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CHAPTER |

Introduction

1.1 Motivation

Nowadays, a large number of photovoltaic (PV) generation units have been
integrated into power systems. The penetration level of PV generators is increasing
rapidly worldwide because of numerous benefits over conventional power plants.
Solar PV is now one of the main solutions to capture the interests of distributed
generations. Indeed, PV technology produces no greenhouse gas, so it is beneficial to
the environment in comparison with fossil fuel power plants. In addition, since PV
panels can be integrated among load areas, they reduce power transmission losses
from remote power sources. Simultaneously, they may enhance network
performances by reducing system congestion and meeting peak demands. Finally, PV
technology does not require cooling water during the power production process, and
then it helps preserve water resources for other uses. By installing PV panels
combined with inverter systems to generate electricity, this modern technology is
suitable for the areas of high solar intensity such as Southern Vietnam and Thailand.
In Vietnam, a few small PV farms are under experimentation and construction, and
they can be a huge potential energy source in the next decades. By the end of 2012,
the global cumulative solar power capacity had passed the 100 GW milestone [1]

and it is expected that this growth will continue in the near future.

Although this type of distributed generations has many significant advantages, it
also has several unwanted impacts on the normal operation of power systems,
especially distribution networks. According to intermittent behaviors of solar
irradiance and ambient temperature, the power system stability can be influenced
considerably. Among stability problems, static voltage instability is one of the major
issues. This phenomenon occurs because of reactive power shortages during strained
working conditions. In fact, the uncertain supply of PV reactive power can be the

reason of undesirable voltage fluctuations [2]. Furthermore, in the large scale g¢rid-



connected PV station, the step-up transformer between the PV system and the utility
grid may consume a considerable amount of reactive power leading to some voltage
troubles. Currently, most power grids are operating near their static stability limits,
which may cause the voltage instability at any possible time. If such a system with
the appearance of PV units faces the voltage instability, it can make a great
possibility to have the blackout in a wide area. Fortunately, with a suitable operating
condition, PV farms do not adversely affect system stability but can possibly help
increase the performance of power networks [3, 4]. Indeed, when the PV station is
operated in constant voltage control mode or fixed power factor (PF) scheme with
non-unity PF, the grid may receive the reactive power support and then, the voltage
instability can be reduced. Furthermore, the reduction of system power losses and
voltage deviation due to the PV support is also a major benefit. Therefore,
determination of the appropriate PV generation becomes an important issue. The
proper PV farm should be integrated to bring maximum benefits to the utility grids
and PV producers, concurrently guarantee the system stability. In fact, there are
many criteria that need to be considered when choosing the location, size and
control mode of PV arrays, such as environmental conditions, degree of power
quality, and etc. However, in this study, the static voltage stability and system power

losses will be taken into account.

To determine properties of PV farms based on these criteria, it is necessary to
analyze the effects of large-scale PV generations on system steady-state voltage
stability and power losses. Conventionally, the static voltage analysis based on
Power Flow technique to draw P-V and Q-V curves at a particular bus is used. Then,
voltage collapse condition can be specified. In [5], various methods such as Q-V
modal analysis, loading margin, and bus participation are utilized for this purpose.
Another group of quick performance measures is used to assess steady-state voltage
stability that includes Fast Voltage Stability Index (FVSI), Line Stability Index (L),
Line Stability Factor (LQP), PQ Voltage Stability Index (PQVSI), and etc. Most of these
indices are referred to a transmission line to indicate how far current system

operating condition from voltage collapse condition. On the other hand, to study the



PV impact on system power losses and voltage deviation, several indices are utilized

such as active power loss index (PLI), reactive power loss index (QLI) and voltage

deviation index (VDI). Based on the advantages and disadvantages of each approach,

a proper tool will be chosen to conduct this research.

1.2 Specific Objectives

Main objective of this research is to develop the methodology to determine the

appropriate photovoltaic (PV) generation size, location and its operating mode in a

distribution system considering the static voltage stability constrains. In addition, the

standards for system power loss and voltage deviation can be added to fulfill the

investigation. Specifically, the objectives of this research are:

1.

2.

To study the impacts of PV penetration on system’s static voltage stability as
well as system power losses and voltage deviation:

® Determining the appropriate size and location of the PV system.

® Specifying the proper control mode of the PV system.

® Verifying the suitable PV penetration: centralized or scattered PV units.

To develop a suitable Matlab-based software to determine the impacts of PV
penetration on system’s static voltage stability, system power losses and

voltage deviation.

1.3 Scope of Works

This research is limited by following scopes:

1.

The work focuses on the steady-state analysis. The effects of large scale grid-
connected PV generation on system static voltage stability and power losses
are studied. From then on, the proper sizes, positions, as well as the control
modes, are specified.

Both concentrated PV system and scattered PV system will be taken into

account.



PV farm is represented as follows:

® PV modules model is based on the well-known single-diode five-

parameter model considering environmental conditions.

® The inverter’s steady-state model is simply considered as a coefficient

(eff) representing the energy conversion efficiency.

® The step-up transformer is simplified as a line reactance (X7).

® The PV station is supposed to have ability to control the required reactive

power to keep the constant terminal voltage magnitude or power factor

at the terminal node (connected bus).

Time varying load models are used to simulate the loading data at every load

(PQ) bus.

The simplified configuration of a real distribution power network in Thailand
named TahSai system is used to test the performance of the algorithm.
Time-series AC Power Flow analysis is applied to compute the static Voltage

Stability Indices (VSI) and the general index of system power losses and

voltage deviation.

1.4 Methodology

1.

N AL

Conduct literature reviews on:

Theory of probabilities.

Photovoltaic generation technologies and modelling.
Static voltage stability assessments.

Power loss and voltage deviation assessments.

Time-series AC Power Flow analysis.

Identify the specific objectives and scope of study.

Determine the proper solution method.

Collect the relevant historical data.

Establish and test the mathematical models of system components.

Develop computer programs to analyze the problem.

Simulate, evaluate, and verify the results.
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8. Draw conclusions and complete relevant documents for publication and final

thesis.

1.5 Expected Contribution

This research aims to provide the background knowledge of the impacts of PV
penetration on the system static voltage stability and power losses. When these
effects along with their mechanisms are clearly specified, the utilities and the PV
owners can determine the strategies to exploit the positive impacts as well as limit
the negative influences. Based on these understandings, it is expected that the
installation and utilization of this renewable energy source will become more
efficient. The PV farms should be integrated to gain the maximum benefits while
maintaining the normal stability condition of the power system. In the specific
application, this study can help make the right decision in choosing the size and
location of the PV farm to satisfy the voltage stability and power loss criteria.
Furthermore, the study will show the worth of controlling the power factor of PV
farm at non-unity condition. This operation not only brings more financial benefits to
PV owners but also helps maintain the normal voltage stability and provide the
necessary reactive power to utilities. In addition, a completed and detailed
mathematical model of PV generation has been established through the research.
Hence, this model can be applied to other studies related to integration of solar PV

generation to the distribution system.

1.6 Literature Reviews

Impacts of PV generation on system static voltage stability has been mentioned
in some previous studies. Rakibuzzaman Shah, N.Mithulananthan, R.C.Bansal, K.Y.Lee,
and A.Lomi [5] conducted this research topic by using Q-V modal analysis and bus
participation factor. Various case studies are presented to verify the effects of
different PV locations and penetrations. However, the results are still theoretical
when using the IEEE 14 bus test system instead of utilizing a real network
configuration. Furthermore, the PV generator model was not described in detail, so

that it is quite difficult for other researchers to consult and apply to their works. An
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investigation of PV effects on system stability in the case of Ontario, Canada is
introduced by Behnam Tamimi, Claudio Caflizares and Kankar Bhattacharya [6]. In this
research, distributed PV units and centralized farms with and without voltage
regulation are considered. Based on these scenarios, the PV impacts are studied by
using eigenvalue and voltage stability analysis. It is illustrated that PV generators
contribute significantly to system stability. In [7] and [8], impacts of large-scale PV
generation on static and dynamic voltage stability in sub-transmission networks are
taken into account. The study utilizes P-V curve, singular vectors of power-flow
Jacobian matrix and modal analysis to investigate properties of the designed power
system. Recently, Duong Quoc Hung, Nadarajah Mithulananthan and Kwang Y. Lee
have just established an index named Multiobjective Index (MOI) to present the
general PV effect on system power losses and voltage deviation [9]. However, this
index is formulated by using the quite complicated equations that can be simplified

in some specific applications.

1.7 Outline of Thesis

The thesis contains 7 chapters presented as follows:

Chapter II introduces an overview of photovoltaic (PV) technology in term of
definition and composition. Some common PV influences on power networks are
also presented. The main point at issue in this chapter is how to establish a suitable
PV generation model describing its electrical behavior. Based on this model, the
impacts of PV systems on distribution networks can be verified by using simulation

programs.

Chapter Il recapitulates the available approaches for steady-state voltage
stability analysis. From this summarization, a suitable method is specified to assess

static voltage stability of power systems in this research.

Chapter IV raises the problem formulation and a detailed methodology to
evaluate static voltage stability of distribution systems integrated PV units based on
the specified method. From this assessment, the appropriate PV system will be

determined to satisfy voltage stability criterion in the next parts. In this chapter,
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beside the model of PV systems discussed in chapter I, the other network

component models are established in details.

Chapter V presents Multiobjective Index (MOI) as a general indicator for system
power loss and voltage deviation assessment. This index is also used in the
determination of the proper PV system to fulfil more requirements. A computational

procedure is suggested to apply in this specific study.

Chapter VI shows the simulation results and discussion. In this chapter, many
case-studies are implemented to verify the impacts of PV sizes, locations as well as
control modes on system voltage stability, system power losses and voltage

deviation. From then on, the appropriate PV systems are well determined.

Chapter VIl concludes the research and suggests future works.
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CHAPTER Il

Photovoltaic Generation

2.1 Overview of Photovoltaic Technology

Photovoltaic (PV) technology is an application to generate electricity from solar
energy by using semiconductors that exhibit the PV effects and DC-AC inverter
systems [10]. PV panels composed of a large quantity of solar cells play the role in
converting from solar radiation into direct electrical current. The main materials
utilized for PV cells contain polycrystalline silicon, monocrystalline silicon, cadmium
telluride, amorphous silicon, and copper indium gallium selenide. When these
special materials are under the sunlight, photons of light with suitable wavelength
and energy can cause some electrons in covalent bonds to break of their atoms and
move freely throughout the crystal. If an electric field is supplied, those electrons
can move in a certain direction generating a direct electric current. Then, inverters
transform the generated DC power into standard AC electricity before delivering to

utility erids.

PV arrays can be dispersedly integrated on the roofs or walls of buildings, or they
can be constructed as a small power plant. By the end of 2012, the 100 GW solar
power capacity was installed around the world, in more than 100 countries [1]. With
the development of technologies, the competition between manufactures and the
financial incentives from responsible organizations, the cost of PV panels has steadily
decreased leading to the increasing penetration of PV in power systems. Due to
many ¢lobal problems such as climate changes, greenhouse effects and the
depletion of fossil fuels, this renewable energy source is expected to become an

efficient solution for power industry in the near future.

The PV generated electrical power strongly depends on solar irradiance and
ambient temperature, which are intermittent variables. As a result, PV generation
delivers an uncertain amount of active and reactive power in to the grids causing
some troubles for system stability, system reliability, power quality, and etc. The

uncertainty of generated active power will affect the system frequency stability,
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while the change of reactive power is consistent with system voltage fluctuation
issue [2]. However, with the appearance of PV generators, power networks may
receive the additional assistances and hence, the power system stability can be
increased [11]. For instance, when the PV station is operated in constant voltage
control mode or fixed power factor (PF) scheme with non-unity PF, it can support
utility ¢rids in maintaining the voltage stability. Therefore, many researches have
been conducted to explore the impacts of PV on power systems; then, the positive

effects are absolutely exploited while the negative influences are limited.

2.2 Theory of PV Generation Modelling

In the analysis of power systems integrated PV generations, it is necessary to
construct the mathematical model of solar cells to describe their electrical behavior.
Over the years, the PV model has been established by using the circuit based
method [10]. The simplest equivalent circuit representing the PV cell model consists
of an ideal current source and a real diode connected in parallel. The current source
is assumed to generate current in proportion to the solar intensity, so that the
relationship between solar energy and electricity is depicted. On the other hand, the

diode represents the physical essence of a PV cell that is a p-n junction.

—»> —>
Id$
-+
GD Load = |ph A 4 Load

Figure 2. 1 The simplest equivalent circuit for a PV cell.

However, this model has the limits in describing the true behavior of PV cells.
Indeed, suppose that two PV cells are connected in series and one of them is
shaded (in the dark). By using the discussed model, we can draw the circuit as in

Figure 2. 2.



15

lpv=0 —p

Shaded

Load

Figure 2. 2 The simplest equivalent circuit of a string of cells in series.

For the shaded cell with the corresponding solar intensity is zero, there is no
current through its current source at all. Furthermore, its diode is back biased so it
does not allow the current to pass over. In conclusion, the circuit shows that no
current or power will be delivered to the load if one of the cells is shaded. However,
this result does not reflect the real phenomenon when in facts, the load still
receives the power although it is very small. An improved version is obtained by
adding an additional parallel resistance (Ry,) into the circuit. This resistance will
create the path for current to flow through, so the power can be transferred to the
load. The value of Ry, should be large enough to ensure the small amount of

delivered power as in the real situation.

|
O" IPV—» Vey ~ PV—> Vpy

'.\ o | 9 ‘¢ * +V
B ] P2 -

Figure 2. 3 The simplest equivalent circuit of a PV cell with an additional

parallel resistance.

A further modification that contains a series resistance, R, was offered by various
researchers. This resistance includes the contact resistance related to the bond
between the cell and its wire leads, and the self-resistance of the semiconductor.
Finally, the well-known single-diode five-parameter model of PV cell or module is

obtained that guarantees the simplicity and the accuracy [12]. In Figure 2. 4, Iy,
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represents photovoltaic current that is proportional to solar intensity; /;, and V, are
diode current and voltage, respectively; Iy, is shunt resistor current; Ry, and R, are
shunt and series resistances, respectively; /o, and Vp, are PV current and voltage.

[PV
+/\/]\{/\/_+

1 ph <+> 1, SZ L, R,V Vey

Figure 2. 4 Five-parameter model of PV module.

