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Abstract

The future power grid is characterized by a high penetration of Renewable Energy
Sources (RES), storage elements and extensive usage of information and
communication technologies. Although the RES have positive environmental and
economic impact on the power grid, the intermittent nature of such sources present
new challenges to the future power grid, these new challenges may affect users and
power grid infrastructure itself, such as losses, over voltages, protection and
frequency. Furthermore, storage elements such as Electric Vehicles (EV) present
additional load in the power grid. Yet, the EVs can be exploited to store energy when
the supply energy is higher than the demand’s, and then to provide energy to the
grid when it is needed, this solution may increase willing to have this types of cars if
the cost of energy selling was attractive. Unbalanced system voltage is one of the
grid problems, which is not easily controlled, since the voltage magnitude is affected
by the load. RES and storage system could be used to keep the voltage within a band
accepted by various regulatory standards. In this work, a nonlinear programming
model is proposed to optimally operate a power system, which contains RES and
storage elements. Additionally, simulation tools are used to explore and solve

different scenarios.
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Chapter 1

Introduction



1.1 Background

Specialists from academia and industry generally agree on that, the utilization of
Renewable Energy Sources (RES) is an important way to reduce the emissions
produced by the conventional power plants. Therefore, in the last decade, diverse
forms of small distributed generators, such as solar power plants, wind power plants
and combined heat plants (CHP), have been connected to the electricity distribution
networks. An important driver for the large installations of the Distribution Energy

Resources (DER) is the technological advances in this field.

The main objectives of integrating the renewable energy sources with the electricity

network are:

1- Environmental: reducing the CO2 emotion
2- Economical: reducing the capital cost and operational cost of the energy

sources upgrade

Unfortunately, high penetration of renewable energy has a severe impact on the
existing grid, and may affect the consumers in case the produced energy is larger
than consumed, an overvoltage may occur. Another important element of future

power grid is the energy storage systems. These can be static storage units, such as



Community Energy Storage Systems (CESS), or mobile such as Electric Vehicles (EV)
[1].

The integration of the RES in the power grid will be made possible not only by the
price-performance revolution of microelectronics, but also by the development of
efficient algorithms that are able to deal with the special characteristics of the
Distributed Energy Sources (DER) such as the output power fluctuations due to
environment and sizes of these DER. In this work, algorithms will be developed to
optimally coordinate the different components of future power grid such as RES and
Storage System. Because real implementation of a power grid is expensive and
maybe impossible, different simulation tools will be used, such as OpenDSS and
GAMS [2]-[ 3].

The distribution of the electric vehicles worldwide provides a good opportunity to be
used in the distribution network as a storage energy element by using a bi-
directional power electronics circuit G2V (Grid to Vehicles) and V2G (Vehicles to
Grid). A study conducted by Bloomberg New Energy Finance shows that the price of
EVs will be cheaper than conventional internal combustion engine (ICE) vehicles by

mid of 2020s, as can be seen in Figure (1.1).



Electric Cars Will Win on Price
I—alllng rattery prices undercut QﬂﬁDllr‘lE cAars by mid-2020s

HASK

40

as

30 Electric Car Costs:

25 B B gam oo

20 FPowartrain

15 ——ahicle

10 — (GAasoline Car
5

2016 2018 2020 2022 2024 2026 2028 2030

Figure 1. 1: The Evolution of EVs prices during the next decade [4]

This will advance the penetration of EVs in the market, which may have positive
impact on the grid if used smartly. EV charging is done by an onboard charger, which
may last for hours. But, using fast chargers will reduce the charging time to around

one hour [4].

The EV user driving behavior and his/her willingness to plug the EV into the grid are
the most important factor to enable the provision of power system services from
EVs, so the price of electricity provided by the EVs (V2G) should be encouraging to

motivate customer.

The most commonly used battery in EV implements Li-ion technology, since this
technology shows a greater energy capacity with respect to weight, low self-
discharge and the estimation of SOC for this technology is easier than others as well.
On the other hand, the price of this type of battery per kWh is reduced to 1/5 in the

last 7 years, as shown in Figure (1.2).
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Figure 1. 2: The price of Li-lon battery [4]

1.2 Problem Statement

High penetration level of RES is the target of most of the electricity providers due to
economic and environmental savings. But, the fluctuations of RES will impact the
operation of the electric grid. These fluctuations create problems in the grid
operation such as overvoltage and supply/demand mismatch. To solve this issue a
controller could be implemented to optimally coordinate the operation of the
different components of the grid; e.g., to inject or consume a reactive power, control
the charge/discharge of energy storage system (ESS) and the running time of elastic
loads (EL). On the other hand, most of the residential loads are connected to single
and three phase distribution transformers, which may produce phase imbalance,

that could be resolved by the controller.



The main goal of this work is to implement a simulation model of a power gird with
RES and ESS. Then some scenarios and possible services, provided by the different
components (e.g., reactive power compensation), will be explored. Afterwards,
nonlinear optimization problem will be modeled and solved. The OpenDSS simulator
will be used for the implementation. General Algebraic Modeling System (GAMS) will
be used to describe the optimization problem that will be solved by an external

solver.

1.3 Obijectives

The main objectives of this study are below:

1- Reduce transmission line losses

2- Enhance the three phase balance of the system
3- Keep the three phase voltages range within the acceptable values
4- Maximize the output energy from the RES

1.4 Thesis Layout

This Thesis is organized in six Chapters where, Chapter two presents an overview of
the RES, discusses the benefits of Storage System and investigates a literature review

for Optimization problems, Unbalance system voltages and Line losses, Chapter



three presents the used Tools for this simulations, Chapter four demonstrates the
System Algorithm and Mathematical models, Chapter five discusses the Simulation

and Results and Chapter six shows the Conclusion and Future works.



Chapter 2 Literature

Review



2.1 Renewable Energy

Every day, the sun delivers energy to the earth free of charge. Users can use this free
energy, thanks to a technology called photovoltaics, which converts the sun’s energy
into electricity. Photovoltaic modules or panels are made of semiconductors, that
allow sunlight to be converted directly into electricity. These modules can provide a
safe, reliable, maintenance-free and environmentally friendly source of power for a
very long time. Most modules on the market today come with warranties exceeding
20 years, and will perform much longer [5]. Forecasting also shows a great potential
of the Photovoltaics to be the green power sources of the future, because of many
merits they have (such as high efficiency, zero or low emission of pollutant gases, and
flexible modular structure) and the rapid progress in these technologies [6]. However,
each of the aforementioned technologies has its own drawbacks. This work will
discuss the impact of connecting the PV system to the grid, the main advantages of
the PV system on the grid are the enhancement of the voltage profile and reduction
of the feeder losses. On the other hand, connecting this system to the grid with a high
penetration level will produce harmonics and high voltage on the buses in case the
load demand is less than the produced energy.

