligent
measurement systems.

Personal contributions

e The problem of investment in generating units and transmission lines (Generation
and Transmission Expansion Planning Problem - G & TEP) applied to a smart
electricity network similar to a real electricity network located in the southeastern
part of Romania was proposed and implemented.

e The mathematical model was developed considering the integration of wind
sources in the smart grid. Generation costs, consumer disruption costs and
investment costs in new network elements are minimized.

e The stochastic approach is used, decisions from time zero are represented by
investments in transmission lines and generating units, while decisions from time ¢
refer to the optimal distribution of power between generating groups and optimal
power circulation.

e Within the G & TEP problem, different investment budgets in the new network
elements are considered and the variation of the objective function is represented
in the case of the optimal solution for each of them. The construction of the new
elements for each budget is also presented.
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The expansion of the transmission network considers the continuous increase of
consumption, the availability of existing production units and the construction of
new ones. Three scenarios were considered for increasing consumption that
consider the use of electric cars and electrical equipment for end users. In real cases,
scenarios with an evolution of random consumption until 2030 are of interest.

The investment problem in the extension of the transmission network was proposed
and implemented considering energy storage systems (TEP + ESS) applied on a
smart grid similar to a real electricity network located in the southeastern part of
Romania. The expansion of the transmission network considers the continuous
increase in consumption, the availability of existing production units and the
construction of new ones.

The deterministic mathematical model integrates storage systems with Li-lon
batteries. Investment costs related to the construction of new transmission lines and
energy storage systems, operating costs of generating units and costs related to
disconnecting consumers from the grid are minimized.

The optimal solution resulting from the implementation of the G & TEP problem
and the consumption on a reference day was considered, thus determining the
optimal functioning of the storage systems as well as the optimal solution regarding
the investment in the new proposed elements.

The proposed mathematical models, G & TEP and TEP considering energy storage
systems, can be used by the transmission operator to determine the optimal
solutions for placing new components in existing electricity networks, as well as to
minimize generation costs and costs associated with disconnecting consumers.
The problem of optimal power distribution applied on a smart electricity network
similar to a real electricity network located in the southeastern part of Romania was
proposed and implemented.

Starting from the results of the previously analyzed problems, the smart grid
optimally sized according to the information provided by the analysis of the optimal
solution, the optimal power distribution was determined.

Two scenarios were considered: in the first scenario the functioning of the system
in 2018 is analyzed, and in the second scenario, in 2030, in which the possibility of
increasing the load necessary to be fed is considered.

The mathematical model presented can be applied by the national energy dispatcher
and can be modified to determine the optimal distribution of power in any other
electricity transmission network.

It was proposed and analyzed the topological configuration of an intelligent
network for powering a university campus at the Maritime Base of Constanta,
which includes educational spaces and spaces for student accommodation.

The functioning of renewable sources and storage systems implemented in the
smart grid on the university campus was analyzed.

The operation of a small intelligent electricity network, a real intelligent electricity
network, located in Constanta, at the Maritime Base, was implemented and
analyzed. Different cases of network operation and the possibilities of obtaining a
monetary benefit following the implementation and operation of the smart grid
under certain conditions were analyzed.

The possibility of injecting into the public network of electricity produced from
renewable sources was analyzed, thus, the Maritime Base of Constanta becomes an
active consumer.
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It was demonstrated the importance of sizing the components according to their
own consumption as well as opting for the injection of electricity into the public
grid.

The operation of the smart grid in the mode connected to the public electricity
network as well as the islanding operation mode were analyzed, the consumers
being fed from renewable sources and storage systems.

The possibility of expanding the smart grid implemented in the university campus
was analyzed and the benefits resulting from this decision were presented.

The harmonic distortions present in the intelligent, internal electricity network of
the Maritime Base were measured using the Janitza electricity quality analysis
system.

Harmonic current and voltage distortions were analyzed in two reference days in
two different months, April and May.

The total harmonic distortion of current and voltage in cloudy sky conditions that
alternates with periods of clear sky was analyzed.

Functional models were developed in the HOMER Pro and GAMS software
programs in which intelligent electrical networks were implemented based on
information from existing electrical networks.

Future development directions

simulation of hydrogen energy storage systems for the use of energy produced from
renewable sources in Dobrogea;

simulation in HOMER Pro of an electrolyzer present in the intelligent network from
the Nautical Base from Constanta;

analysis of thermal energy consumption and measures to cover it using the
generating units of the smart grid;

implementation of intelligent electrical network protection systems operating in
island to ensure the electrical safety of the entire system;

the analysis of the distortion regime determined by the different photovoltaic
installations not only as amplitude of the individual harmonics, but also regarding
the phase shift angle of the voltage harmonics;

analyzing the power quality in the smart grid from the point of view of unbalance
and supra-harmonics;

the integration of electric vehicles and the analysis of electromagnetic compatibility
in power supply installations, as well as the interference between charging stations
and other disruptive equipment in the network.
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