Many studies were conducted to evaluate the values of five unknown
parameters including /o, Iy, Vi, Ry and R; that are strongly depend on solar irradiance
and ambient temperature. At a particular environmental condition, if these
parameters are specified, so the V-/ curve can be plotted by using the proper tools.
As a result, the V-P curve can be drawn as well. These curves are very important in
representing the electrical characteristics of PV modules. Of course, different
conditions of solar intensity and temperature will result different characteristic curves
of the same PV module. The process of constructing the PV module model will be

discussed in details in the next section, and it is an important part of this research.

Prmpp

Isc V-l curve

CURRENT (A)
POWER (W)

Maximum Power Point
(MPP) :

V-P curve

0 VOLTAGE (V) V;npu Vo
Figure 2. 5 V-l and V-P curves of a PV module.
2.3 Establishing PV Generation Model for Research

Typically, a PV system consists of a large number of PV modules connected in

series or parallel, an inverter system, and a step up transformer to link to the utility
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grid as in Figure 2. 6 [13]. The bus between the inverter and the transformer is named
photovoltaic bus. The theoretical model of each component will be discussed in

details as follows.

PV modules
Step-up
G Poc Pac Transformer
’ DC I
AC
T,
Inverter
PV bus Grid bus

Figure 2. 6 Topology of a grid-connected PV system.
2.3.1 Photovoltaic Array Model

As above mention, only one PV module is too small to generate a considerable
amount of electricity; therefore, the modules are connected in series to form a PV
string, and the strings will be wired in parallel to create a PV array. By using this
combination, both voltage and current can be increased causing the increase of PV
power. This section starts from the well-known single-diode five-parameter model of
PV module; then, given the specific values of light intensity and temperature, these
parameters are modified to get the accurate numerical model in that situation; finally,
the PV array model along with its voltage-current (V-/) equation could be specified at
any environmental condition. Using these models, the thesis will show how to obtain

the DC active power from PV farm.

23.1.1 Single-diode Five-parameter Model of PV Module

This model is illustrated in Figure 2. 7 [12]. The basic concepts to construct this

equivalent circuit can be found in the previous section.

Iph<+> I :_ ls, RV 2

Figure 2. 7 Five-parameter model of PV module.
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In above diagram, /,, is photo-generated current; Iy and V;; are diode current and
voltage, respectively; /g, is shunt resistor current; Ry, and R, are shunt and series
resistances, respectively; /py and Vp, are PV current and voltage. To analyze this circuit,

starting with the simple current equation by the Kirchhoff’s law
Ipy =lop —lg =15

Iy is modelled by using Shockley equation for an ideal diode [14]

Vv
I, =1 |exp| =& |—1
d o p(”VTj

where [, is dark saturation current, n is the number of PV cells inside one module,
and V7 is the thermal voltage as siven by

KA(T e T273)
q

where k is Boltzmann’s constant (1.381x10723 J/K), A'is diode quality factor, T edue i

module temperature in Celsius scale and g is Coulomb charge (1.60210_19 Q).
From the circuit, V, can be represented as
Vo =Voy TpRe
According to (2.2) and (2.4), the formula for I, is written as

Vo, +15,R
/C/=/O QXP(%J—]_
nvr

In addition, based on the circuit and (2.4)

/h:ﬁ:VP\/'HP\/Rs
S
Rsh Rsh
From (2.1), (2.5) and (2.6), the relationship between current and voltage of PV

module is derived as

Vov +1p Ry —1 = Vov +1p Ry
n\/7' Rsh

lov =1on = o exp[

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)
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Equation (2.7) is the key to find the output power from PV modules. It is obvious
to see that five unknown parameters in (2.7) are I, o, V7, Ry, and R.. If the numerical
values of them are identified, the V-/ curve and hence, the voltage-power (V-P)
relationship can be drawn. It is very important to be noticed that these parameters
strongly depend on the natural environment. Thus, under the actual solar and
thermal conditions, their values have to be adjusted to achieve the exact

characteristic curves at that moment.

2.3.1.2 Modification of Five Parameters

First of all, equation (2.7) will be considered under standard test conditions (STC)
(1OOOW/m2 of solar intensity (Gsyo), 25°C of cell temperature (Tsr0)). Normally,
manufacturers provide the PV datasheet (Table A.1 - Appendix) that includes all
electrical characteristics at STC such as maximum power (P, ), voltage and current
at Pragn (Vippn @nd fppp,), short circuit current (/5. ,), open circuit voltage (Vo.n),
temperature coefficients of short circuit current and open circuit voltage (K, and K,
respectively), nominal operating cell temperature (NOCT), number of cells within
module (n), and etc. Obviously, the V- curve passes through three important points
(short circuit point (0, /s,), open circuit point (V., 0) and max power point (V5

Impp,n)) Tesulting three equations of five unknown variables.

lse.nfR I R
lsen =lpn ™o %{%Jﬂ _Lseplls

nvr Rsh
% %
0=1,,—lo| exp e — | =
nVT Rsh
/ =/ — exp Vmpp,n +/mpp,nRs —1|= Vmpp,n +/mpp,nR5
mpp,n ph 0 nVT Rsh

In addition, the derivative of power with respect to voltage at maximum power
point is zero, and based on the slope of V-/ curve at short circuit point, two remaining

equations are formulated.

dFpy —

|VPV zvmpp,n -
dVpy Ipy=lmpp

(2.8)

(2.9)

(2.10)

(2.11)
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Al 1

V=0 =
% /P\/=/sc,n

av,

By

sho
where Ry, is the effective resistance at short circuit, that approximates to Ry,
Combining all five equations, the five unknown parameters are well specified at STC

by using iterative methods such as Gauss-Seidel [12].

According to [15] and [16], these parameters can be modified from the standard

case to any other case of solar irradiance G (W/mz) and temperature T (°C) as follows

T

module

=T +(NOCT —20)XG /800
Ve =Vp o X (Tooe +273)/ (Tore +273)

lse =lsenXG/ Gre T K, X (Tmodule - TSTC)

sC

\/OC = Voc,n +\/7— Xlog(G /GSTC) + K\/ X (Tmodule _TSTC)
Ry =R XGsre /G

Rs =Rs,n
)= (/sc — (Ve /Rsh))/(exp(VOC /(nxv; ))—1}
/ph = /o X(exp(voc / (I’] ><VT ))_1] +Voc /Rsh

2.3.1.3 Characteristic Equation of PV Arrays

Suppose that a PV array consists of N strings in parallel, and each string has N,,
modules in series. In accordance with [12], module parameters are adjusted as
1 =N, X,
Voe =N XV
Ion =N X1,
15" =N, X,
R =R, XN_ /N,
RS =Ry XN, /N,
Vit =V
All above equations are substituted into (2.7) to obtain the V-/ equation of PV

arrays as

(2.12)

(2.13)
(2.14)
(2.15)
(2.16)

(2.17)
(2.18)

(2.19)

(2.20)

(2.21)
(2.22)
(2.23)
(2.24)
(2.25)
(2.26)
(2.27)
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=N — Ny, exp(vﬁv’ FIZRN, /N, ] Ve RN N,

N, nV; RN, /N,

It should be noticed that, in the above equation, I, I, V5, R, and Ry, are

parameters of one PV module; and currently, they are clearly specified at any

environmental conditions.

23.14 DC Active Power from PV Arrays

Until now, the relationship between current and voltage of PV arrays under any
given outside condition is clearly specified through (2.28). Consequently, the V-/ and
V-P characteristics have been plotted by using Matlab tools as in Figure 2. 8, for
example. It should be aware that PV generation usually works in the control of
maximum power point tracking (MPPT) system. One of the functions of MPPT is to
keep the generated power at the maximum point on V-P curve [17]. Hence, this peak
value is assumed to be the DC active power (Pp) that the PV farm supplies into the
grid.

400 T T T T 100

I-V curve

Impp = 237.41
200 |-

PV current (A)
DC active power (kW)

P-V cdrve

L . L . JVmpp=354 | |
0 50 100 150 200 250 300 350 400 450

PV voltage (V)

Figure 2. 8 V-I and V-P characteristics of a PV array under STC.

o

2.3.2 Inverter and Step-up Transformer Models

In fact, the inverter plays an important role in PV systems. The basic function of
this essential device is to transform the generated DC power into standard AC
electricity before delivering to utility grids. Based on the steady-state properties of this

research, the inverter model can be simply considered as a coefficient eff

(2.28)
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representing the energy conversion efficiency [18]. The injected three-phase active

power at the photovoltaic bus (in Figure 2. 6) is calculated as
Pac =€lf XFyc

In addition, it could be assumed that the converter system has ability to control
the required reactive power to keep the constant terminal voltage or power factor at
the photovoltaic bus. In the fixed power factor control mode, the corresponding
reactive power from PV generation can be easily computed and the photovoltaic bus
is treated as a PQ bus. Alternatively, in the constant terminal voltage scheme, this
node will be viewed as a voltage-controlled bus with its voltage magnitude is decided

by the operators.

Finally, the step-up transformer will be simplified as a line reactance X; with the
transformer off nominal turn ratio is set to be unity. So far, the PV generation model is

completed for power system analysis.

(2.29)



23

CHAPTER llI
Static Voltage Stability Assessment

3.1 An Elementary View of Static Voltage Stability Assessment

In power systems, voltage stability can be defined as the ability of a power
network to maintain all bus voltages within the limits when the network is normally
operated or under a disturbance [19]. Conventionally, the steady-state analysis
utilizes Power Flow technique to draw P-V and Q-V curves at a particular bus to
observe the relationship between bus voltage magnitude and corresponding active
(reactive) power. Normally, when the active power at that bus keeps increasing, the
bus voltage magnitude will decrease until it reaches the voltage collapse point. This
approach requires a considerable amount of computation time. At some nodes, this
method may not capture the Q-V curve completely because of the power flow
divergence caused by several problems in the other parts of the network. Recently,
Q-V modal analysis and bus participation factor are used to assess voltage stability
[5]. For modal analysis, the critical eigenvalues of Q-V modal matrix will provide the
information about system static voltage stability. Following this method, a system is
considered as voltage stable if all corresponding eigenvalues are positive; and it is in
the unstable state if at least, one of the eigenvalues is negative. The eigenvalue of
zero denotes that the system is operating at voltage collapse condition. For bus
participation factor, these indices give the measures of the association between
buses and modes; in which, the critical mode is related to the smallest eigenvalue of
power flow reduced Jacobian matrix. Nodes with the largest participation factors to
the critical mode are viewed as the weakest buses of the power system. When these
critical buses are close to each other, the weakest area supersensitive to voltage
instability is defined. This approach can play an important role in identifying the
proper location of PV generators to support the system stability. However, in the real
application, these methods have the limits when it is complicated to establish the

mathematical model governing the real network. Even that the complete set of
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equations describing the power system can be constructed, the computation to find

the eigen characteristics often consumes lots of time.

In practical applications, to make the timely decision when operating the
electrical system, a fast and accurate voltage stability evaluation is indispensable.
Generally, the quick voltage assessment is expressed through voltage stability
indices. Several quick measures are used to evaluate static voltage stability such as
Fast Voltage Stability Index (FVSI) [20], Line Stability Index (L, [21], Line Stability
Factor (LQP) [22], PQ Voltage Stability Index (PQVSI) [23], and etc. All of these indices
are referred to a transmission line to indicate how close the system’s current
operating condition to the voltage instability condition. When these indicators reach
the value close to unity, it means that the system operates at the voltage collapse
point and hence, the blackout in wide areas may occur. The main interests of these
methods are: the fast and accurate voltage assessment, the small amount of
calculation time required, the simple computation process based on AC Load Flow

program.

3.2 Typical Voltage Stability Indices

3.2.1 Fast Voltage Stability Index (FVSI)

Fast Voltage Stability Index (FVSI) is suggested by Ismail Musirin and Titik Khawa
Abdul Rahman in [20]. This voltage index is derived by first formulating the current
flow equation in a common transmission line between sending bus i and receiving
bus j as in Figure 3. 1.

T 2o

|, 7

Z =R+ jX

\/

P+]Q P +]JQ;
Figure 3. 1 Buses transmission line model.

The equation of current flow can be obtained as

_M<al<s
= R+ jX

(3.1
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where |V; | and |V; | are voltage magnitudes at sending and receiving buses,
respectively; 5, and 5j are corresponding voltage angles; R and X are total line

resistance and reactance. Then, the equation to compute |V;| is determined
2 (R R
V[ +{ Ssind —cos |||+ x+=- o, =0
X X

where O is the difference between the voltage angles at sending bus and

receiving bus (5,—51) The mathematical condition to get the real roots for |V; | is

Kﬁsing—cosé‘j‘\/jq —4(X+R—2]Q}- >0
X X

represented as

Or

4)zf o,x
‘\/,‘2 (Rsin5— Xcos5)

<1

7 =

Normally, phase angle difference is very small (5zo) Thus, the formulation of
FVSI for each transmission line can be defined from the left expression of above
equation as follows

2
4zl o,
=
v[ x

i

FVSI; =
|
The maximum value among these line indices will indicate the general system

voltage stability.

FVSI

system

= max{Fvs/; |

The above equation implies that the value of FVS .., should be less than unity,
otherwise the power system voltage may be collapsed leading to the collapse of the

whole system.

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)
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3.2.2 Line Stability Factor (LQP)
Line Stability Factor (LQP) is developed by A. Mohamed, G.B. Jasmon, and S.
Yusoff in [22]. By using the same line transmission model as in Figure 3. 1, another

form of current flow can be derived

Combining (3.1) and (3.7), a resulting equation can be obtained as

v 28— [
PJ—JOF‘VHVZL jX)M

Separating the real part and the imagine part of above equation, with an
assumption that the resistance is very small (R=0), the sub-equations are specified
as

‘\/,.H\/j‘smé
Pj:—
X
2
plfeosS |
i X

Rewriting (3.9) and (3.10) in terms of sin® and cosO and applying identity
(sinx)* +(cosx)* =1

the equation to compute |V, |2 is determined as
2
2 2, 12 242 2p2
‘\/j‘ +( 2x0,—Y| M +(x O+ X°P ):o
The mathematical condition to get the real roots for |V, |2 is represented as
2 2
(zxoj —vi ) —a(x?Q7 +x%77) 20

Or

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)
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4 ﬁ ﬁpjﬁq <1
i

i
When the resistance is negligible, the magnitudes of active power at sending and
receiving buses are equal (|P;| = |P; |). Hence, LQP can be defined as the left
expression of above equation
X X
LORy =8| =7 | 2R 40
M M
The maximum value among these line indices will indicate the general system

voltage stability.
LOP, 1oy =max {LOR, |

The above equation indicates that the value of LOPg.m should be less than

unity, otherwise the power system will face to the voltage collapse.