Fortunately, the customers can use this energy to reduce consumption from the
utilities and will help in saving the planet by reducing CO2 emission, especially that
the price of PV modules is dramatically decreasing day by day, as shown in Figure

(2.1); the price for 1 W becomes less than half a US Dollar.
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Figure 2. 1 : The price of the silicon PV Modules[7]

On the other hand, wind energy is used as renewable energy before solar energy and

it became popular in recent years, as shown in Figure (2.2). Unpredictable forecast of

this technology is one of its main drawbacks. The installed wind power capacity in

Europe for 2018 are 9016 MW, while the installed solar power capacity is 6,112.8

MWp [8].
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2 500 000
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Figure 2. 2 : Cumulative installed capacity of wind power [9]
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For example, in Germany, it is noticeable that the wind power capacity is larger due
to the availability of wind over the day and year, as listed in Figure (2.3). The
percentage of installed renewable energy sources penetration in Germany, as an
example from Europe region, is about 30%, which is very high with respect to other

countries [10].

Electricity by source in 2016 in
Germany

Nuclear: 80 TWh (14.7%)
Brown Coal: 134.8 TWh (24.7%)
Hard Coal: 100 TWh (18.3%)
Natural Gas: 45.2 TWh (8.3%)
Wind: 77.8 TWh (14.3%)

Solar: 37.5 TWh (6.9%)

Il Biomass: 49.3 TWh (9.0%)
I Hydro: 20.8 TWh (3.6%)

Figure 2. 3 : Electricity by Source in Germany in 2016 [10]

The renewable energy sources are a good solution to fill the gap of demand, but
unfortunately, maximizing the integration of renewable energy sources introduces

new challenges due to [11]:

a. High voltage at the buses at light load
b. Supply/Demand mismatch

c. High harmonic distortion due to power electronic devices
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d. Additional power flows in the transmission system: Reverse power
flows can cause additional power flows from the distribution system
to the transmission system

e. Grid stability: frequency and voltage

The integration of the RES in the power grid will be made possible not only by the
price-performance revolution of microelectronics, but also by the development of
efficient algorithms that are able to deal with the special characteristics of the DER
such as the output power fluctuations and sizes. In this thesis, algorithms will be

optimized to coordinate the different components of future power grid.

2.2 Storage System

The generated electricity is consumed by the load at the same time of generation, so
the generation shall always meet the load demand to satisfy the customer. But the
increase in demand may lead to instability in electricity. In general, the electrical
generators are located far from the load and are connected via transmission lines,
which means that huge transmission losses will be encountered in the case of
increased in demand. Since the prices of electricity vary throughout the day due to
demand; on the off-peak hours, the price is low, whilst its high during peak hours

[12].
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The high penetration in RES produces surplus energy especially during the off-peak
hours. This surplus energy could be stored in a storage system to be used again
during the peak hours. Since, the price of electricity vary the customers may charge
their EV batteries at low prices during off-peak, and sell the electricity to the utility
during the peak hours, but at higher prices. However, the life cycle of EV batteries

must be taken into consideration.

The storage system may be classified into three types:

1- Mechanical Storage system

a. Flywheel: is a mechanical storage which stores kinetic energy in
rotational rotor and coupled with electric generator and the
rotational part releases when needed [13].

b. Pumped hydroelectricity: is a mechanical storage technique, when
the demand is low the water is pumped to high place and released
when the demand increased to regenerate electrical energy again
[14].

c. Compressed Air Pump: is mechanical storage techniques, when the
demand is low the energy stored in compressed air and released

when the demand increases [15].
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2- Electrochemical
a. Battery: is an electrochemical storage device where energy is stored
as chemical and reused when needed, there are many types of this
battery as lithium and lead acid [16].
b. Fuel Cell: it is an electrochemical storage device that convert
Hydrogen to electricity energy [17].
3- Electrical
a. Super Capacitor: is an electrical storage device it’s structure same as
capacitor but the area is higher and thinner electrode which increase
stored energy [18].
b. Superconducting magnetic coil: it is an electrical technique to store

current in a large magnetic coil [19]

The most popular type and widely used is lead acid battery system, where the
battery is used in mobile, emergency light, cars .... etc. It is noticeable that, it is used
as an emergency standby system because it is small and has a low cost when
compared with other types. This type of battery has lifecycle which is reduced with
number of discharge/charge, also the efficiency of the battery goes down if it is
deeply discharged with high power. The life time of battery goes down rapidly in
deep discharge cases. The gauge meters of the battery are the State of Charge (SOC)

and State of Health (SOH). SOC indicates the stored energy in the battery, when SOC
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is 100% it is full and empty at 0%. The estimation of SOC is regularly measured by
Coulomb counting method, but this method doesn’t reflect the impact of aging,
internal cells temperature and different leakage current, M.Quran in [20], merge
four techniques to get more accurate SOC estimation, by reading OCV of the battery,
battery currents with Coulomb efficiency factor and rated capacity of the cell in
addition to Coulomb counting method. SOH indicates the health of battery with

respect to ideal conditions, it could be estimated by following methods:

=

Chemical [21]

he

Voltage [22]
3- Current Integration [23]

4

Kalman Filtering [24]

The most commonly used method is the voltage. The voltage shows the percentage
of the stored energy with the dropped current, but the characteristic of discharge
curve must be known.

One of the modern energy storage systems is the Electric Vehicles (EV), Battery
Electric Vehicles (BEVs) and Plug-in Hybrid Electric Vehicles (PHEVs), which are
becoming more popular. PHEVs are charged by plugging them in to the grid or by
another generator source. Charging these vehicles has an enormous impact on the
grid since they consume a huge power, especially when charging a lot vehicle

simultaneously, leading to undesirable peak power consumption. On the other hand,
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the EV could be used as an energy source and inject power back to the grid. To
maximize the benefits of using EVs, the users need to charge the batteries, without
affecting cells, and to discharge them, selling energy to the utilities, with a maximum
price. Lopez et al. in [25] proposes an algorithm to maximize the income of the EV
users from selling the energy to utilities, the objective function is related to the state
of charge of the EV’s, voltage limits and power flow constraint due to transmission
and losses. The researchers also looked for another way to inject the reactive power
or consume it in the distribution network, the source for this is the batteries in the
electric vehicles. Thanks to power electronics that made the conversion of the
energy G2V and V2G is available. According to power electronics efficiency for
optimizing the energy loss of a microgrid with different penetration levels of PHEVs
and its effect on the batteries, a two-stage method for solving this issue is
presented, and the results show that reactive power didn’t affect the batteries’
lifetime and SOC [26]. Now for integration of the Plug in Electric Vehicles with the
grid, reference [27] discussed coupled energy and reactive power market in the
presence of reactive power, the objective function structure for three-stage energy
cost, total payment for reactive power and lost opportunity cost all of these to be
minimized, this case is studied on IEEE 134 for two cases with and without PEV
penetration, the result shows that the independent system operator payment is

greater in the case of the payment without PEVs in the market.
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Regarding the impact of the electric vehicles, reference [28] discussed Monte Carlo
to address the uncertainties associated with wind speed variation and charging of
PEVs. A lot of scenarios were studied with different penetration level from the DG
and the PEV and applied on IEEE-123 bus. The result shows that, 30% of DER are
enough to supply active energy to the PEV. Since the EV is a load and a source for
the network, but it is usually load, Andres [29] used escort evolutionary game
dynamics as a tool for the distributed integral load management of PEVs. The
developed scheme is flexible and allows PEVs to work together in a fair scheme, in
order to balance the active load power, and partially fulfill the reactive power

demand of each phase of the transformer.