3.2.3 Line Stability Index (L,,,)
Line Stability Factor (L., is published by M. Moghavvemi and F. M. Omar in [21].

This fast voltage index is also defined by using the line model as in Figure 3. 1. From

(3.1) and (3.7), the equation to compute Q; can be derived as

_ | 2

/ \R+jx\

v,

sin(0—5)— sin(@)

\R+ jX‘
where @ is the angle of the total line impedance (Z = R + jX). Then, from the

above equation, |V;| is calculated as

The condition to get the real roots for |V;| is identified as

D\/,‘sin(@—é‘)T—CLXOJZO

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)
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Or

axo.
2 <1 (3.20)

U\/,‘sin(@—é‘)}z B

Finally, L., can be defined as the left expression of above equation

4xo,
% (3.21)

U\/,‘sin(@—é‘)}z

Similarly, the maximum value among these branch indices will represent the

Lan =

general voltage stability of power systems.

Lmng e, = mMax {Lmn,j } (3.22)

The value of Lmnyy., should be less than unity to maintain the system voltage

stability.

3.2.4 PQ Voltage Stability Index (PQVSI)

Vs Z  5,=P+j0,F

Figure 3. 2 [ model of a common transmission line.

Figure 3. 2 represents the [] model of a common transmission line. As in the
fisure, sending and receiving buses are defined based on the actual direction of the
active power flow on the line. P; and Q; depict the active and reactive power flowing
from receiving bus to sending bus, and hence, the value of P; should be negative.
The complex voltages at the sending and receiving ends are Vs and V;, respectively.

The network parameters can be computed as

A=1+2v, (3.23)
B=Z (3.24)
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where Z is the total line impedance and Yc is the half line charging admittance of
the transmission line. From this configuration, the real power flow at the collapse
point Pj,-NP can be derived as follows [23]
2
2[/m{AB*}tan 6, —Re{ 8" |+ |4 B]sec 6?1.,]

NP
P =

In this method, the increase of load demands is assumed to be under a constant
power factor. Then, the corresponding reactive power at the collapse condition can

be derived as

NP __ NP
Qf/=F; tamgji

where (9j, is the power flow angle computed by

o
_ i
tan eji -~
ji
where Pj,o and Qﬂo are active and reactive power flows at current operating
condition that can be calculated by AC Power Flow technique. Figure 3. 3 illustrates

the relationship between the current working condition and the voltage collapse

condition of a transmission line.

Pii | Q" =P" tang, |

s
7

(P".QF)

22 (P,Q0)

Figure 3. 3 Relationship between the current working condition and the voltage

collapse condition.
Consequently, the PQ Voltage Stability Index for each line is determined by the
ratio between magnitude of apparent power at normal working point and the one at

voltage collapse point. The equation can be written as

(3.25)

(3.26)

(3.27)
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When representing the reactive power in the term of real power as in (3.26) and

(3.27), PQVSI can be computed as

— i
POVSI; =i

Ji

Finally, the PQVSI can be obtained as

— i
PQVSI; =i

ji

The above equation indicates that, if one of PQ Voltage Stability Indices is close to
unity, the associated transmission line will be operated near the critical point leading
to the voltage collapse of the whole system. The max value of line indices will be

the representative of the network.

PQVSl,ery =miax {PQVSI, |

Among these fast voltage stability measures, PQ Voltage Stability Index approach
provides the reliable index values that reflect the true working condition of networks.
This method proposes an accurate formula to compute the voltage stability index,
while the other methods use the approximate equations. With the considerable
advantages, this tool will be used in the research to study the impacts of PV farms on

system static voltage stability.

(3.28)

(3.29)

(3.30)

(3.31)
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CHAPTER IV

Problem Formulation and Solution
4.1 Problem Formulation

As the previous mention in chapter | and chapter Il, PV systems may contribute
both positive and negative impacts to power networks. Therefore, it is necessary to
determine the appropriate PV systems to bring the maximum benefits to utilities and
PV producers, while the adverse effects are minimized. In this research, the PV
impact on system static voltage stability will be the first concern. Based on the
theory of PQVSI index discussed in chapter lll, this chapter will present a detailed
methodology to calculate the general PQVSI of the distribution system connected PV
units. This indicator not only shows the degree of system static voltage stability, but
also helps identify the proper PV systems to reduce system voltage instability. It is
noted that, the computation of this index requires power flow and bus voltage data,
which are the results of Load Flow calculation. Secondly, system power losses and
voltage deviation are taken into account as the additional criteria in the

determination of PV systems, and they will be represented in chapter V.
4.2 Novel Algorithm for Load Flow Calculation

Load Flow study is one of the most important techniques in power system
analysis and design [24]. By utilizing this method, steady-state behaviors of electrical
networks can be deeply assessed through various results such as bus voltage
magnitudes and angles, line flows and losses. The main objective of Load Flow
analysis is to specify the node voltages when the power network is under balanced
conditions. The formulation of system equations results in complicated nonlinear
equations in terms of active and reactive power, known as the power flow equations.
When the node injected power is identified, the set of these nonlinear equations can
be solved by iterative techniques such as Gauss Seidel and Newton Raphson
methods. Gauss Seidel technique introduces the simple formulas to estimate reactive
power at PV buses and node voltages at all buses except slack bus. However, it

requires a considerable amount of calculation time to converge to the roots.
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Nowadays, most of Load Flow programs are based on Newton Raphson method with
the high accuracy and small amount of required time. A well-known simulation tool
for solving power flow and optimal power flow problems is Matpower. It is intended
as a package of Matlab® M-files that is easy to use and modify. Obviously, PQVSI
could be merged in Line Flow calculation and hence, static voltage appreciation is
comprehensive. It should be noticed that each branch of the network configuration
has its own voltage stability index and thus, the maximum value among these indices

will be the representative to show the voltage stability degree of the whole system.

At normal working conditions of power systems, Matpower based on Newton
Raphson method can return the accurate solution of bus voltages. However, since the
load demands increase until the system faces to the voltage collapse point where the
operating condition is unstable, Newton Raphson may provide inaccurate solutions
due to the inaccuracy of Jacobian matrix. As a result, the computed PQVSI at this
critical point may be far away from unity; hence it does not reflect the true working
status of the system. To alleviate this drawback, the research suggests another
algorithm to solve Load Flow problem. Although the computation time can be
remarkably increased, it is expected that this algorithm with the linear equations and

very few intermediate calculations will return the better solution.

This algorithm starts from the basic equation describing the relationship between
node currents and node voltages through bus impedance matrix Z,,,. The purpose is

to specify the value of Vi,

Vi =2, Xl

bus bus bus

It is the fact that, a power system contains only one slack bus, and all of the

remaining buses are PQ or PV buses. Equation (4.1) is re-written as

V5 Zss ng Zs[ /5
Vo |= Zo Zg Zg|X l
V[ Zl Zl ZU /l

S s

where V and /; are node voltage and current at slack bus; V, and /, are the vectors

containing the node voltages and currents at all PV buses, respectively; V; and /; are

(4.1)

(4.2)
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the voltage and current vectors for PQ buses, respectively; Z, Z,.., Z; are sub-

matrixes obtained from Z,,. Equation (4.2) can be represented as a set of three

equations:
Vi=Z X+ Z, X, + 2 X, (4.3)
Ve =Zge X+ Zog Xy + 2, X, (4.4)
V=2 X+ 2, X, + 2, X, (4.5)

It should be noted that, the voltage at slack bus is clearly defined by operators.
Hence, only V, and V| need to be calculated. From (4.3), /; can be computed as

_ V= Z X, =2 X,

I (4.6)
ZSS
Substitute (4.6) into (4.4) and (4.5), the formulas to compute V,and V; are specified
B V, = Zoy X, — Z X,
V, =27, X + 7, Xl +Z, X,
ZSS
V. 7 9% 4 Z, XZ @D
=Z X+ (Z,, ——E )X, +(Z, — )X,
ZSS ZSS ZSS
V.—Z_X|,—ZX|
=z x5 ¢ "Ly 7 X, +7,%]
= g g
r > < > L %r (4.8)
=Z X—=+(Z, — = ——E)X|, +(7,— ==X,
SS SS SS
AWl parameters in (4.7) and (4.8) are well known except /, and /. To solve this
problem, the iterative method will be applied
(k+1) — V. _ ng stg (k) _ ng XZsl (k)
sS SS SS
V. Z . XZ Z, XZ
sS sS sS
where k denotes the iteration index. /; is estimated as follows
* x * *
l ( ( [ < l @.11)

*
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S, P, Q are the vectors containing the apparent, active and reactive power at all
PQ buses, respectively. In case of voltage-independent load, these vectors are kept
constant all time. However, when voltage-dependent load is taken into account, load
demand is the function of the corresponding voltage magnitude; so it will be updated

“ o

in each iteration along with bus voltages. The sign means the injected power is
negative or the load demands consume the active and reactive power. V, ¥ contains

PQ bus voltages at iteration k.

Similarly, /, is estimated by the following equation

* *

where P, and P,y contain generated active power and real power demands (if
any) at all PV buses. While P, is obviously constant, P, is dependent on the voltage
magnitude at the connected bus. However, the voltage magnitudes at all PV buses
are constant, so P, is constant as well. Q, consists of injected reactive power at all

PV buses, and each of its elements can be estimated as follows

where / denotes bus index, n is the number of buses in the network, and Y;;is the

element of admittance matrix Yy,..

By using the above iterative method with the suitable initial values of PQ and PV
bus voltages, the voltages at all buses are well identified at the steady state of the

power system. This novel algorithm can be described by the flow chart in Figure 4. 1.

(4.12)

(4.13)
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Initial values of Vi,

Y

From Vs, estimate

'DbeQg

|

Compute [, g
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\d

Calculate Vpu™

'

|VneW _Vold |<g?

bus bus

Record Vs

Figure 4. 1 Novel algorithm for Load Flow calculation.

Conventionally, AC Load Flow has only been applied to a single steady state of
power systems. Therefore, it may be restricted in assessing the true behaviors of the
system during a long period in which the load demands change frequently. Especially,
when the grid is integrated the PV generation with variable characteristics of its
generated power, focusing on a specific operating point becomes worthless. Although
the most stressful working point could be determined without difficulty in the
traditional network and Load Flow can be utilized at this time to generally evaluate
the system, challenges arise with the penetration of PV. Therefore, time-series Power
Flow becomes more useful in this circumstance [25]. The main concept of this
approach is to collect the load and generation data every interval during a specified

duration; and then, Load Flow program will be run at every time point to gather all
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necessary information. Finally, the information is analyzed to return the common

voltage stability index expressing general operating status of the system.
4.3 System Component Modelling
4.3.1 Review of PV Generation Model

In chapter Il, the PV generation model has been well established for Load Flow
analysis. Based on this model, the photovoltaic bus can be treated as a voltage-
controlled (PV) bus or load (PQ) bus depending on the control mode of PV
generation. Hence, this bus is connected to the power network by using the line-
reactance model (X7) of the step-up transformer. It should be noticed that, besides
only one slack bus, the other buses of the considered power system can also be

voltage-controlled (PV) or load (PQ) buses.

Photovoltaic bus Step-up transformer (X7)
(Voltage-controlled or PQ bus) W Distribution
L ® Power

System

Figure 4. 2 PV generation model.

4.3.2 Distribution Line Model

Normally, transmission lines of distribution networks are short enough to apply
the simple H model (Figure 4. 3). When taking into account long line effects, the

distributed-parameter line model should be considered.

Z=R+jX

Figure 4. 3 Simple H model of distribution lines.
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4.3.3 Load Model
4.3.3.1 Voltage-independent Load Model

In accordance with time-series Power Flow, load demands have to be collected
every time step At during the study period. Suppose that this duration consists of
many hours, and the average value of the power demand in each hour has been
identified based on the historical data analysis (Table A.6 — Appendix). The load at

time ¢ of hour i can be calculated from the preceding value at time t—At as
Al :e,t—Ar +AP

where AP is the load difference that is described by normal distribution
N(O,GZAI‘)

Ap=0+0cJAtz

O 1= ﬂxfpavg,/

where O is standard deviation of forecasted demands in hour /i which can be
approximated by coefficient ,B times of root of average value as (4.16) [26], and Zis a
standard normal distributed random number. The mean of ‘0’ implies that the load
varies around the average value. From (4.14), (4.15) and (4.16), the stochastic model of
load demands is represented as (4.17) with the starting value A ,—, is assumed to be

P

ave,i*

Fe=F A +ﬂ«/Pavg,/ VAt Z
It should be noticed that the reactive power demand can be directly estimated

from (4.17) by an assumption of constant power factor.
4.3.3.2 Voltage-dependent Load Model

In reality, the actual load of a power system depends on the voltage magnitude
at the connected bus. To study the true dynamic behavior of power systems, this
issue has to be taken into account. Normally, there are three main types of loads:
constant power, constant current and constant impedance loads. A good example of

a constant power load is a motor-based equipment. This component has to maintain

(4.14)

(4.15)

(4.16)

(4.17)



38

its power into its load, so it must draw the same amount of power from its source
even if the source voltage changes. For constant current load, a welding machine is a
good example. Shielded metal arc welding and gas tungsten arc welding use a
constant current. Finally, constant impedance load can be found in residential

consumers such as light and heat elements.

It is obvious that the real power consumption of a constant power load maintains
at the rated value (P,). In case of constant current load, the real power consumption
(P) is proportional to voltage magnitude at connected node (|V |). This proportion can

be illustrated as

P_ P %
— =2 =consz‘:>P=Po><u
A Vol

where P, and |V,| are rated power and voltage magnitude. Similarly, the real
power consumption of a constant impedance load is proportional to square of

corresponding voltage magnitude

VE _IV%F

= o

PP

\/2
=con5t:>P=Po><%

Vo
In fact, the load demand that is connected at a particular bus is the combination
of all types of loads. Therefore, the voltage-dependent load model can be
established as follows
2
Ve

o
Vk,i,t

o Vi
P Pk,i,tX(W1+W2X B

at

)

+w, X

2

where Py;; and |V ;4 are the active power demand and the voltage magnitude (in
per unit) at time t in hour / at bus k. The nominal value Poky,;t is calculated as in the

case of voltage-independent load model

Fore = (B pe X Baseyy, + £ [Pre VAt 2)/ Base,y,,

In addition, w;, w, and wj are weighting factors denoting the percentage of each
type of loads. The summation of these coefficients should be unity. It should be
noticed that the value of |VO kit 1s always assumed to be unity at any time and

location.