On the other hand, managing the energy stored in the batteries introduces an
optimization and control framework that can be used for charging batteries and
managing available storage, while using the remaining capacity of the chargers to
generate reactive power and cooperatively perform voltage control [30]. The
optimization scheme was based on two-stage instantaneous power/voltage control
and power control. The results show a tool to manage storage, renewable
distributed generation, and demand response. Wenxi et al. in [31] proposed a

coordination optimization of battery storage system between active and reactive
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power, with the goal of realizing lowest power loss as well as minimal voltage
fluctuations in active power network. The case study demonstrated that, through
coordinated control of active and reactive power of battery energy storage. Power
loss in active distribution network can be decreased more remarkably compared

with that when active power of battery energy storage is dispatched only.

2.3 Optimization Problem

The modeling for finding the best solution for a problem is called optimization. In
this case, the optimization solver will be used to find the best solution to operate or
merge the electrical supplier component to get the best profit and minimal
transmission losses. Usually, an optimization problem has more than one solution
each time period, which is logical for this case, since the energy production and
demand varies with environment and users. In order to implement an optimization

problem for energy sources the following points must be available [32]:

1- Electricity price day ahead
2- Prediction of PV energy production

3- Prediction of demand

The main idea is to define the best strategy to maximize the profit of the renewable

energy sources, to decrease the transmission losses and to increase lifetime for
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storage and OLTC transformer, all this could be implemented if the cost for each one

is defined.

Another approach to implement optimization quickly is by doing a rule based
algorithm. This is called a logic programming with control. As an example of this type
is maintaining the voltage within an acceptable range, the voltage boundaries will be

defined, and a control will be applied to the system in the function below:

Rule Based Algorithm to Control Voltage

1- "F Vmin > Vbus
2- Discharge Storage System

3- €lse
4- Charge Storage System
5- €nd

The difference between the two optimization types is that, the rule based is faster
but does not optimize the lifecycle of the storage system and does not consider the

operation price, it may be helpful to cover the demand in some cases [33].

As illustrated before, the main objective of the optimal power flow (OPF) is to
maximize the integration of the RES and ESS to the network and minimize the
generation and transmission losses. Distributed multi — period OPF for a distribution

grid system with PV system integrated with smart inverter and energy storage is
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presented in [34], The main objective was to keep the voltage across the grid within

acceptable range with maximization the RES penetration.

In [35] a simulation for a micro grid with four conventional generators including the
generator cost, weather condition and state of charge (SOC) for batteries, the
optimal power flow is to minimize the fuel and cost of switching of the generator
and the cost of not producing power if ESS is full. Due to connecting more than one
distributed generator may enhance voltage regulation but it’s also increase in
voltage fluctuation over the different busses, OLTC is one of the solutions to control
the voltage regulations but the main drawback is the number of operation which
affect lifetime of the transformer, [36] propose a technique to optimize number of
tap operations which increase lifetime cycle of the transformer. Mahmud et al, in
[37] proposed a solution to control the voltage across the feeders by getting a real
time data from the bus, user and storage system, the voltage is controlled by
changing the taps of the transformer or by connecting/disconnecting the renewable
or storage system to/from the bus. In [38] the coordination between the PV station
and high-voltage/medium-voltage substation OLTC settings is the proposed strategy
to control voltage regulation, the used simulator is OpenDSS, the result shows that
the impact of temperature and irradiance which may affect the reactive power
generation from PV system is minimized after coordination with OLTC settings. One

of the methods used to regulate voltage is the voltage controlled demand response,
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and OLTC is an old technique for that, but the operations of OLTC may affect system
frequency stability, [39] propose a novel approach by design an adaptive supervisory
controller, which aim to study the effect of OLTC operations on system frequency on
IEEE-39 test bus, the result shows that by optimizing OLTC operations maximize

steady system frequency stability and reduce number of tap operations.

2.4 Reactive Power

To cover the needed demand, the utilities usually connect new generator to the grid.
This operation is costly and needs time to cover the load especially if the increase in
the load exist for a short period of time. Nowadays, implementation of a new power
plant driven by fossil fuel is also costly and affect the environment. Thus, the utilities
want to cover the demand by other solutions such as encouraging customers to
distribute the load by kWh price. This case is not valid all the time, but reduces the
output apparent power from the generators. As known, the components of apparent
power in a power grid is real and reactive, a higher reactive power leads to less
system efficiency, a lower power factor and higher line losses. The utilities use
techniques to compensate the reactive power by capacitor banks, and recently

power electronics converters such as STATCOM.
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Volt-VAR control is one of the technical solutions to reduce power consumption at
the end user as explored and simulated in [40]. Turitsyn, et al. in [41] propose a
control scheme to inject a reactive power from the PV inverter. This control scheme
could be tuned to robust the voltage control during daytime operation and minimize
the losses for nighttime operation. The work in [42] proposes a combined problem
formulation for active and reactive optimal power flow in the distribution generator
with embedded wind generation and battery storage. This solution was applied on
41-bus. The energy losses were reduced by 12% from the transmission networks, in
addition to importing a reactive power from the networks when active power is
considered only. The research in [43] focuses on the design and implementation of
two controllers for a photovoltaic inverter for rooftop system. The first controller
aims to eliminate the voltage violation and to keep the voltage within the acceptable
range. The second controller was implemented to reduce the energy losses in the
distribution network and reactive power in the substations. The results show that,
the controller is able to substantially reduce real energy losses in the feeder and
reactive energy demand at the substation. Besides, it is obvious that, reducing
reactive demand at the substation leads to heat loss reduction of substation

transformer and transmission network.
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2.5 Unbalance System

The three phase system with four wire configuration (3 phase + neutral) is built to be
balanced as the magnitude for all phases are equal, but the phase shift between
them is + 120 and -120 degree. The unbalance in three phase system happen since
single phase loads are distributed unevenly or switched on/off unpredictably or due
to blown fuses in capacitor bank .... etc. So the user will not get a pure balanced
three phase. The type of unbalanced system can be classified into two types:
1- Unbalanced Under Voltage
a. One phase under voltage
b. Two phase under voltage
c. Three phase under voltage
2- Unbalanced Over Voltage
a. One phase over voltage
b. Two phase over voltage

c. Three phase over voltage

The effect of unbalanced system, mainly on the industrial plants, in particular
motors’ applications, is sever where unbalanced voltage will [44] increase stator
temperature, especially when the unbalanced system is experiencing under voltage

condition.
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Most of residential solar system are grid connected, and most loads are
single phase. So the possibility for unbalance voltage increases. This thesis aims to
keep the voltage within a balanced threshold based on the definition of balanced
voltage in IEEE, where voltage unbalance is the maximum deviation to the average
value of three phases. The definition of NEMA is similar to IEEE definition, but they
use line voltage, while IEC definition is the ratio between negative sequence to the

positive sequence [45].

2.6 Line Losses

One of the factor that increase generation is the line losses of the transmission lines,
there are two type of these losses, the first one is the real and the second is the
reactive losses, the losses depend on the characteristic of the lines and the flowing
current, existing of the DG may reduce or increase losses depend on the location of
the DG, [46]-[48] discuss the impact of the location of DG and the line losses, the
result shows that the location of DG may reduce the line losses depends on the
distance of the load and DG. Zeb et al, in [49] propose a practical swarm
optimization algorithm to optimally locate DG to decrease line losses and enhance
voltage profile, the location of DG in some cases increase line losses and doesn’t

improve voltage profile. The growing interest in use of EV has been increased last
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decade, the charging of EV increases power flow in the transmission lines which
accordingly increase line losses, but considering EV as storage system will add
flexibility to the grid operations, the power electronics converter allows the power

flow near to the charger be bidirectional V2G and G2V [50].



Chapter 3 Tools
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Various simulation tools will be used to achieve the objectives of this thesis. These

tools are:

a- OpenDSS:

The Open Distribution System Simulator (OpenDSS, or simply, DSS) is a
comprehensive electrical system simulation tool for electric utility distribution
systems. OpenDSS refers to the open source implementation of the DSS. It is
implemented as both a stand-alone executable program, and an in-process COM
server DLL designed to be driven from a variety of existing software platforms. The
executable version has a basic text-based user interface on the solution engine to
assist users in developing scripts and viewing solutions. The program supports nearly
all RMS steady-state (i.e., frequency domain) analyses commonly performed for
utility distribution systems planning and analysis. In addition, in OpenDSS it's easy to
convert data sources to OpenDSS script. The scripting language was designed to be
reasonably close to common text data formats used in distribution system analysis
tools. The program was developed for a consulting and research environment in
which model data is received from utilities in a variety of formats. Since OpenDSS

can model transmission networks as well as distribution circuit, data for a single
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model often come from more than one source [2]. All the used models will be

described as below:

Transformer:

The distribution transformer is usually used to step down the voltage from medium
to low. In this thesis, a stepdown transformer from 33 kV to 0.4 kV and with DELTA
to WYE connection is used. The rating of transformer is 630 kVA, and its model is as

shown in Figure (3.1).

Primary Secondary
]
P — ¢
—
Q—
@ —
Transformer

Figure 3. 1: Transformer Model in OpenDSS

Transmission Line:

The electrical energy is transferred from the transformer to the load by electrical

cables. Most of distribution cables/overhead lines nowadays are Aluminum. The
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internal resistance of the cable/overhead line is the main cause of power losses,

where the losses are expressed by equation (1).

P =3I°R (1)

where,

| line current.

R Internal resistance of the cable.

Also, a sinusoidal current produces a sinusoidal varying flux which varies in the phase
with the current. Accordingly, the transmission line characteristics are the resistance
and inductance whose values are 0.32 and 0.075 Q/km, respectively, these values

are from the installed cables in Birzeit Neighborhood.

PV System:

Photovoltaic energy system, detailed in Figure (3.2), is modeled in OpenDSS with the

following parameters:

Rating kVA
Phases Number 1, 2 and 3
Irradiance Radiation shape in kW/m?

Pmpp Rated maximum power for irradiance
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PF Power Factor of the inverter

Temperature Ambient Temperature

P,
@ww:"m"g—’

P
T — dc /
Irradiance —p UP ad Praff [ 4
Irradiance | Yearly —>

—8
LoadShape~ Daily —s (One-Line) Delta
Curves Duty ——» Wye
1-ph
e | [ 1 11
\ kv Conn. kvar PF
o 100G T

Figure 3. 2: PV Model in OpenDSS.

The interface of this model is as any other element in the network. It could be
defined as a new element connected to the defined bus. The output power depends
on the irradiance, temperature and rating of the PV system, while the reactive
power could be defined by the power factor (PF) or by a determined value. The
software will try to keep this reactive power value out/in of the inverter. Regarding
the maximum power point tracker, the software assumes that the inverter can
achieve operation at the maximum power point. The applied radiation shape is
assumed to be have trend as in Figure (3.3), this shape is the average of one month

in winter season from Birzeit University.
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Figure 3. 3 : Radiation Shape

Similar to the PV system, it is an element that can be connected to a bus, this model

depends on a predefined parameter as below:

Rating

Phases

kw

kWrated

PF

kWhrated

kVA

Number 1, 2 and 3

Output power from the storage device

Rated output power

Power Factor of the inverter

Rated storage capacity in Wh
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kWhgiored Stored energy

In this thesis, the electric vehicle is used as a storage system, and the rating for this
EV is 10 kW and the battery rated capacity is 20 kWh, where these values are

suggested for this case of study.

b- GAMS:

The General Algebraic Modeling System (GAMS) is a high-level modeling system for
mathematical programming and optimization. It consists of a language compiler and
a stable of integrated high-performance solvers. GAMS is tailored for complex, large
scale modeling applications, and allows building large maintainable models that can
be adapted quickly to new situations. GAMS is specifically designed for modeling
linear, nonlinear and mixed integer optimization problems and is highly extensible. It
compiles and runs on a wide variety of UNIX platforms and similar systems (including

FreeBSD and Linux), Windows and MacOS.

Gams is an integrated suite of software facilities for data manipulation and

calculations. It includes:

e An effective data handling and storage facility

e Asuite of operators for calculations on arrays, in particular matrices
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e A large, coherent, and integrated collection of intermediate tools for data
analysis

e A well-developed, simple and effective programming language, which
includes conditionals, loops, user-defined recursive functions and input and

output facilities

The term “environment” is intended to characterize a fully planned and coherent

system, rather than an incremental accretion of very specific and inflexible tools [2].



Chapter 4 System
Algorithm &

Mathematical Model
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4.1 System Algorithm

The overall system diagram is detailed in Figure (4.1); where the blue lines represents the
three phase voltage lines, the red lines are the control channels from controller to the
inverters and the dashed green line for the communication channel between all the

connected elements.

User Solar Station

Thee Phase Voltagg———

--------------- Control Channek---------------

e — e — — - — - Communication Channel- - — - -
I : Inverter

|'_ ....... —_— ) — e — e —_— s —_— e —_— —_— s —_— — — . . . .
N
T
.
EV
" controller "7 Three Phase Line
User Solar Station User Solar Station
: [+ 7]
|
K ,
e == o000 -
I : I
| i
| i
! EV I EV
L e ]

Figure 4. 1: System Overview
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The components of an electrical power system are very large and need to be modeled in a

way to study all the cases; such as fault case analysis, load flow... etc. A simulation tools built

to do this is based on a lot of mathematical models for these components. The most

important model in this work is the load flow equations, since the power flows from the

source to the load [12].