(4.18)

(4.19)

(4.20)

(4.21)
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With voltage-independent load model, at each time point, the constant values of
load demands are clearly identified by using previously described stochastic process.
Associated with PV generated power, the bus voltages can be easily specified by using
conventional Load Flow program. However, with voltage-dependent load model, the
calculation process becomes more complicated. At a particular time, Load Flow
technique requires power demands (P, Q) as the input data to return bus voltages.
However, in this case, power demand is the function of corresponding bus voltage
magnitude that is unidentified before solving Load Flow problem. In the other words,
power demands need to be given to obtain bus voltages; vice versa, bus voltages are
necessary to determine power demands. Therefore, Load Flow program has to be
modified to take into account this issue. Once again, iterative method plays a vital
role in this situation. The calculation process can be illustrated as in Figure 4. 4. After
this process, the bus voltages along with the power demands are clearly determined

at every time point during study period.



[

i = linitial

/

v

t=0

v

Compute nominal
load P%,;: ¥V k

v

Vk,i,r = Vk,n,rmma"

v

t=t+At

Prie = (| Vigie|)

' 3

Figure 4. 4 Flow chart describing the algorithm for voltage-dependent load

v

LF calculation
Store Vit

v

old
narm(V,c_,_, - Iu',r) <g?

norm(V, ;)

i< ifinuj ?

Yes

(

End

4.4 Solution Methods

model.

40

Based on time-series AC Power Flow, the main concept of this method is to

collect the load and PV output data every interval during a specified duration; and

then, Load Flow program will be run at every time point to gather all necessary

information. After that, the information is analyzed to return the common voltage

stability index to express general operating status of the system. According to this

concept, some technical terms should be defined as follows:
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® [ocal PQVSI (PQVSliueo): At any time point, Load Flow is applied to return the
voltage stability indices of all branches. The max value within these indices will
be the general indicator of the system at that specific time and it is called

local PQ Voltage Stability Index.

® Global PQVSI (PQVSyopa): That is the maximum value of the local PQ Voltage
Stability Indices considering all time. This index is the overall representative of

the whole system during the study period.
® (ritical time: Thai is the time point when the system reaches the global PQVSI.

® | ocal critical line: At a time point, it is the branch corresponding to the local

PQVSI.

® (Global critical line: That is the branch related to the global PQVSI at critical

time.

Figure 4. 5 describes the research method. It should be noted that, in the case of

voltage-independent load, the nominal load is also the actual load.



Historical Data Analysis
and Simulation for PV
Power and Nominal Load

'

Establish System Model
and Input Data at
Initial Time tinitial

!

Run Power Flow
Program

v

Update PV Power and
Nominal Load Data

Record Bus Voltages,
Actual Load Data and
Local System PQVSI

Figure 4. 5 Flow chart describing the method.
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CHAPTER V

System Power Loss and Voltage Deviation Assessment

5.1 Introduction

In the previous chapters, the methods to assess static voltage stability of electric
power systems integrated PV generators are presented. In fact, there are many
aspects of power systems affected by PV installation, not only voltage stability but
also system reliability, power quality, power losses, and etc. Although the
determination of PV systems based on voltage stability criterion is particularly
important, it may not satisfy the other technical requirements. To objectively and
accurately determine an appropriate PV system for distribution networks, other
criteria need to be taken into account. The more standards a PV system meets, the

more suitable it is.

In distribution systems, power loss is always one of the big concerns. Typically,
active and reactive power losses can occur in various system components such as
distribution lines and transformers during the distribution process. These losses cause
not only the extra fuel costs but also the additional supplying power to cover them.
Since distribution losses, especially active power loss, are directly related to the
profit of electrical producers, it is quite necessary to minimize these losses as much
as possible. While many methods of reducing power losses can be applied to existing
networks, the other approaches are utilized during the process of constructing new
power systems. Strategically, beside the benefits in meeting the growth of demands
and enhancing system stability, an appropriate PV system may also help reduce
power losses remarkably [27]. Therefore, in this research, the standard for system
power losses will be added in determining the proper PV generation. Furthermore, in
the PV design and installation process, voltage deviation may be considered as a
complementary criterion as well. This issue is defined as the voltage difference

between the buses of a power network at steady-states [9]. For the simplicity, all
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additional criteria including power losses and voltage deviation are represented by a

common index that will be discussed in details in the next section.

5.2 System Power Loss and Voltage Deviation Indices

In the limitation of this research, beside voltage stability issue reflected by PQVSI,
another index named Multiobjective Index (MOI) will be introduced as the
combination of system active power loss index (PLI), system reactive power loss
index (QLI) and system voltage deviation index (VDI) [9]. By using this combined
indicator along with PQVSI, it is expected that the specified PV generator can gain

more benefits for utility grids.

As the previous mention, MOI is formulated from three indices: PLI, QLI and VDI;
hence, this index represents the general influence of PV penetration on system
power losses and voltage deviation. First of all, it is necessary to establish the

equations of three component indices.

5.2.1 Active Power Loss Index (PLI)

Suppose that a typical distribution network without PV has n branches as shown
in Figure 5. 1 (a). P, and Q; are the active and reactive power flows on branch i,
respectively; while R; and X; denote the corresponding line resistance and reactance.

In addition, the complex voltage at bus i is defined as V..

n-1 NP, Q, h+l

)
iz
vP
[}
2
e
it
o
i

O 1 P1 Q 2 Pz,Qz \/ n-1 npe,Q, n+l
'1 '1 3'1 ........... '1 '1 '1

Figure 5. 1 Radial distribution system: (a) without PV and (b) with PV.
From Figure 5. 1 (a), total active power loss of the distribution system without PV

is calculated as [28]
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n
A= ;% XR, (5.1)
Without loss of generality, this equation can be applied to the power system with
PV penetration as in Figure 5. 1 (b). In this case, the photovoltaic bus is simply
treated as load (PQ) or voltage-controlled (PV) bus depending on the PV control
modes, and the step-up transformer can be viewed as a branch with the identified
resistance and reactance. So far, the system integrated PV units becomes a regular

power network. Based on these calculations, the active power loss index (PLI) is

defined as

pPv
pL =" (5.2)
A
where PLPVis the total active power loss of the system with PV penetration. If PLI
value is less than unity, it means that the appearance of PV units helps reduce the

system active power loss; and vice versa.

5.2.2 Reactive Power Loss Index (QLI)

Similar to PLI, reactive power loss index (QLI) can be defined as

PV
QL/ZQ# (5.3)
Q
where QLPV and Q, are the total reactive power losses of the system with PV and
without PV, respectively. Both QLPV and Q, can be computed by using the following
equation
n_p2 2
P+ QO
Q= ’ =X X; (5.4)
L Z vV
5.2.3 Voltage Deviation Index (VDI)
From Figure 5. 1, the voltage deviation or voltage difference along the branch /
(between bus i and bus i+1) can be computed as [29]
PXR +Q XX,
|\/D, |:| i TG0 i | (5.5)

i

Vi |
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Subsequently, the total voltage difference squared of the power system will be

formulated as

n

2 (F?XR/"'_Q/XX/‘)Z
v _Z (V)
i=1 i+1

Finally, the ratio between the system voltage deviation squared in case of PV
(VDZPV) and the system voltage deviation squared in case of no PV (VD" is defined as
voltage deviation index (VDI)

VD3

VDI =-—£t
VD

It should be noted that, all of these component indices are calculated based on
power flows (P, Q) and bus voltages (V), which are the solutions of Load Flow

analysis. Therefore, like PQVSI, these indices can be merged in Load Flow program.

5.2.4 Multiobjective Index (MOI)
To generally evaluate the impact of PV on system power losses and voltage
profiles, the above individual indices are combined to form a common index named

Multiobjective Index (MOI). The formula for MOI can be written as follows [9]
MOI = 0t, X PLI+ O, X QLI + 0t, X VDI

where &, O, , 0 are the weighting factors. These factors vary between “0” and
“17; and their summation should be one. It is obvious that, when the PV system is
not connected to the utility ¢rid, the MOI reaches the value of unity. The
determination of weighting factors depends on research purposes, interests of
utilities and PV producers, experiments, and etc. Based on the fact that active power
loss is always one of the biggest concerns since it is directly related to the profit, the
corresponding weighting factor (¢¥;) can be assumed to be 0.5 in this research. The
other factors (&,,Q;) are supposed to be 0.25 each because reactive power loss
and voltage deviation problems often receive little attention. However, these weights

can be easily adjusted to satisfy the specific requirements.

According to the methodology of this research, the study period is divided into

many intervals. At each time point, Load Flow calculation will be applied to analyze

(5.6)

(5.7)

(5.8)
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the system steady-state properties and return one individual (local) MOI. Considering
all study duration, the global MOI (MOlyepe) can be defined as the average value of

all local Multiobjective Indices

-
1
MO/global = ? ZMO/t
t=1

where T is the number of time points, and MO, is the local index at time point t.
By using this general index along with global PQVSI, the study of PV impacts on

distribution networks will be a multi-dimensional assessment.

In some cases, to represent only the PV effect on the system active power loss,

PLlgopa Can be defined as

.
1
LN ;Zput
t=1

where PLI; is the local active power loss index at time point t. It should be
noticed that, if @ is set to be “17; while &,,&; receive the values of “0”, MOlyopa
will become PLlgopq. Obviously, OLlgopar OF VDlgope can be defined in a similar way.

Next section describes the calculation process.

5.3 Computational Procedure

The process to compute the global MOI of a distribution system connected PV

units is summarized by following steps:

Step 1: Run Power Flow program at every time point during the specified duration for
the system without PV (the base case system). The voltage-dependent load will be
considered by using iterative method inside Load Flow program. At each time point,
gather the system active and reactive power losses (P, Q. as well as system

voltage deviation squared D).

Step 2: Run Power Flow program at every time point during the study period for the
system with PV (the test system). Input data of PV power can also be collected every
time interval as the previous discussion in chapter IV. At each time point, gather the
system active and reactive power losses (PPVL,b QPVLI) and system voltage deviation

squared (VDPWZ).

(5.9)

(5.10)
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Step 3: Based on the information from steps 1&2, at each time point, compute active
power loss index (PLIy), reactive power loss index (QL/;) and voltage deviation index

(VDI,) of the test system by using (5.2), (5.3) and (5.7).

Step 4: From the indices in step 3, at each time point, calculate Multiobjective Index
(MOI,) of the test system by using (5.8).

Step 5: Specified global MOI by using (5.9). This index will be the representative of

the whole system considering the entire study period.
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CHAPTER VI

Test Results and Discussion

6.1 Test System Model and Sample Data
6.1.1 Test System Model

This section describes a real distribution power network in Thailand named
TahSai system. The network consists of 33 branches and 34 buses, in which bus 1 is
considered as the slack bus. The remaining nodes are viewed as PQ buses in Load
Flow program, but in fact there are only 18 actual load points. When the
photovoltaic generator is connected to any node, that node will play the role of grid
bus as in Figure 2.6 (chapter Il). For convenience, the photovoltaic bus is defined as
bus 35 which can be PQ or PV bus depending on the operating control mode.
Utilizing this test system, time-series Power Flow studies will be carried out with
different positions, sizes and control modes of PV generation. TahSai system

configuration is illustrated in Figure 6. 1.

20422

J‘J
1 2 3 oa 104 11 12 19| 21| 23| 25|26 27 28
GOH+—+ J 4 J 2=t H

7—& 8’1 1;|l5‘:1116'117'1 18’1

Figure 6. 1 Single diagram of TahSai distribution power network.

6.1.2 Numerical Examples of PV Generated Power and Demands

The research has been conducted in a period from 7 am to 6 pm of a typical
summer working day with the time interval (At) of 1/60 hours. To generate the PV
active power, it is required to know the input data of solar irradiance and
temperature. According to [30], the irradiation and ambient temperature models
have been well established. Figure 6. 2 shows the sample of environmental

conditions which are simulated every minute throughout the observation period.
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Figure 6. 2 Sampling irradiance and temperature for a typical summer day.
Consequently, the corresponding active power from the PV farm is produced as

in Figure 6. 3 by using the concepts discussed in chapter .

Active power (MW)

7 8 9 10 11 12 13 14 15 16 17 18
Time (hours)

Figure 6. 3 Sampling generated active power from 8 MWp (peak) PV generation.

In addition, based on the theory mentioned in chapter IV, the load demands at
all buses are determined by using voltage-independent load model as in Figure 6. 4,
for example. For voltage-dependent load model, load demands along with bus

voltages will be the final solutions after solving time-series Power Flow completely.
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Figure 6. 4 Sampling voltage-independent active load at bus 24 for a working
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6.2 Determining the Proper Centralized PV System in TahSai Distribution
Network considering Static Voltage Stability

6.2.1 Effect of PV Generator on System Static Voltage Stability

Firstly, PQVSI analysis will be applied to the system without penetration of PV. In
this case study, voltage-independent load model is concerned. Table 6. 1 has shown
three highest voltage indices at the critical time when one of the branches reaches

the highest PQVSI considering all study period.

Table 6. 1 Highest PQVSI values at critical time in base case.

(Using voltage-independent load model)

Highest PQVSI at the 5" minute of the period 1-2 pm
Line PQVSI
11-12 (global critical line) 0.2487 (global value)
3.4 0.1364
2-3 0.1180

At this specific time, the industrial load demands are quite high causing the large
amounts of power flowing on the lines. All lines 2-3, 3-4 and 11-12 belong to the
main feeder, thus their power flows are considerable. As a result, these lines become
more stress leading to high values of their PQVSI. Nevertheless, voltage stability
indices are also influenced by line parameters (e.g., the resistance and reactance). It
can be shown that, although the power flow on branch 11-12 is smaller than the
one on branch 2-3 or 3-4, the parameters of this line, however, are considerably
greater than the other ones (Table A. 7 — Appendix) leading to the smaller value of
power limits (fjj/,.\’P) . As the PQVSI is the ratio between the actual power and the limit,
the index of branch 11-12 can be the highest one, and in fact, it is the global value.
The PQVSI of the whole system shows that, the operation is at normal conditions

and does not cause the voltage instability.

Then, a PV generator of 8 MWp (Megawatt peak) is installed at bus 12 to see the
impact of this renewable energy source on the system voltage stability. Both control

modes are taken into account to return the results as in Table 6. 2.
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Table 6. 2 PQVSI values in case of PV.

(Using voltage-independent load model)

Fixed power factor control PF=1

Critical time (38" minute of the period 8-9 am)

Global PQVSI 0.2150

Global critical line 11-12

Reference time (5" minute of the period 1-2 pm)

Local PQVSI 0.1854

Local critical line 11-12

Terminal voltage control V=1.04

Critical time (58" minute of the period 7-8 am)

Global PQVSI 0.1669

Global critical line 11-12

Reference time (5" minute of the period 1-2 pm)

Local PQVSI 0.1449

Local critical line 35-12

At the reference time (the critical time in case without PV), with the good
conditions of sunlight and temperature, the PV farm contributes a significant amount
of active power into the network causing the changes of the line flows. Specifically,
in any PV control mode, the active power flow on line 11-12 is decreased comparing
to the one in case of no PV, and hence, it causes the reduction of line 11-12’s PQVSI.
In the case of constant PF mode, even that line 11-12’s PQVSI still be the local
maximum index at this time, it is reduced considerably to 0.1854 and then, it is not
the global PQVSI anymore. On the other hand, in constant voltage mode, PV system
supports not only active but also reactive power into the network. Comparing this
mode to the fixed PF regulation and considering line 11-12 at the reference time, the
flow of active power is almost similar but the corresponding reactive power is
decreased significantly leading to a quite small value of line 11-12’s PQVSI (0.1281).

As a result, branch 35-12 with the higher voltage index becomes the local critical line
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at this time. In general, the new critical time can be defined when the load demand
is extremely high but the network does not receive the proper contribution from PV,
or it can be the time with the over support from PV generation. As in the Table 6. 2,
the global PQVSI reduces from 0.2487 (the case without PV) to 0.2150 (PF control
mode) or 0.1669 (voltage control mode) showing that: with the appropriate

integrated PV system, the network voltage stability can be increased remarkably.

The results are also verified by using voltage-dependent load model as in Table
6. 3 and Table 6. 4. It can be seen that, both types of load models return the similar
results. However, voltage-dependent load model is recommended since it reflects
actual behaviors of load demands causing more reliable voltage indices. From now

on, this model of load demands will be used to conduct the research.

Table 6. 3 Highest PQVSI values at critical time in base case.

(Using voltage-dependent load model)

Highest PQVSI at the 5" minute of the period 1-2 pm
Line PQVSI
11-12 (global critical line) 0.2464 (global value)
3-4 0.1354
2-3 0.1172

Table 6. 4 PQVSI values in case of PV.
(Using voltage-dependent load model)

Fixed power factor control PF=1

Critical time (38" minute of the period 8-9 am)

Global PQVSI 0.2130

Global critical line 11-12

Reference time (5th minute of the period 1-2 pm)

Local PQVSI 0.1807

Local critical line 11-12




54

Terminal voltage control V=1.04

Critical time (58" minute of the period 7-8 am)

Global PQVSI 0.1692

Global critical line 11-12

Reference time (5th minute of the period 1-2 pm)

Local PQVSI 0.1441

Local critical line 35-12

6.2.2 Impacts of Different PV Locations on System Static Voltage Stability

Now, a PV farm of 8 MWp under unity PF control mode will be installed at
various locations to observe its effect on system voltage performance. Several
positions are interested such as bus 2, bus 5, bus 12, bus 13, bus 27 and bus 33. It is
noted that voltage-dependent load model is applied for the rest of this research.

The results have shown in Table 6. 5.

Table 6. 5 Output data considering different PV locations.

Bus Critical time Global PQVSI Global critical line
No PV | 1-2 pm (5" minute) 0.2464 11-12
2 1-2pm (5" minute) 0.2464 11-12
5 1-2pm 5" minute) 0.2462 11-12
12 | 89am (34" minute) 0.2130 11-12
13 | 89am (34" minute) 0.2130 11-12
27 | 12-1pm (33" minute) 0.2140 26-27
33 | 8-9am (34" minute) 0.2130 11-12

At the locations near the slack bus (e.g., bus 2), the appearance of PV does not
have noticeable impacts on the system voltage stability. In this case, PV farm
combines with the slack bus to become a group of generators directing forward to
the loads. With the assistance from the PV station, the conventional supply can
reduce its generated power to satisfy the demands. The interaction between the PV

system and the main substation can be seen as the internal support. If all generators
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are considered as a united system, the total amount of supplying power from this
source should be similar to the one from only slack bus in the case of no PV. In
other words, at this position, with or without PV, the flows of power on the lines are

almost equal leading to the same values of global PQVSI.

At bus 12, the PV system helps reduce the voltage instability as the discussion in
the previous section. It should be noticed that, when the PV generation is integrated
at bus 27, the amount of active power flowing from bus 27 to bus 26 reaches the
highest value at the time of the best environmental conditions. In addition, based on
the configuration of the system, line 26-27 has the quite high reactance and
resistance causing its power limit (P},\./P) is restricted. By combining these two
conditions, this line becomes the global critical line with the highest PQVSI at the
time of the most suitable sunlight and temperature. Although the similar problem
occurs to line 31-33 when the PV farm is connected at bus 33, the physical
parameters of this line are very small conducting to the opposite results. In facts, line
31-33’s PQVSI is only 0.0959 when the PV generated power reaches the maximum
value, while the local critical line at this time is branch 35-33 with the local PQVSI is
0.1387. The actual critical time is the 34" minute of the period from 8 am to 9 am,
when the active power from PV generation is only enough to supply to the demands

at buses 30, 32 and 34; and the rest of power comes from the slack bus.
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Figure 6. 5 Impacts of various locations of PV farm on static voltage stability.
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6.2.3 Impacts of Different PV Sizes on System Static Voltage Stability

Repeating section 6.2.2 with different values of PV size to see the impacts of PV

system on the network voltage stability. According to Grid Code, the size of PV is

limited depending on the actual distribution system. In this research, the PV size is

increased constantly up to 36 MWp with the 1 MWp step size; and some remarkable

results are shown to observe the effects of changing PV size on the system voltage

stability. In this case, PV farm is installed at bus 12.

Global PQVSI
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Figure 6. 6 Impacts of various sizes of PV farm on static voltage stability.

Table 6. 6 Output data considering different PV sizes.

PV Size (MWp) Critical time Global PQVSI Global critical line
No PV 1-2 pm (5" minute) 0.2464 11-12
2 1-2 pm (6" minute) 0.2308 11-12
4 8-9am (34" minute) 0.2220 11-12
8 8-9am (34" minute) 0.2130 11-12
12 12-1pm (33" minute) 0.2218 11-12
16 12-1pm (33" minute) 0.2437 11-12
20 12-1pm (33" minute) 0.2844 11-12
24 12-1pm (33" minute) 0.3189 11-12
28 12-1pm (33" minute) 0.3490 11-12
32 12-1pm (33" minute) 0.3759 11-12
36 12-1pm (33" minute) 0.4001 11-12
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With 2 MWp PV system, this capacity seems to be too small to cause the
noticeable impact on the voltage profile. As the results, the global PQVSI as well as

the critical time does not change too much in comparison to the case without PV.

When the PV size keeps rising up to 8 MWp, the voltage index decreases showing
that: with the appropriate capacity, the PV system can support the network in
sustaining the voltage stability. In these cases, the critical time also changes as
mention in section 6.2.1. However, when the PV size is too large combine with the
compatible conditions of sunligsht and temperature, the generated active power can
be dramatically exceeded causing the significant problems for the voltage profile.
One of the disastrous consequences is the voltage collapse when the PV capacity is
high enough and the global PQVSI index is very close to unity leading to the collapse
of the whole system. For the exceedingly high values of PV size, 36 MWp for
example, the critical time changes as in the table because at this point, with the best
environmental conditions, the PV generated power reaches the maximum value
during one day. In this case-study, PV generator is operated under unity power factor
control mode. In the case of non-unity power factor, the research is also conducted
giving the quite similar trend of the global PQVSI when the PV active power keeps

increasing.

Based on the above results and discussion, it can be concluded that: when the
generated power from PV is high enough, the global PQVSI will reach the value of
“1” representing the collapse of the whole system. However, it is reasonable to
suspect this conclusion. Indeed, if PV unit is controlled under fixed non-unity power
factor, it will supply both active and reactive power with the strong relation into the
grid. When the PV active power increases causing the corresponding increase of PV
reactive power, the bus voltage magnitudes of the system will be raised. As a result,
the system voltage profile can be far away from the collapse condition and hence,
the system voltage stability will be enhanced. In the other word, the global PQVSI
should be reduced in this phenomenon instead of reaching unity as the above
results. To clearly explain this query, an additional case-study will be implemented

as follows. Power Flow analysis is applied to TahSai distribution network at a specific
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steady-state at which, the load demands are fixed as in the base case (Table A. 5 -
Appendix). Based on this state, the generated power from PV is varied to observe the
voltage profile of the network. Ideally, the photovoltaic bus (bus 35) is treated as a
PQ bus with the constant power factor of 0.8. In order to comprehend the effect of
PV size on system voltage stability, the PV injected power is supposed to be either
positive (bus 35 is a generation bus — default case) or negative (bus 35 plays the role
of load bus - hypothetical case). The results are shown as in Figure 6. 7. In this figure,
the active power at bus 35 is represented in the form of consumption (demands) for

convenience.
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Figure 6. 7 Effect of exceeded power from PV on system voltage stability.
Firstly, the global PQVSI is calculated along with the variation of the active power
at bus 35 resulting the global PQVSI curve as in the figure. It can be seen that, when
the load demand increases from 0 to 34.6 MW, the voltage magnitudes at some
buses (bus 12, for example) will drop until the system faces to the voltage collapse.
This phenomenon has been clarified in many studies, and it is correctly reflected by

the increase of the global PQVSI till this index reaches unity. Logically, when the load
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at bus 35 decreases and especially, bus 35 changes the role to become the
generation bus (the consumption power changes from the positive value to the
negative one), the operating condition will move away from the collapse condition.
This enhancement of voltage stability is still accurately presented by the reduction
of the global PQVSI. However, when the PV injected power exceeds the value of 8.6
MW, the global PQVSI starts to increase again and this indicator will proceed to “1”
as the previous results. This phenomenon will be the main point at issue in this case-
study. With the exceeded amount of PV power, branch 11-12 is identified as the
global critical line, and bus 11 is defined as the cause of the system collapse since it
receives too much power. Hence, the voltage magnitude at this bus will be observed
to explain this phenomenon. Indeed, when the PV supplying power keeps rising, bus
11’s voltage magnitude increases as expected; but then, it drops rapidly until
reaching the collapse point as in the figure. The movement to the collapse condition
of the voltage magnitude at bus 11 when PV power is exceeded confirms the validity
of the system PQVSI in this situation. In conclusion, this research verifies the accuracy
of PQ Voltage Stability Index in presenting the system voltage stability in any

circumstances.
6.2.4 Proper Location and Size of PV Generator

In this research, three properties of PV stations including size, location and
control mode are taken into account. It is the fact that, PV control modes can be
easily adjusted at any time by operators when running the power system; while the
location and installed size must be specified before plant construction. According to
this fact and to reduce the complexity, the PV control mode is assumed to be fixed
at standard scheme; then, PV size and location will be varied simultaneously to
identify the most suitable solution based on static voltage stability criterion. In
reality, the suitable position of PV depends on various factors like light intensity,
terrain, available lands, and etc. Several locations are interested such as bus 2, bus 5,
bus 12, bus 13 and bus 27. To comply with Grid Code, the size of PV is also limited

depending on the actual distribution system; then, the PV size is constantly increased
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up to 36 MWp with the 1 MWp step size. Figure 6. 8 shows only remarkable points to
depict the effect of PV penetration on the voltage stability.

At the locations near the slack bus, the increase in penetration of PV does not
have noticeable influences on the system stability as previous discussion. The only
reason that can make the system more unstable is the exceeded power flows on
branches 1-2 and 35-2. In fact, when the PV is sized up to 36 MWp with
corresponding outside conditions, line 35-2 becomes more stress causing high value
of its PQVSI and then, this value plays the role of global one. At bus 12, research was
completely conducted. The similar trend can be observed for bus 27. It should be
aware that, the cases of bus 5 and bus 13 are not represented in the figure because

they return the same results as in the cases of bus 2 and bus 12, respectively.

0.45
0.4
2 35
5 °
= 03 —&—Bus 2
Q0
S 025 —1‘—_0‘—0;‘740"‘4 ~B-Bus 12
AR,
0.2 Bus 27
015 T T T T T T T T T 1
0 4 8 12 16 20 24 28 32 36
PV Size (MWp)

Figure 6. 8 Effect of PV penetration on voltage stability.
From Figure 6. 8, bus 12 should be chosen as the most proper location of the PV
system with its corresponding suitable size of 8 MWp based on the static voltage
stability criterion. This position seems the same answer with the center of loads. In

this instance, the PV generator is operated at unity power factor.
6.2.5 Enhance Size of PV by Adjusting Power Factor of Inverter

Now, a PV farm of 8 MWp has been installed at bus 12 and various power factor
operations of PV will be studied. It is expected that by using another power factor

instead of unity value, the voltage stability index can be reduced more. Since, the PV
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capacity is sized up until the global PQVSI reaches again the initial value as planned
in the previous section. The article will prove that, although the degree of voltage
stability does not change, this adjustment can bring more financial benefits to PV

owners. Firstly, the impact of different power factors is illustrated through Figure 6. 9.

When the PF starts to decrease, the PV system supports not only active but also
reactive power into the network. Hence, the flow of reactive power on branch 11-12,
for example, can be reduced when compared with the case of unity PF. this

reduction on some key lines can affect to the parameter 0.

i in equation (3.25), may

increase limit values (P}VP), and then, decrease the PQVSI of these lines as well as
the whole system. However, when the PF is under 0.8, the supported reactive power
from PV seems to be over. The trouble occurs at the time of the highest sunlight, the
generated active power from PV is extremely considerable, and with the small value
of PF, the amount of reactive power is quite high as well causing voltage instability.

In summary, the PF of 0.8 is suggested to be used when operating the PV system.
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Figure 6. 9 Effect of various power factor operations of PV on voltage stability.
Nevertheless, PV producers do not want to operate their own generators at a
power factor less than unity because of financial problems. For instance, with the PV
arrays of 8 MWp under the unity power factor operation, the minimum size of the
inverter required is 8 MVA only; while in the case of 0.8 PF, the peak values of active
and reactive power from PV are 8 MW and 6 MVAr, respectively, so the inverter must
be designed for the apparent power of 10 MVA. Due to high investment costs of

inverters whereas the PV owners do not gain any benefit, they have the reason to
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refuse to support utilities. Alternatively, private investors may want to obtain more
profit by increasing the capacity of PV that is restricted by voltage stability
requirements. This contradiction can be solved if the PV producers enhance
electricity generation while reducing power factor of inverter to maintain the initial
global PQVSI. This process, simultaneously, satisfy the requests of utilities regarding

reactive power assistance. The agreement is reached as in Table 6. 7.