— ; — *
Si,a,b,c — i,a,b,c +]Qi,a,b,c =VI ,fOT bus

(2)

I= 2112151 Yie Vie (3)
Substituting (2) in (3) yields the load flow equations:
Prena + Pova + Paischargea = Penargea = Pioada = 21 Via * Viea [Gik cos(8;4 — 8x,q) + By sin(8; — 5K,a)]i (4)
Pyenp + Povs + Paischarges — Penarges — Pioaap = Lier Vip * Vk,b[Gik cos(8;p — 8k p) + By sin(8;, — SK,b)]; (5)
Pyene + Pove + Paischargec — Penargec — Poade = Yer Vie * Viee[Gir c05(8ic — k) + By sin(8; — 8kc) s (6)
Qgena + Qpua— Quoada = Zk21Via * VialGuk 5in(8i0 = 8k.a) = Bik c05(8i.0 = 8k.0)|; (7)
Qgenp + Quop — Quoadp = Zws Vi * Vien[Gir sin(8ip — 8k ) — Bix cos(8;p — O] (8)
Qgenc + Que — Quoaac = N1 Vie * Viee|Gir sin(8;c — 8k.c) — B cos(8;c — Si.c)]; (9)
where,

Pgenab,c The real output power from transformer for each phase

Ploadab,c Real power load for each phase
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Ppvab,c The output power from RES for each phase

Pchargeab,c The input power to EV for each phase

Pdischargeabec  The output power from EV for each phase

Qgenab,c The generated reactive power from Transformer
Qload,ab,c The load reactive power
Qpvabc The generated reactive power from RES for each phase

Gix and By are the real and imaginary admittances, §; 4 pc and 6y q 5 - are the angle
between the buses for each phase. The mathematical model for power losses in the
transmission lines is illustrated by equations (10) - (13) for each phase based on the

real admittance of the transmission lines [40]:

Lossesq = 5 Y=1 Zom=1 Gt (Vam® + Vam” = 2 Van Vam €05 O nm) (10)
Losses, = %Zywl Ym=1 G (Vo + Vim” = 2 Viy Vi yn €0S Oy ) (11)
Losses = 5 ¥N=1 X1 Gik (Vem® + Veun® = 2 Vegn Ve €08 O m) (12)
Losses = Y{Losses, + Lossesy, + Losses.} (13)

where V, , cnand V, , ., are the voltages across the lines per phase, in other words,
they are the buses voltages and the phase angle between them presented by

Onm,ap,c for each phase. Transmission losses are very important in our case since the
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target is to reduce these losses as much as possible to increase efficiency of the

proposed system, the losses are expected to be changed based on time also.

The voltage boundaries are one of the challenges which face the high level of
penetration of renewable energy sources in the grid. Since connecting these sources
to busses may cause an increase in the voltage to undesirable values, which may
affect users. A storage system is helpful in solving this issue by charging/discharging
to achieve the targeted value. Equation (14) shows the voltage boundaries for the

target voltage:

Vinin < Vpus() < Viax » whereie (1,N) (14)

where V,,,;, and V,,,,, will be defined as (-10% to +10%) of the rated voltage [52].
Each phase on the system shall meet this criterion to achieve the maximum
reliability from the system. On the other hand, the voltage balance will be achieved
if the controller keeps these voltages in the acceptable range. This is based on the
IEEE definition "Voltage unbalance, known as the Phase Voltage Unbalance Rate

(PVUR)", and is expressed by equations (15) - (20):

%PVUR = max voltage deviation from the avg phase voltage _ Vgiymax (%)) (15)
0 avg phase voltage |Vavg ()]

Vavg (6, 0) = [[Va (&, D] + [V (&, D] + Ve, D1]/3 (16)

Vaeva (t, 1) = abs[|Va (¢, )] = |Vavg (£, D] (17)
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Vaewp (&, 1) = abs[|V, (£, )| — |Vavg (& DI (18)
Vaevc(t, 1) = abs[|Vy(t,1)| — |Vavg & DI (19)
Vdevmax (t' i) = max[ |Vdiva (t; i)l: |Vdivb (t' i)|, |Vdivc (t, l)l] (20)

It is a similar definition to NEMA, but the difference is that IEEE uses phase voltage

whilst NEMA uses line voltage [51].

Storage system that will be used in this thesis is the battery system. Stored energy in
the battery could be identified by the State of Charge (SOC). The percentage of the
SOC will decide the operation mode of the charger/inverter of the system; either to
charge or discharge. Equation (21) illustrates that. The efficiency of charge mode

differs from discharge mode [33];

E(t,i) — E(t — 1,0) = nc Pc (t,i) — nid Pd(t,i); where i € (1,N) (21)
where,

E (t,i) Energy level for battery of EV for agent i in period t

Ne Efficiency of charging

Nd Efficiency of discharging

P. Charge energy for electric vehicle for agent i at period t

P4 Discharge energy for electric vehicle for agent i at period t
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Since the EV could be connected to single phase or three phase sources, the
algorithm will deal with the charge/discharge on the three phase to optimally find a
solution of charging/discharging for appropriate phase, equation (22) & (23)
represent that, the charge/discharge will be from any phase knowing that (+) sign

means (or) which allow the algorithm to charge or discharge from any phase:

PCharge (t: i) = Pcharge,a (t: i) + Pcharge,b (t: i) + Pcharge,c (t' i) (22)

PDischarge(tr i) = Pdischarge,a (t' i) + Pdischarge,b (t' i) + Pdischarge,c(t' i) (23)

The agents most of the time need their battery to be fully charged, the proposed
study here assumes that the agents want their cars fully charged at 24:00, The

stored energy in each storage system is formulated by equation (24).

E (24,i) = 20 kWh ,where i € (1,N) (24)
where,

E Stored Energy in the battery

N Number of Buses

After collecting all these information, the optimization equations, which can be used

to get an optimal solution for all energy cases, and to maintain the grid within
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standard regulations and minimal cost will be used. Equation 25, illustrates the

optimization equation.
min{¥, Py, + Losses — Py, } (25)

Regarding the definition of the penetration level of the RES with the existing grid is
defined as equation (26), where the high penetration considered as higher than 50 %

and low penetration for less than 50% [53],

, Ppy rated peak
Penetration = ———=P22=_ (26)
Load rated peak

Below are all the boundary conditions that will be used in this thesis, and programed
with GAMS code:

0.9 <Vupe < 1.1,whereV isinper unit

—10000 < Pyenapc < 10000,where P is in per unit
—10000 < Qgenap,c < 10000 ,where Q is in per unit
Pfpr = 0.95

PVUR = 0.05%

P discharge,charge = 10 kW

S0Cy =8kWh

6 kWh < S0C(t,i) <40 kWh
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4.3 Algorithm Flow Chart

The algorithm flow chart for the optimizer is shown in Figure (4.2), the controller will
check all the boundaries defined conditions such as PVUR, SOC and voltage values
for the three phase, if all the values are not within the boundaries, it will discharge
the EV to get all the values within the ranges, otherwise the controller will go to the
second step of optimization which aim to minimize line losses and total energy of
the busses, the controller will charge EV at (t=24) to 100% of SOC, if not it will
recharge EV and check all the parameter again, by the end of the cycle it will show
the calculated PVUR, Line Losses and total energy of the system. The output signal
of this controller will end a gate signal to connected inverter to charge/discharge
storage system on the busses as shown in figure (4.1). Noting that, the assumption
of implementing this solution to control the charge/discharge from/to any phase of
the system, that there is a selector on the inverter to select the targeted phase or

three phases.
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Figure 4. 2:: Algorithm Flowchart
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Chapter 5 Simulation

and Result
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A simulation was conducted for the circuit with the following scenarios:

Unbalanced load with high penetration levels from PV and storage systems.
a. Charging/Discharging all the time is allowed by the optimizer
b. Charging/Discharging is allowed from 16:00-20:00
Unbalanced load with high penetration levels from PV and high penetration
of storage systems.
a. Charging/Discharging all the time is allowed by the optimizer
b. Charging/Discharging is allowed from 16:00-20:00
Unbalanced load with low penetration levels from PV and storage systems.
a. Charging/Discharging all the time is allowed by the optimizer
b. Charging/Discharging is allowed from 16:00-20:00
Unbalanced Loads with PV system and storage system with doubling the load
on phase two, and the algorithm will not allow the controller to
charge/discharge on the other phases
Unbalanced three phase with high penetration levels from PV and high

penetration of storage systems.
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Case | High penetrations of RES and Storage System:

The case scenario is radial system, the line long is 100 m, with high penetration on
PV and storage system as in Figure (5.1). The load profile used in this configuration is
Birzeit housing in Al-Tira, which is unbalanced as illustrated in Figure (5.2). The
algorithm will find the optimal solution to supply the load power, while keeping the
losses on the system as low as possible, maximizing the output PV power, and
keeping the voltage balanced on the three phases.

S N e e e A

@&7 | |—| |—| |—| |—| |—| L|o—a|d |—| |—| |—| |—|

Transformer

Load Load
+ Load Lload Load Load + Load Load Load +
Storage Storage Storage

Figure 5 1: The Circuit Diagram of Case |
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Load for Three Phase over 11 Buses in kW
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Figure 5 2 : Average load per phase over all the buses

OpenDSS was used to simulate this circuit to get the phase voltage and line losses.
The results show that, the voltages over the three buses are not balanced as shown
in Figure (5.3). It is obvious that, the voltages are unbalanced between the three
phases, and the PVUR is less than 5%, but the voltage breaches the allowed
boundaries of voltage, which is -10%. The optimizer (GAMS) solved this circuit to
achieve all the boundaries. The three phase voltages results are shown in Figure
(5.3). The voltage at 14:00, in normal case, reaches 231 V, while in optimization it
didn’t reach that due to charging the storage system. At 16:00, the load reaches its
maximum value, so as expected the voltage will be decreased in both cases. The
behavior of the three phase almost same as trending, but the limitation condition for
the voltage balance and objective function keep three phase voltage higher than the

normal case. Regarding the power, the load power was supplied by the utility and
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stored energy during the low irradiance level. But during PV generation, most of the
load power is supplied from the PV system. Between 10:00 -17:00, in the
optimization case the generated energy was higher than the normal case, since PV
generation was used to charge the storage system, but with the normal case the PV
generated power during the same period was less since storage system wasn’t
charged at same time. By using the optimizer, the generation may be smaller than
normal case, but voltage balance and minimum loss make this difference, as
illustrated in Figure (5.4). This is one of benefits of using optimization with
renewable energy sources. Figure (5.5) presents the start time for the charging the

storage system.

Voltage at Bus 11
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210 -
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

V1s V2s V3s V1p e ee V20 === \30

Figure 5 3 ! Three Phase Voltages at Bus 11 with using the optimizer (V1o, V20 and V30) and without using the
optimizer (V1s, V2s and V3s Case | configuration)
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Case 1: Generated Power in kW
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Figure 5 4 : The Generated Power from Utility with using the optimizer (P1o, P20 and P30) and without using the
optimizer (P1s, P2s and P3s) for Case | configuration
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Figure 5 5 : Storage Energy for Case | charge and discharge allowed at any time

For the same circuit but the charge and discharge for the EV period is limited from

16:00 to 20:00, which is the time that most of users try to connect their cars to the
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grid. After simulating the circuit using OpenDss and applying the optimizer
algorithm, the optimizer kept three phase voltages on the last bus between (194-
231) V during high PV generation, and its behavior is the same as the normal case,
which means that the optimizer utilizes PV generations to supply the load power,
but when the optimizer starts charging the storage system, the three phase voltages
become 220 V, since the demand increases for the period between 16:00-18:00,
while it reaches 200 V without using the optimization algorithm, as shown in Figure
(5.6). On the other hand, the generated power from the PV system cannot cover the

load and the storage at the same time.

This is the explanation of the generated power behavior in Figure (5.7) between
16:00-17:00, since the PV generation still available due to sunshine in this period.
The algorithm also achieves the target in keeping the storage energy of 20 kWh at 24
H, as shown in Figure (5.8). Regarding the PVUR over 24 hours, Figure (5.9) shows

the PVUR difference between the three cases.
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Voltage at Bus 11
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Figure 5 6 : Three Phase Voltages at Bus 11 with using the optimizer (V1o, V20 and V30) and without using the
optimizer (V1s, V2s and V3s Case | configuration with limited time of charging and discharging

Case 1: Generated Power in kW
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Figure 5 7 : The Generated Power from Utility with using the optimizer (P1o, P20 and P30) and without using the
optimizer (P1s, P2s and P3s) for Case | configuration with limited time of charging and discharging
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Figure 5 8 : : Storage Energy for case | charge and discharge allowed from 16:00-20:00
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Figure 5 9 : PVUR for case |, where PVURs is the simulated without optimizer and PVURoc1 is with optimizer for
24 hours simulation and PVURoc2 is the limited simulation time
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Case |l High Penetration of RES and High Penetration of Storage System:

In this case, the PV penetration will be decreased to be only on 4 busses 2, 4, 6 and
9, and the storage system will be the same as before. The penetration of PV in this

system is around 50% of the load. Figure (5.10) illustrates the circuit diagram for this

case.

N PV PV PV PV

A
Hh iR R R R R
Load Load Load
+ Load Load Load Load + Load Load Load +
Storage Storage Storage

Figure 5 10 : Circuit Diagram for Case Il

The simulation of this circuit using OpenDSS shows that the voltages are always
between (185-222) V. The lowest value occurs at the start of charging EV during the
period 18:00-19:00, and the voltage increased after that, as charging is finished. The
highest value occurs during the PV generation especially at 14:00. While by using the
optimization algorithm the voltages always alternate between (198-217) V, as can be
seen in Figure (5.11). The highest value was during the PV generation and the lowest
value was during the peak load; between 18:00-22:00. Regarding the power, the
optimizer, as in Case |, utilizes PV generation to charge EV and this explains why the
utility voltages using the optimizer are higher than those obtained by non-optimized

solution as Figure (5.12) and Figure (5.13) displays the start time of charging the EV.
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Case Il : Voltage at Bus 11
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Figure 5 11 : Three Phase Voltages at Bus 11 with using the optimizer (V1o, V20 and V30) and without using the
optimizer (V1s, V2s and V3s Case Il configuration

Case Il : Generated Power kW
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Figure 5 12 : The Generated Power from Utility with using the optimizer (P10, P20 and P30) and without using the
optimizer (P1s, P2s and P3s) for Case Il configuration
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Figure 5 13 : Storage Energy for case Il charge and discharge allowed any time

Similar to the first case, the charge and discharge period is limited between 16:00-
20:00. In Figure (5.14), the three phase voltages obtained by non-optimized case are
still between (185-222) V and the highest value occurs at the PV generation peak,
whilst the lowest value occurs when the system starts charging EV. After applying
the optimizer, the three phase voltages become higher and fall between (194-221)
V. The largest value occurs, as the non-optimized case, when the PV generation
reaches its peak value, while the lowest level occurs when the controller starts
charging the EV. The power obtained from the utility decreases when PV starts
generating power for both non-optimized and optimized case. But, when the

controller starts charging the EV implementing the optimizer, it utilizes PV generated
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power to cover this energy, as illustrated in Figure (5.15) and reflected in voltage
profile. Energy stored in the EV reaches the target energy, which is 20 kWh after two
hours, as shown in Figure (5.16). Regarding the PVUR for the three simulation cases

shown in Figure (5.17).