Table 6. 7 Adjustment of PV installation.

Original plan | Adjusted plan
Location of PV Bus 12 Bus 12
Size of PV (MWp) 8 9
Operated power factor 1.0 0.8
Global PQVSI 0.2130 0.2136
Size of inverter (MVA) 8 11.25

The interests of private investors will be discussed in details. According to [31],

the output energy from PV in one year can be calculated as
Asy =CF X P%, X 8760

where CF is capacity factor, PL, is installed capacity of PV arrays. Based on the
policy =~ mechanism  designed to  accelerate investment in renewable
energy technologies named Feed-in Tariff (FiT), the price of PV electricity in Thailand
is specified. Then, the revenue of small power producers will be determined for a
year. In addition, suppose that investment costs for solar farm are given as in Table

6. 8. From this information, the benefits of investors are illustrated as in Table 6. 9.

Table 6. 8 Example of given data.

Costs of PV modules (Million THB/ MWp) 24.75
Costs of inverters (Million THB/ MVA) 22
Costs of others (Million THB/ MWp) 8.25
Capacity factor (%) 16
PV electricity price (THB/ kWh) 5.7

(6.1)


http://en.wikipedia.org/wiki/Renewable_energy
http://en.wikipedia.org/wiki/Renewable_energy
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Table 6. 9 Investment costs and benefits for PV owners.

Original plan Adjusted plan
Investment costs (Million THB) 440 544.5
Revenue (Million THB/ year) 63.9 71.9
Recovery of investment (years) 6.9 7.6

In conclusion, utilizing an appropriate power factor control mode combined with
the enhanced size, PV producers not only gain more profit but also help maintain

the normal voltage stability and provide the necessary reactive power to utilities.

6.2.6 Enhance Bus Voltage Performance in Network by Adjusting PV Terminal
Voltage

First of all, voltage profile of all buses will be studied in the case of original plan
(@ PV farm of 8 MWp at bus 12 under unity PF). By running Power Flow program
every minute throughout the study period, the voltage magnitudes of all buses can
be clearly identified. From that, the maximum and minimum values of bus voltage
magnitudes are defined for each time point. Figure 6. 10 illustrates the voltage
performance of buses in the TahSai system. It can be seen that, the maximum value
of bus voltage magnitudes keeps constant at 1.0455 every time, and it is the voltage

magnitude at slack bus (bus 1).
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Figure 6. 10 Bus voltage performance in original plan.
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Figure 6. 11 Impacts of various PV terminal voltage magnitude on voltage

stability.

Then, from this original plan, a proper voltage control mode is determined to
increase the voltage stability of the network. In this research, the constant voltage
magnitude at bus 35 is varied from 0.95 p.u. to 1.05 p.u. with the step size of 0.1 p.u.
to specify the suitable operation state based on PQVSI. The results are represented

in Figure 6. 11.

From Figure 6. 11, the constant voltage magnitude of 1.04 should be set up at PV
terminal bus. Figure 6. 12 depicts the voltage performance of buses in this case. It is
very clear that, using this PV control mode, not only the current condition is far away
from collapse condition, but also the bus voltage profile becomes a lot better. At
each time point, the voltages of all buses are kept within a small range around 1.04.
Furthermore, the voltage fluctuation considering all time is reduced considerably,
that can be observed through the minimum values of bus voltage magnitudes during

the specified duration.
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Figure 6. 12 Bus voltage performance in the case of 1.04 PV terminal voltage.
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6.3 Determining the Proper PV System in TahSai Distribution Network

considering Other Supplementary Criteria
6.3.1 PV Impacts on System Power Losses and Voltage Deviation

In section 6.2.1, a specific case of PV installation (A PV farm of 8 MWp is installed
at bus 12 under unity PF control mode) is studied to verify the PV impact on system
voltage stability. Now, this case study will be implemented by considering
Multiobjective Index (MOI) to reflect the impact of PV penetration on system active
and reactive power losses and voltage deviation. Following the computational

procedure discussed in chapter V, the results are shown in Table 6. 10.

Table 6. 10 System power loss and voltage deviation indices in case of PV.

PV farm of 8 MWp at bus 12 under unity PF control mode
MOlgiopal 0.4984
PLIgtopat 0.4558
QLIgiobat 0.6214
VDlygpal 0.4606

It can be seen that, in this case, PV penetration helps reduce not only system
active and reactive power losses (reflected by PLlgopar @and QLlgopa) but also voltage
deviation (indicated by VDlgepq). Since these component indices are combined to
form MOlgopq, this general index of 0.4984 shows that, the power system gains the
considerable benefits from the PV generator based on the power loss and voltage

deviation criteria.

To carefully analyze the results, the time of the most suitable sunlight and
temperature resulting the highest PV generated power will be studied. Firstly, system

active power loss is taken into account as in Table 6. 11.



Table 6. 11 Active power flows and losses in two cases: without and with PV.

33" minute of the period 12-1 pm (the time of the best conditions for PV)

The case of no PV The case of PV (8 MWp, bus 12, PF=1)

Line; | Py (MW) | Py(MW) | P Line; | Py(MW) | Py(MW) | P
(MW) (MW)
1-2 5.5238 | -5.5218 0.002 1-2 -1.5100 1.5106 0.0006
2-3 55218 | -5.5137 0.008 2-3 -1.5106 1.5131 0.0025

34 55137 -5.503 0.0107 3-4 -1.5131 1.5164 0.0033

4-5 1.0178 | -1.0174 | 0.0004 4-5 1.0227 -1.022 0.0004

5-6 0.4703 | -0.4703 1E-05 5-6 0.4725 -0.473 1E-05

5-7 0.5471 -0.547 0.0001 Dz 0.5497 -0.55 0.0001

7-8 0.547 -0.547 4E-05 7-8 0.5496 -0.55 4E-05

4-9 4.4852 | -4.4848 | 0.0004 4-9 -2.5390 | 2.5392 0.0002

9-10 4.4614 | -4.4607 | 0.0007 9-10 -2.5628 | 2.5631 0.0004

10-11 4.338 -4.3366 | 0.0013 10-11 -2.6865 | 2.6872 0.0007

11-12 3.978 -3.9548 | 0.0232 11-12 -3.0478 | 3.0641 0.0162

12-13 1.9714 | -1.9706 | 0.0008 12-18 2.0026 -2.002 0.0008

13-14 0.5036 | -0.5036 5E-06 13-14 0.5116 -0.512 5E-06

13-15 1.467 -1.4665 | 0.0006 13-15 1.4903 -1.49 0.0006

15-16 1.4199 | -1.4193 | 0.0006 15-16 1.4424 -1.442 0.0006

16-17 0.8945 | -0.8943 | 0.0002 16-17 0.9087 -0.908 0.0002

17-18 0.1732 | -0.1732 9E-06 17-18 0.1759 -0.176 1E-05

12-19 1.9834 | -1.9833 7E-05 12-19 2.0148 -2.015 TE-05

19-20 0.0631 | -0.0631 1E-07 19-20 0.0641 -0.064 1E-07

19-21 1.9202 | -1.9196 | 0.0006 19-21 1.9506 -1.95 0.0006

21-22 0.1741 | -0.1741 2E-06 21-22 0.1768 -0.177 2E-06

21-23 1.7456 | -1.7451 0.0005 21-23 1.7732 -1.773 0.0005

23-24 0.9025 | -0.9025 6E-05 23-24 0.9168 -0.917 6E-05
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23-25 0.8426 | -0.8424 | 0.0002 23-25 0.8559 -0.856 0.0002
25-26 0.0153 | -0.0153 3E-08 25-26 0.0156 -0.016 3E-08
26-27 0.0059 | -0.0059 5E-08 26-27 0.0060 -0.006 5E-08
27-28 0.0059 | -0.0059 2E-08 27-28 0.0060 -0.006 2E-08
25-29 0.8271 | -0.8269 | 0.0002 25-29 0.8402 -0.84 0.0002
29-30 0.5084 | -0.5084 5E-06 29-30 0.5164 -0.516 5E-06
29-31 0.3185 | -0.3185 3E-05 29-31 0.3236 -0.324 3E-05
31-32 0.2746 | -0.2746 1E-05 31-32 0.2790 -0.279 1E-05
31-33 0.0439 | -0.0439 5E-07 31-33 0.0445 -0.045 5E-07
33-34 0.0439 | -0.0439 1E-07 33-34 0.0445 -0.045 1E-07
35-12 7.0815 -7.082 0
System active power loss 0.0506 System active power loss 0.0282
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Figure 6. 13 Single diagram of TahSai distribution power network.

—

According to the single diagram of TahSai distribution system, the power flows on

the lines to the right of the PV generator (such as lines 19-20, 19-21, 21-23, and etc.)

do not change in comparison with the case of no PV. Based on the equation (5.1),

the active power losses on these lines are nearly the same between two cases: with

and without PV, when the bus voltage magnitudes only oscillate around 1 p.u. The

results are illustrated in Table 6. 11. On the other hand, for the lines to the left of

the PV farm, the power flows may change significantly with the appearance of PV.

Specifically, with the support from PV generation, the power flows on these lines can

be reduced or even changed the direction when the PV power is large enough to
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supply back to the station (slack bus). As a result, the power losses on these lines
are decreased in the case of PV. For example, without PV penetration, the active
power flow on the line 1-2 reaches the value of 55238 MW to satisfy the load
demands causing the high power loss of 0.002 MW. However, it is changed the
direction and reduced to 1.5106 MW because of the exceeded power from PV
resulting the decrease of power loss (0.0006 MW). In conclusion, the total active
power loss is reduced from 0.0506 MW (the case of no PV) to 0.0282 MW (the case of
PV).

The reduction of reactive power loss and voltage deviation at this specific time
can be explained in the same way. As a result, PLI, QLI, VDI as well as MOI of the
power system integrated PV at the time of the highest PV power are less than unity.
When considering all time points of the study period, the maximum MOI is 0.9557 at
the 58" minute of the period 7-8 am, when the PV power reaches the minimum
value of 0.1534 MW. In contrast, the minimum MOI is 0.3730 at the 12th minute of
the period 12-1 pm. In this case, the PV generated power is just enough to satisfy
almost the load demands; the remaining supplied power that is quite small comes
from the slack bus. For example, the power flowing from bus 1 to bus 2 is only
1.1954 MW causing a small amount of power losses and voltage deviation on this

line. By using the equation (5.9), the MOlyqpq can be computed as in Table 6. 11.

6.3.2 Impacts of Different PV Locations on System Power Losses and Voltage

Deviation

Now, a PV generator of 8 MWp under unity PF control mode will be installed at
different locations to study its impacts on system power losses and voltage
deviation. Several positions are interested such as bus 2, bus 5, bus 12, bus 13, bus

27 and bus 33. The results are shown in Table 6. 12.



Table 6. 12 System power loss and voltage deviation indices considering

different PV locations.

MOlgiopat PLlgiobal QLlgiopal VDlgiopal
No PV 1.0000 1.0000 1.0000 1.0000
Bus 2 1.0249 0.9792 1.1427 0.9984
Bus 5 0.8938 0.8248 0.9888 0.9367
Bus 12 0.4984 0.4558 0.6214 0.4606
Bus 13 0.4988 0.4571 0.6227 0.4584
Bus 27 0.7414 0.7425 0.9069 0.5739
Bus 33 0.5950 0.5823 0.7473 0.4679

As previous discussion, the power flows (P, Q) on the lines to the right of PV farm
do not change in comparison with the case of no PV. In the case of bus 2 as PV
location, most of transmission lines satisfy this condition except only line 1-2; while
the step-up transformer line (35-2) is added into the system. As a result, at this
position, with or without PV, the flows of power on the lines are almost equal
leading to the same values of system power losses and voltage deviation. The small
difference between two cases may come from the power flows on lines 1-2 and 35-
2. Indeed, all component indices and MOlgopq are very close to unity as shown in
Table 6. 12. According to QL/yepa (1.1427), there is a slight increase of system reactive
power loss when PV is connected to bus 2. To explain this result, the research
focuses on the time of the highest PV power (33rd minute of the period 12-1 pm).
The reactive power flows and losses at this time are calculated to compare with the

case of no PV.

Table 6. 13 Reactive power flows and losses in two cases: without and with PV.

33" minute of the period 12-1 pm (the time of the best conditions for PV)

The case of no PV The case of PV at bus 2 (8 MWp, PF=1)

Line; Q; Q; Qioss Line; Q; Qj Qioss
(MVA) | (MVAr) | (MVA) (MVAr) | (MVAr) | (MVA)
1-2 3.1336 -3.1297 0.0038 1-2 3.2012 -3.2 0.0012
2-3 3.1297 -3.1139 0.0159 2-3 3.1312 | -3.1153 0.0159
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34 3.1139 | -3.0927 | 0.0212 34 3.1153 | -3.0941 0.0212
4-5 0.5653 | -0.5645 | 0.0008 4-5 0.5656 | -0.5647 | 0.0008
5-6 0.2608 | -0.2608 8E-06 5-6 0.2609 | -0.2609 8E-06
5-7 0.3037 | -0.3035 | 0.0002 5-7 0.3039 | -0.3036 | 0.0002
7-8 0.3035 | -0.3034 2E-05 7-8 0.3036 | -0.3036 2E-05
4-9 25274 | -2.5267 | 0.0007 4-9 2.5285 | -2.5278 | 0.0007
9-10 25139 | -2.5125 | 0.0014 9-10 2.515 -2.5137 | 0.0014
10-11 2.4446 -2.442 0.0026 10-11 24457 | -2.4431 0.0026
11-12 22431 | -2.1973 | 0.0458 11-12 22441 | -2.1983 | 0.0458
12-13 1.0964 | -1.0949 | 0.0015 12-13 1.0969 | -1.0954 | 0.0015
13-14 0.2794 | -0.2794 9E-06 13-14 0.2795 | -0.2795 9E-06
13-15 0.8155 | -0.8143 | 0.0011 13-15 0.8159 | -0.8147 | 0.0011
15-16 0.7886 | -0.7875 | 0.0011 15-16 0.7889 | -0.7878 | 0.0011
16-17 0.4963 | -0.4959 | 0.0005 16-17 0.4966 | -0.4961 0.0005
17-18 0.0961 | -0.0961 2E-05 17-18 0.0961 | -0.0961 2E-05
12-19 1.1009 | -1.1007 | 0.0001 12-19 1.1014 | -1.1012 | 0.0001
19-20 0.0344 | -0.0344 8E-08 19-20 0.0344 | -0.0344 8E-08
19-21 1.0663 | -1.0652 | 0.0011 (292 1.0668 | -1.0657 | 0.0011
21-22 0.0964 | -0.0964 1E-06 21-22 0.0964 | -0.0964 1E-06
21-23 0.9688 | -0.9679 | 0.0009 21-23 0.9693 | -0.9684 | 0.0009
23-24 0.5006 | -0.5005 | 0.0001 23-24 0.5008 | -0.5007 | 0.0001
23-25 0.4674 -0.467 0.0003 23-25 0.4676 | -0.4672 | 0.0003
25-26 0.0084 | -0.0084 7E-08 25-26 0.0085 | -0.0085 7E-08
26-27 0.0032 | -0.0032 1E-07 26-27 0.0032 | -0.0032 1E-07
27-28 0.0032 | -0.0032 1E-08 27-28 0.0032 | -0.0032 1E-08
25-29 0.4586 | -0.4583 | 0.0003 25-29 0.4588 | -0.4585 | 0.0003
29-30 0.2819 | -0.2818 9E-06 29-30 0.282 -0.282 9E-06
29-31 0.1764 | -0.1763 5E-05 29-31 0.1765 | -0.1764 5E-05
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31-32 0.1521 | -0.1521 6E-06 31-32 0.1521 | -0.1521 6E-06
31-33 0.0243 | -0.0243 1E-06 31-33 0.0243 | -0.0243 1E-06
33-34 0.0243 | -0.0243 8E-08 33-34 0.0243 | -0.0243 8E-08

35-2 7E-09 0.0689 0.0689
System reactive power loss 0.0998 System reactive power loss 0.1660

It can be seen from Table 6. 13 that, comparing two cases: with and without PV,
most of the lines have the same reactive power losses. However, in the case of PV,
the reactive power loss in the step-up transformer is considerable (0.0689 MVAr)
leading to the higher system reactive power loss (0.1660 MVAr). Therefore, QLI at this
specific time is greater than unity (1.6640). Considering the other time points, QL/yopal

can be higher than “1” and in fact, it receives the value of 1.1427.