Case Il : Voltage at Bus 11
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Figure 5 14 : Three Phase Voltages at Bus 11 with (V1, V2 and V3) and without (V1s, V2s and V3s) using the
optimizer for Case Il configuration with limited time of charging and discharging
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Figure 5 15 : The Generated Power from Utility with using the optimizer (P1o, P20 and P30) and without using
the optimizer (P1s, P2s and P3s) for Case Il configuration with limited time of charging and discharging
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Figure 5 16 : Storage Energy for case Il charge and discharge allowed from 16:00-20:00
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PVUR at Bus 11
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Figure 517 : PVUR for case Il , where PVURs is the simulated without optimizer and PVURoc1 is with optimizer for
24 hours simulation and PVURoc2 is the limited simulation time

Case lll Low Penetrations of RES and Storage System:

In this case, the penetration of PV is 10% of the load and storage system will be only

on bus 7, where the PV installed in first bus randomly, as shown in Figure (5.18).
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Storage

Figure 5 18 : Circuit Diagram for Case Ill

The simulation results shown in Figure (5.19), shows that, the three phase voltages
at the last bus are between (190-218) V, where the highest value occurs at the PV
peak generation and the lowest value occurs after the start of charging EV at 18:00.
On the other hand, after applying the optimizer, which will try to achieve minimum
power loss and keep the voltages within an acceptable range. The result shows that,
the three phase voltages are between (197-216) V, where the highest value occurs at
the PV peak generation, and the voltage remain constant during this period 10:00-
17:00, while it fluctuations in the non-optimized case. The generated power in
Figure (5.20) shows that, the PV generation helps the utility to cover the load during
the generation period for both cases. It seems that, there is no difference between
the generated power for non-optimized and optimized case, but the voltage balance
is achieved and the losses are decreased after applying the optimizer algorithm,
knowing that the penetration of EV is around 10%. The controller starts charging EV
just after the sunrise hour, which indicates that the optimizer utilizes RES to cover

charging EV, as shown in Figure (5.21).
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Case lll : Voltage at Bus 11
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Figure 5 19 : Three Phase Voltages at Bus 11 with using the optimizer (V1o, V20 and V30) and without using the
optimizer (V1s, V2s and V3s Case Il configuration

Case lll : Generated Power kW
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Figure 5 20 : The Generated Power from Utility with using the optimizer (P1o, P20 and P30) and without using
the optimizer (P1s, P2s and P3s) for Case Il configuration
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Figure 5 21 : Storage Energy for case lll charge and discharge allowed any time

Same as mentioned for the previous cases, applying the limited charging and
discharging period between 16:00-20:00 on the EV, the three phase voltages for the
normal and the optimized case are displayed in Figure (5.22), which are between
(194-218) V in optimized case where the highest value at PV generation period and
the lowest value after charging EV, while (190-218) V in non-optimized case, the
generated power almost equals between the two cases this is due to penetrations of
EV and PV, as shown in Figure (5.23). The controller starts to charge the EV in 16:00
and finished after two hours, the first hour from the PV generation and the second
from utility as shown in Figure (5.24). Regarding the PVUR for the three simulation

cases shown in Figure (5.25).
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Case Il : Voltage at Bus 11
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Figure 5 22 : Three Phase Voltages at Bus 11 with (V1, V2 and V3) and without (V1s, V2s and V3s) using the
optimizer for Case Ill configuration with limited time of charging and discharging

Case lll : Generated Power kW
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Figure 5 23 : The Generated Power from Utility with using the optimizer (P1o, P20 and P30) and without using the
optimizer (P1s, P2s andP3s) for Case Ill configuration with limited time of charging and discharging
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Figure 5 24 : Storage Energy for case lll charge and discharge allowed from 16:00-20:00
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Figure 5 25 : PVUR for case Ill, where PVURs is the simulated without optimizer and PVURoc1 is with optimizer for

24 hours simulation and PVURoc2 is the limited simulation time
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Case IV Unbalanced Phases and Charge/Discharge from this Phase B only:

In this case, the PV penetration about 10% and all the storage systems are
connected to bus 7 only. The controller will allow the charge and discharge on phase
two only, while the load on same phase is increased by 150%. This case will show
how the optimizer will deal with this extreme case, as in Figure (5.26), the three
phase voltages at the last bus are enhanced after using the algorithm especially for
phase 2, where the lowest value is 186 V in optimized and 167 V in non-optimized

case; the optimizer increased the voltage level around 20 V.

Case IV : Voltage at Bus 11
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Figure 5 26 : Three Phase Voltages at Bus 11 with (V1, V2 and V3) and without (V1s, V2s and V3s) using the
optimizer for Case IV configuration
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On the other hand, the generated power using optimizer is higher to cover the load
and charge EV from one side and keep the voltage balance from the other side, as
shown in Figure (5.27). One of the controller targets is to charge EV to 20 kWh, the
controller succeeds in this and it starts charging from 10:00 till 16:00, as clearly seen
in Figure (5.28). Regarding the PVUR for the two simulation cases shown in Figure

(5.29).

Case IV : Generated Power kW
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Figure 5 27 : The Generated Power from Utility with using the optimizer (P10, P20 and P30) and without using the
optimizer (P1s, P2s andP3s) for Case Ill configuration
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Figure 5 28 : Storage Energy for case IV charge and discharge allowed any time
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Figure 5 29 : PVUR for case IV, where PVURs is the simulated without optimizer and PVURoc1 is with optimizer



66

Case V Three Unbalanced Phases with High Penetration Level from RES and EV:

In this case the optimization will deal with unbalanced three phase load, the first bus
is loaded as before cases, the second phase is loaded as 125% and the third phase is
50%. The result will show that the voltage across the third phase is higher than the
others since the load is lower and the voltage across the second on is the lowest as
illustrated in Figure (5.30). Regarding the generated power, the non-optimized
solution showed that the generation is reversed on phase three since the load is low
but by using the optimizer the power didn’t reversed and the optimizer using this
energy to charge the EV as shown in Figures (5.31) and (5.32). Regarding the PVUR

for the three simulation cases shown in Figure (5.33).