At the other locations, PV generator also has the positive impact on the power
network when considering power losses and voltage deviation. Figure 6. 14

represents the effect of various PV locations on the global Multiobjective Index.

1.2
1

0.8
0.6
0.4
| |
0

no PV

global

MOI

Bus 2 Bus 5 Bus 12 Bus 13 Bus 27  Bus 33

PV locations

Figure 6. 14 Impacts of PV locations on system power losses and voltage
deviation.

6.3.3 Impacts of Different PV Sizes on System Power Losses and Voltage

Deviation
Repeating section 6.3.2 with various values of PV size to see the PV impact on
the system power losses and voltage deviation. Similar to section 6.2.3, the PV size is

constantly increased up to 24 MWp with the 1 MWp step size; and some remarkable
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results are shown as in Figure 6. 15. In this study, PV generator is connected to bus

12 under unity PF control mode.

global

MOI

0

1
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0.2
2 4 8 12 16 20 24

No PV

PV Sizes (MWp)

Figure 6. 15 Impacts of PV sizes on system power losses and voltage deviation.

Table 6. 14 System power loss and voltage deviation indices considering
different PV sizes.

MOlglobal Pnglobal Qnglobal VDlglobal

No PV 1.0000 1.0000 1.0000 1.0000

2 MWp 0.8007 0.7866 0.7969 0.8326
4 MWp 0.6512 0.6251 0.6666 0.6878
8 MWp 0.4984 0.4558 0.6214 0.4606
12 MWp 0.5353 0.4876 0.8581 0.3079
16 MWp 0.7562 0.7167 1.3714 0.2201
20 MWp 1.1561 1.1395 2.1563 0.1889
24 MWp 1.7301 1.7528 3.2084 0.2064

It can be seen that, with the small PV size of 2 MWp, the PV penetration does
not significantly affect the system power losses and voltage deviation. This

conclusion is reflected by the MOlgqpq Of 0.8007 that is close to unity.

When PV capacity is sized up to 8 MWp, PV system helps reduce power and
voltage losses as the discussion in section 6.3.1. However, when PV size is exceeded

(for example, 24 MWp), the voltage deviation can be reduced alone (VDlgopq Of
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0.2064), but the system losses could be high (PLlyope Of 1.7528 and QLlgope Of
3.2084). As a result, the Multiobjective Index can also be high when the power losses
play a main role in creating this general indicator. To verify these results, as usual,
the time of the highest PV power will be the first concern. Firstly, PLI at this time is
analyzed as in Table 6. 15.

Table 6. 15 Active power flows and losses in two cases: without and with PV of
24 MWp.

33" minute of the period 12-1 pm (the time of the best conditions for PV)

The case of no PV The case of PV (24 MWp, bus 12, PF=1)

Llneu P'J (MW) PJI (MW) PLOSS (MW) Llneu P'J (MW) PJI (MW) PlOSS (MW)

1-2 3.1336 | -3.1297 0.0038 == -15.1027 | 15.1151 0.0124

2-3 3.1297 | -3.1139 0.0159 2-3 -15.1151 | 15.1649 0.0499

3-4 3.1139 | -3.0927 0.0212 3-4 -15.1649 | 15.2313 0.0663

4-5 0.5653 | -0.5645 0.0008 4-5 1.0303 | -1.0299 0.0004
5-6 0.2608 | -0.2608 8E-06 5-6 0.4761 | -0.4760 1E-05
5-7 0.3037 | -0.3035 0.0002 5-7 0.5538 | -0.5537 0.0001
7-8 0.3035 | -0.3034 2E-05 7-8 0.5537 | -0.5537 4e-05

4-9 25274 | -2.5267 0.0007 4-9 -16.2616 | 16.2654 0.0038

9-10 25139 | -2.5125 0.0014 9-10 | -16.2892 | 16.2965 0.0074

10-11 | 2.4446 | -2.442 0.0026 10-11 | -16.4209 | 16.4358 0.015

11-12 | 2.2431 | -2.1973 0.0458 11-12 | -16.7997 | 17.1201 0.3204

12-13 | 1.0964 | -1.0949 0.0015 12-13 2.0560 | -2.0552 0.0008

13-14 | 0.2794 | -0.2794 9E-06 13-14 0.5252 | -0.5252 5E-06

13-15 | 0.8155 | -0.8143 0.0011 13-15 1.5300 | -1.5294 0.0006

15-16 | 0.7886 | -0.7875 0.0011 15-16 1.4808 | -1.4803 0.0006

16-17 | 0.4963 | -0.4959 0.0005 16-17 0.9329 | -0.9327 0.0002

17-18 | 0.0961 | -0.0961 2E-05 17-18 0.1806 | -0.1806 1E-05

12-19 | 1.1009 | -1.1007 0.0001 12-19 2.0685 | -2.0684 TE-05
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19-20 | 0.0344 | -0.0344 8E-08 19-20 0.0658 | -0.0658 1E-07
19-21 | 1.0663 | -1.0652 | 0.0011 19-21 2.0026 | -2.0020 0.0006
21-22 | 0.0964 | -0.0964 1E-06 21-22 0.1815 | -0.1815 2E-06
21-23 | 0.9688 | -0.9679 0.0009 21-23 1.8205 | -1.8200 0.0005
23-24 | 0.5006 | -0.5005 0.0001 23-24 0.9413 | -0.9412 6E-05
23-25 | 04674 | -0.467 0.0003 23-25 0.8787 | -0.8786 0.0002
25-26 | 0.0084 | -0.0084 7E-08 25-26 0.0160 | -0.0160 3E-08
26-27 | 0.0032 | -0.0032 1E-07 26-27 0.0062 | -0.0062 5E-08
27-28 | 0.0032 | -0.0032 1E-08 27-28 0.0062 | -0.0062 2E-08
25-29 | 0.4586 | -0.4583 | 0.0003 25-29 0.8626 | -0.8624 0.0002
29-30 | 0.2819 | -0.2818 9E-06 29-30 0.5302 | -0.5302 5E-06
29-31 | 0.1764 | -0.1763 5E-05 29-31 0.3322 | -0.3322 3E-05
31-32 | 0.1521 | -0.1521 6E-06 31-32 0.2864 | -0.2864 1E-05
31-33 | 0.0243 | -0.0243 1E-06 31-33 0.0457 | -0.0457 5E-07
33-34 | 0.0243 | -0.0243 8E-08 33-34 0.0457 | -0.0457 1E-07
35-12 | 21.2446 | -21.2446 0

System active power loss 0.0506 System active power loss

(MW) (MW) 0.4795

It is obvious that, with the highest PV generated power at this specific time, most

of active power flows on the lines are increased leading to the increase of active

power losses. Especially, according to the size and location of PV along with the

suitable environment conditions, line 11-12 is subjected to a large amount of active

power (17.1201 MW). In addition, the resistance of this line is quite high (0.1198 p.u.)

in comparison with the other line resistances. Combining these conditions, the active

power loss on this branch is the highest one (0.3204 MW) that is the main

contribution to the system active power loss (0.4795 MW). It should be noted that,

although the power flow on line 35-12 (the step-up transformer) reaches the highest

value (21.2446 MW) when it is directly connected to the photovoltaic bus, its

resistance is assumed to be “0” resulting the lossless active power transmission. In
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conclusion, PLI at this time is extremely high (9.4756). However, there are many other
time points when the PV unit is really useful in reducing the active power loss.
Therefore, when the entire study period is concermned, Pllgopq is reduced to 1.7528,

but it is still higher than unity.

Secondly, QLI at the time of the best environment conditions in the case of 24
MWp PV size will be analyzed. The reactive power flows and losses are shown in

Table 6. 16.

Table 6. 16 Reactive power flows and losses in two case: without and with PV of
24 MWp.

33" minute of the period 12-1 pm (the time of the best conditions for PV)

The case of no PV The case of PV (24 MWp, bus 12, PF=1)

Line; Q; Q; Quoss Line; Q; Qj Quoss
(MVAr) | (MVAr) | (MVAD) (MVAr) | (MVAr) | (MVA)
1-2 3.1336 -3.1297 0.0038 1-2 4.6863 -4.6625 0.0238
2-3 3.1297 | -3.1139 | 0.0159 2-3 4.6625 | -4.5641 | 0.0984
3-4 3.1139 | -3.0927 | 0.0212 3-4 45641 | -4.4328 | 0.1313
4-5 0.5653 -0.5645 0.0008 4-5 0.5722 -0.5714 0.0008
5-6 0.2608 -0.2608 8E-06 5-6 0.2640 -0.2640 8E-06
5-7 0.3037 | -0.3035 | 0.0002 5-7 0.3074 | -0.3072 | 0.0002
7-8 0.3035 | -0.3034 2E-05 7-8 0.3072 | -0.3072 2E-05
4-9 2.5274 -2.5267 0.0007 4-9 3.8606 -3.8532 0.0074
9-10 2.5139 -2.5125 0.0014 9-10 3.8403 -3.8258 0.0145
10-11 2.4446 -2.442 0.0026 10-11 3.7569 -3.7273 0.0296
11-12 2.2431 -2.1973 0.0458 11-12 3.5255 -2.8925 0.6330
12-13 1.0964 -1.0949 0.0015 12-13 1.1434 -1.1419 0.0016
13-14 0.2794 -0.2794 9E-06 13-14 0.2914 -0.2914 9E-06
13-15 0.8155 -0.8143 0.0011 13-15 0.8505 -0.8493 0.0012
15-16 0.7886 -0.7875 0.0011 15-16 0.8224 -0.8213 0.0011
16-17 0.4963 | -0.4959 | 0.0005 16-17 0.5176 | -0.5172 | 0.0005
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17-18 0.0961 | -0.0961 2E-05 17-18 0.1002 | -0.1002 2E-05
12-19 1.1009 | -1.1007 | 0.0001 12-19 1.1481 | -1.1479 | 0.0001
19-20 0.0344 | -0.0344 8E-08 19-20 0.0359 | -0.0359 8E-08
19-21 1.0663 | -1.0652 | 0.0011 19-21 1.1121 | -1.1109 | 0.0011
21-22 0.0964 | -0.0964 1E-06 21-22 0.1005 | -0.1005 1E-06
21-23 0.9688 | -0.9679 | 0.0009 21-23 1.0104 | -1.0095 | 0.0009
23-24 0.5006 | -0.5005 | 0.0001 23-24 0.5221 | -0.5220 | 0.0001
23-25 0.4674 -0.467 0.0003 23-25 0.4874 | -0.4871 | 0.0003
25-26 0.0084 | -0.0084 7E-08 25-26 0.0088 | -0.0088 7E-08
26-27 0.0032 | -0.0032 1E-07 26-27 0.0034 | -0.0034 1E-07
27-28 0.0032 | -0.0032 1E-08 27-28 0.0034 | -0.0034 1E-08
25-29 0.4586 | -0.4583 | 0.0003 25-29 0.4783 | -0.4779 | 0.0003
29-30 0.2819 | -0.2818 9E-06 29-30 0.2940 | -0.2940 9E-06
29-31 0.1764 | -0.1763 5E-05 29-31 0.1840 | -0.1839 5E-05
31-32 0.1521 | -0.1521 6E-06 31-32 0.1586 | -0.1586 6E-06
31-33 0.0243 | -0.0243 1E-06 31-33 0.0253 | -0.0253 1E-06
33-34 0.0243 | -0.0243 8E-08 33-34 0.0253 | -0.0253 8E-08
35-12 | 49E-14 | 0.6010 0.6010

System reactive power loss 0.0998 System reactive power loss
(MVAr) (MVAr) 1.5475

Similarly, line 11-12 contributes a large amount of reactive power loss (0.6330

MVAr) into the system reactive power loss. This result can be explained by the very

high active power flow on this line combining with the high value of line 11-12’s

reactance (X = 0.2367 p.u.). In this case, the reactive power loss in the step-up

transformer is also significant (0.6010 MVAr) due to its considerable reactance (X =

0.15 p.u) and the extremely large amount of PV power flowing through the

transformer. It is noticed that, PV unit does not generate reactive power when PF = 1,

so the reactive power loads are supplied by the slack bus. From the table, the

reactive power flow on line 1-2 keeps the direction from bus 1 to bus 2. In
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comparison with the case of no PV, this amount increases (4.6863 MVAr) to
compensate the increased reactive power losses. As a result, the system reactive
power loss in the case of PV (1.5475 MVAr) is much greater than the one in the base
case (0.0998 MVAr) leading to extremely high value of QLI (15.5109). Combining with
the other QLIs through the specified duration, the QLlypq becomes 3.2084. In
conclusion, the high penetration of PV may cause the considerable increase of the

system losses.