Case 5: Voltage at Bus 11
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Figure 5 30: Three Phase Voltages at Bus 11 with (V1, V2 and V3) and without (V1s, V2s and V3s) using the
optimizer for Case V configuration
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Figure 5 31 : The Generated Power from Utility with using the optimizer (P1o, P20 and P30) and without using
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Storage Energy Wh

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

== Storage 2 =====Storage 7 === Storage 11

Figure 5 32: Storage Energy for case V charge and discharge allowed any time
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Figure 5 33 : PVUR for case V, where PVURS is the simulated without optimizer and PVURoc1 is with optimizer

As a summary for all above results, table | shows the difference between the

optimized and non-optimized solution:

Table | : Summary Results of all Cases

Case Simulation Periodof  Vyin Vimax Vdevmax LOsses PVURpox Energy
Tool Simulation kWh kWh
Casel OpenDSS  00:00- 185 231 10.76 110 0.046 1421
24:00
Optimizer ~ 00:00- 200 224 5.98 94 0.026 1370
24:00
Optimizer  16:00- 194 231 9.2 98 0.04 1379

20:00
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Casell OpenDSS  00:00- 185 222 10.7 120 0.048 1587
24:00

Optimizer  00:00- 198 217 7.05 106 0.032 1549
24:00

Optimizer  16:00- 194 221 9.2 109 0.041 1550
20:00

Caselll OpenDSS  00:00- 190 218 10.7 120 0.05 1622
24:00

Optimizer  00:00- 197 216 7.51 113 0.035 1600
24:00

Optimizer  16:00- 194 218 9.1 114 0.042 1600
20:00

CaselV  OpenDSS  00:00- 162 222 253 175 0.11 1918
24:00

Optimizer  00:00- 186 218 9.96 154 0.04 1883
24:00

CaseV  OpenDSS  00:00- 177 237 21 112 0.09 1382
24:00

Optimizer  00:00- 201 227 8.81 86 0.04 1245

24:00
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Regarding the THD in voltage and current the table Il shows the effect of switching

on/off the inverters on the system.

Table Il: Summary of THD for all Cases

Case  Simulation Period of THDv THDv THDi THDi
Tool Simulation (Average)% max%  (Average)% max%
Casel OpenDSS 00:00-24:00 154 154 26.1 26.1
Optimizer  00:00-24:00 15.4 15.4 26.1 26.1
Optimizer  16:00-20:00 15.4 15.4 26.1 26.1
Casell OpenDSS 00:00-24:00 9.1 9.1 23.8 23.8
Optimizer  00:00-24:00  13.6 13.6 28.6 28.6
Optimizer  16:00-20:00  14.5 14.5 26.2 26.2
Caselll OpenDSS  00:00-24:00 9.8 9.8 241 24.1
Optimizer  00:00-24:00  13.7 13.7 26.5 26.5
Optimizer  16:00-20:00 12.7 12.7 25.3 25.3
Case IV OpenDSS 00:00-24:00 9.8 9.8 24.1 24.1
Optimizer  00:00-24:00 11.8 11.8 25.5 255
CaseV OpenDSS  00:00-24:00 12.0 15.5 40.0 65.0
Optimizer  00:00-24:00  16.0 18.2 43.5 72.1
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For the effect of the proposed solution on the PF from the utility side is shown in
Figure (5.34), the drawn PF when the optimizer allowed to use charging/discharging
all the time, the difference between the simulated PF and optimized PF is the
inverter of the charger is always constant which is equal 1 and the output PF from
the solar charger is 0.95, so the utility will provide the most needed reactive power
to the load, it is obvious that the difference during the sun hours where the inverters

will provide the real power and the utility will provide reactive power.
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Figure 5 34: Average PF for all cases where the charging and discharging is allowed 24 hours, Blue line is the
optimized solution and the orange is the simulated.
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6.1 Conclusions

The proposed NLP to formulate optimization problems to minimize the objective
function, which indicate increased generated power from a solar system, decreased
losses and reduced generated energy from utility. The programing also deals with
unbalance voltages between the three phases. A simulation for a power grid was
conducted to investigate the line losses and the voltage behavior on the buses. Five
cases were studied with/without high penetration of RES and Storage Systems, and
discharging/charging periods with different scenarios were conducted and studied.
The results show that, the line losses reduced and the generated power from utility
were decreased by finding the optimal point of charge of Electrical Vehicle and

discharge storage. The results for the four cases were as follows:

1- Case I: the solar penetration was 120% of the load, the programing finds the
optimal point to discharge and charge the EV to cover load and achieve the
objective function, starting to charging EV from 12:00 until obtaining 20kWh
at 24:00 for all EV. It is occurring at the same time where the solar produce
peak energy. After setting the charging/discharging period between 16:00-
20:00, EV charges from 16:00 till 18:00, the line losses increased by 3% from
allowing the charge and discharge all the time. The voltage was balanced and

the PVUR is less than 2.6%.
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Case II: the solar penetration was 50% of the load, the optimizer finds the
optimal point to charge/discharge the EV to cover the load and achieve the
objective function, also as Case | the simulation was divided to two scenarios
of different charge/discharge periods, during the first period, the EV charge
starts at 12:00 but the transferred energy for each bus are not equal, this is
to keep three phase balance and minimize losses. The second scenario is to
allow charge/discharge from 16:00-20:00, the start of transferred energy to
EV at the same time, but it varies in quantity from bus to another to maintain
voltage balance and minimize losses. The line losses increased by 3% when
the charge/discharge is limited.

Case lll: the solar penetration is 10% and storage system only on bus 7, same
as the above cases, the simulation was conducted for two periods, the
charging of storage energy in the EV is started from 08:00 till 17:00 and
discharged till 23:00, the optimizer covers this energy from the PV system
and the behavior of the optimizer is the same for limited period it starts from
16:00 till 20:00 most of transferred energy are from PV system and it start
discharging after 17:00 till 19:00. The three phase voltages still balanced and
the line losses increased by 0.9% when the optimizer allowed to charge and

discharged is limited
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4- Case IV: the solar penetration is 10% and storage system only on bus 7, this is
extreme case where the charge and discharge is applied to second phase
only. The line losses are reduced by using the optimizer to 13%, the three
phase voltage still balanced and PVUR is less than 5% in this case. Storage
system starts charging the storage system the energy from 9:00 to 17:00 and
storage system starts discharge after that to cover the load till 18:00 .

5- Case V: the solar penetration is same as Case | but the load not balanced for
the three phases, the generation is reversed without using optimizer, since
the charging and discharging is not controlled but by using optimizer the
charging of EV starts at the peak of RES generation to minimize the

generated power from utility. And the losses also decreased by 23%.

As a conclusion, using this technique will improve the grid performance and to
minimize the upgrading cost. By adding cost to the transferee energy from EV to
grid may encourage EV users to connect their cars to the network, which may

increase profit of owning this type of cars.

6.2 Future Works

Future work may be conducted to study the followings:

1- Three Phase Current Balance.

2- Protection will be added to the boundaries.



3- Cost for the battery will be added to the optimization equations.

4- Cost of tap changer will be added to the optimization equations.
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