Finally, VDlgopa Of 0.2064 will be verified by firstly considering the time of the
smallest VDI (the 47" minute of the period 11-12 am). By using Load Flow
calculation, the bus voltage magnitudes are represented as in Table 6. 17.

Table 6. 17 Bus voltage magnitudes between 2 cases: without PV and with PV of
24 MWp.

47" minute of the period 11-12 am (the time of the smallest VDI)
The case of no PV The case of PV (24 MWp, bus 12, PF=1)

Bus Voltage magnitude (p.u.) Bus Voltage magnitude (p.u.)
1 1.0455 1 1.0455

2 1.0449 2 1.0454

3 1.0423 3 1.0450

a4 1.0388 4 1.0444

5 1.0385 5 1.0441

6 1.0385 6 1.0441

7 1.0382 7 1.0438

8 1.0381 8 1.0437

9 1.0387 9 1.0444

10 1.0384 10 1.0444

11 1.0378 11 1.0444

12 1.0258 12 1.0445

13 1.0251 13 1.0438

14 1.0251 14 1.0438
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15 1.0244 15 1.0431
16 1.0237 16 1.0424
17 1.0232 17 1.0419
18 1.0231 18 1.0418
19 1.0257 19 1.0444
20 1.0257 20 1.0444
21 1.0250 21 1.0437
22 1.0250 22 1.0437
23 1.0243 23 1.0430
24 1.0241 24 1.0428
25 1.0239 25 1.0426
26 1.0239 26 1.0425
27 1.0238 27 1.0425
28 1.0238 28 1.0425
29 1.0235 29 1.0422
30 1.0235 30 1.0421
31 1.0233 31 1.0420
32 1.0233 32 1.0420
33 1.0233 33 1.0420
34 1.0233 34 1.0420

35 1.0444

It can be seen from the table that, although the PV size is quite high (24 MWp),
the bus voltage magnitudes at this specific time are not exceeded too much (around
1.04 p.u.). This issue can be explained as follows. In fact, the capacity of 24 MW is
the maximum power that PV system can generate under the most suitable
conditions of solar and temperature. It does not mean that PV unit will supply 24
MW to the grid any time. In this case-study, the time of the smallest voltage

deviation is considered; and at this time point, the PV power is only approximately
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11 MW. Therefore, it is reasonable to get the results of voltage magnitudes as in the

above table. These results are also verified by using DigSilent software as in Figure 6.

16. At the time of the highest PV power (21.2 MW), the voltage at bus 12, for

example, reaches the exceeded value of 1.08 p.u. as expected.
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Figure 6. 16 Simulation results by using DigSilent software.
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At this particular time, by the impact of PV, the voltage magnitudes at all buses
are almost equal: the maximum voltage magnitude is 1.0455 (at slack bus) while the
minimum value is 1.0418 (at bus 18). As a result, the voltage deviation is very small.
On the other hand, referring to the case of no PV at the same time, the voltage
fluctuation is quite considerable: the maximum voltage magnitude is still 1.0455 (at
slack bus) but the minimum value is 1.0231 (at bus 18). When the VDI of the power
system integrated PV is defined as the ratio between the system voltage deviation in
the case of PV and the one in the base case (no PV), this index becomes very small
(0.0250) at this particular time. According to the research, there are 409/660 time
points having the VDI smaller than 0.2. Therefore, even the VDI at the time of the
best environment conditions can be high (1.0553) because of exceeded power flows,

the VDlgopq may reach the small value of 0.2064.

When all of component indices are clarified, it is convenient to get MOlgypg Of
1.7301 by using the weighting factors as previous discussion. This general index shows
that, with the PV size of 24 MWp, the utility grid does not gain the benefit in reducing

the system power losses and voltage deviation.

6.3.4 Proper Location, Size and PF Control Mode of PV Generator based on

PQVSI and MOI

As the previous sections, it is proved that, Multiobjective Index is reliable in
representing the PV impact on system power losses and voltage deviation. Now, this
indicator will be combined with PQ Voltage Stability Index to determine the most
suitable PV size and location. Similar to section 6.2.4, several locations are interested
such as bus 2, bus 5, bus 12, bus 13 and bus 27. In addition, the PV size is constantly
increased up to 24 MWp with the 1 MWp step size. The PV unit is operated in the
unity power factor control mode. Figure 6. 18 shows the remarkable points to depict
the impact of PV penetration on the system voltage stability as well as system power

losses and voltage deviation.
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Figure 6. 18 Effects of PV penetration on system voltage stability, system power
losses and voltage deviation.

At the locations near the slack bus (bus 2, for example), the increase of PV sizes
does not have noticeable impact on the system power losses and voltage deviation.
The only reason that can cause more system losses is the exceeded power flows on
branches 1-2 and 35-2. At bus 12, the results were completely analyzed. The same
trend can be observed for bus 27. According to the global Multiobjective Index, the
most suitable PV location is bus 12 with the corresponding PV size of 8 MWp. In this
case, the MOlgopq Of the power network integrated PV will be minimized and the
utility erid will gain the maximum benefit in reducing power losses and voltage
fluctuation. Fortunately, this choice is the same answer when considering only PQ
Voltage Stability Index. In conclusion, a PV unit of 8 MWp connected at bus 12 will
be the most appropriate PV system not only for enhancing network voltage stability

bus also for minimizing system power losses and voltage deviation.

From this basic case, the PV power factor can be adjusted to specify the most
proper PF control mode based on both PQVSI and MOI. The results are illustrated as
in the Figure 6. 19.
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Figure 6. 19 Effect of various power factor operations of PV on voltage stability
and system power losses and voltage deviation.
It can be seen that, with the PF of 0.95, the PV farm supplies not only active

power but also reactive power to the utility grid. Consequently, the reactive power
flows on the lines to the left of the PV unit may be decreased due to the PV reactive
power assistance. As a result, the power losses and voltage deviation of these
branches are reduced leading to the reduction of MOlype. However, when the PF is
small enough (0.7, for example), at some particular times, the PV reactive power can
be over causing a large amount of exceeded reactive power back to slack bus. Then,
the reactive power flows on the left-side branches not only be changed the direction
but also be increased resulting the increase of the power losses and voltage
fluctuation of these lines. By this reason, the MOIs at these specific times can be
quite high. Combining with the other time points, the MOlyepq Can reaches the high
value of 0.4425.

From the Figure 6. 19, the most suitable PV power factor control mode will be
considered between two choices: PF of 0.85 and PF of 0.8. If the system voltage
stability is more concerned, the PV unit should be operated under the PF of 0.8; and
vice versa, PF of 0.85 is the better choice when the system operators give the priority

to the reduction of power losses and voltage deviation. However, the differences
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between the indices in these two cases are quite small, so both of them are satisfied

the requirements.

According to section 6.2.5, the PV producers are allowed to increase the PV size
from 8 MWp to 9 MWp to gain more benefit in selling PV power. Concurrently, they
have to reduce the PF from unity to 0.8 to maintain the initial system voltage
stability. Table 6. 18 illustrates that, this modification also brings the interest to the
utility erid in reducing system power losses and voltage deviation representing by the

reduction of MOl

Table 6. 18 Adjustment of PV installation based on PQVSI and MOI.

Original plan Adjusted plan
Location of PV Bus 12 Bus 12
Size of PV (MWp) 8 9
Operated power factor 1.0 0.8
Size of inverter (MVA) 8 11.25
Global PQVSI 0.2130 0.2136
MOlggpat 0.4984 0.3789

6.4 Study of Scattered PV Installation

So far, the impacts of PV penetration on static voltage stability, power losses and
voltage deviation in distribution systems have been studied with various PV sizes,
locations as well as control modes. However, the research only mentions the
centralized PV system. In other words, the PV system is installed at a single location
as a small power producer (SPP) to support substation, feeder or peak power
demands. Central PV generators are normally sground-mounted installations;
therefore they may require the additional costs related to land preparation, land
costs, foundations, permitting, and mounting structure. In distribution network areas,
finding a wide land without shading to install a large-scale PV farm becomes a
challenging issue. If PV farm is constructed in remote sites with land availability and
lower land costs, access to distribution systems can be very costly. In addition,

investment cost of this concentrated PV power plant can be considerable leading to
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lack of investors, if utilities want to share the power market with other producers. To
maintain the technical requirements such as satisfying load demands, enhancing
voltage stability and minimizing power losses, while concerning the economic
problems, centralized PV farm may be divided into several smaller PV generators and
distributed along the main feeder of distribution networks. Of course, although
central PV generation has some disadvantages, scattered PV installation is still not
the optimal choice due to the limitations in shading issue, interconnection problem
and other charge types. It is necessary to make the economic and technical analysis

to specify the better solution.

In reality, scattered PV installation can be implemented by integrating PV arrays
on rooftops of residential and commercial buildings. Sizes of residential PV systems
are normally between 1 to 4 kW. System components include: PV modules, DC-AC
converter system, storage system, mounting structure and wiring. Meanwhile,
commercial PV systems typically range from 2 to over 1000kW in size; and PV arrays
can replace curtain wall systems or be integrated in awnings, skylights or flat roofs of
buildings. However, according to the scope of this research, distributed PV
penetration will be considered as two or three very small power producers (VSPP)
along the main feeder of the test distribution power system. The simulation will be

conducted to verify the technical results as follows.

6.4.1 Scattered PV Installation as Two PV Systems
6.4.1.1 Proper Locations and Sizes

First of all, two PV generators will be installed at different buses of TahSai
distribution system as in Figure 6. 20, for example. It is assumed that, the PV units are
connected at the buses belonging to the main feeder to support the whole system.
In this research, three locations are interested including: bus 2 (the location near
slack bus), bus 12 (the middle position of the main feeder) and bus 27 (the end
position of the main feeder). The other buses can be referred to one of three buses
above. For instance, if PV unit is installed at bus 3 or bus 4, it may cause the same
effects as the case of PV installation at bus 2. This conclusion has been verified by

simulation results. In addition, it is supposed that the total PV capacity should not be
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over 8 MWp for 1-feeder distribution system. For simplicity, the size of each PV unit
will be limited up to 4 MWp. Then, each PV capacity is independently increased from
1 MWp to 4 MWp with the step size of 1 MWp. The sunlight and temperature
conditions are assumed to be constant at any location of the distribution system
area, since this site is not quite large. In this case-study, both PV units are operated
under unity PF control mode. The simulation results are illustrated as in Table 6. 19

and Figure 6. 21.

. ? : | QJ 1%11:1213|_rj|_2r: 25| 26 27 2|8
O X
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Figure 6. 20 Single diagram of TahSai distribution power network with 2 PV units.
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Table 6. 19 System indices considering various (scattered) PV sizes and

locations.
Location Buses 2 & 12 Buses 12 & 27 Buses 2 & 27

PV Size
(MWp)

PV1 PV2 | PQVSlgepal | MOlgigpat | PQVSgiopal | MOlgigpat | PQVSIgiopat | MOlgiopal

1 0.2382 0.8920 0.2307 0.7956 0.2382 0.8884

1 2 0.2308 0.7989 0.2242 0.7198 0.2308 0.8019

3 0.2243 0.7183 0.2220 0.6663 0.2243 0.7378

q 0.2220 0.6500 0.2198 0.6346 0.2220 0.6957

1 0.2382 0.8915 0.2243 0.7133 0.2382 0.8880

2 2 0.2308 0.7987 0.2220 0.6484 0.2308 0.8017

3 0.2243 0.7183 0.2198 0.6055 0.2243 0.7379

q 0.2220 0.6503 0.2175 0.5845 0.2220 0.6960
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1 0.2382 0.8926 0.2220 0.6433 0.2382 0.8890

3 2 0.2308 0.8000 0.2198 0.5892 0.2308 0.8031

3 0.2243 0.7199 0.2175 0.5570 0.2242 0.7395

4 0.2220 0.6522 0.2152 0.5464 0.2220 0.6979

1 0.2382 0.8952 0.2198 0.5856 0.2382 0.8916

4 2 0.2307 0.8029 0.2175 0.5421 0.2308 0.8059

3 0.2243 0.7231 0.2152 0.5205 0.2242 0.7426

a4 0.2220 0.6556 0.2130 0.5204 0.2220 0.7013

Summarization
Location Buses 2 & 12 Buses 12 & 27 Buses 2 & 27
Total Size

PQVSlgopat | MOlgigpat | PQVSlgiopal | MOlgigpat | PQVSlgiopat | MOlgiopat

2 MWp 0.2382 0.8920 0.2307 0.7956 0.2382 0.8884
(1-1) (1-1) (1-1) (1-1) (1-1) (1-1)

3 MWp 0.2308 0.7989 0.2243 0.7133 0.2308 0.8019
(1-2) (1-2) (2-1) (2-1) (1-2) (1-2)

4 MWp 0.2243 0.7183 0.2220 0.6433 0.2243 0.7378
(1-3) (1-3) (3-1) (3-1) (1-3) (1-3)

5 MWp 0.2220 0.6500 0.2198 0.5856 0.2220 0.6957
(1-4) (1-4) (4-1) (a-1) (1-4) (1-4)

6 MWp 0.2220 0.6503 0.2175 0.5421 0.2220 0.6960
(2-9) (2-0) (a-2) (a-2) (2-0) (2-9)

7 MWp 0.2220 0.6522 0.2152 0.5205 0.2220 0.6979
(3-0) (3-0) (4-3) (a-3) (3-0) (3-9)

8 MWp 0.2220 0.6556 0.2130 0.5204 0.2220 0.7013
(a-0) (a-0) (4-) (4-) (a-0) (a-a)

* (n-m) means the sizes of the first PV unit and the second PV unit are n and m (MWp), respectively.
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Figure 6. 21 Impacts of 2 PV units on system indices.

Based on the minimum values of POVSlygpq and MOlgepq, the most appropriate
size of each PV unit should be 4 MWp resulting the total PV size of 8 MWp; and the
corresponding locations are bus 12 and bus 27. With this choice, the POVSlyopa
reduces from 0.2464 to 0.2130, while MOlypq decreases from 1.0000 to 0.5204, in
comparison with the case of no PV. Comparing to the base case of centralized PV
installation as in section 6.3.4 (PV size of 8 MWp at bus 12 under unity PF control
mode), the system voltage stability is maintained while there is a slight increase in
system losses and voltage deviation. However, the system indices do not change
significantly between these cases. It means that, both of these cases satisfy the same
technical requirements. Hence, an economic analysis should be conducted to verify
the better project. If the availability of construction sites is the first concern, the
scattered PV installation seems to have more advantages, when it is quite difficult to
find a large area to construct an 8 MWp central PV farm in distribution sites. The

results are summarized in Table 6. 20.

Table 6. 20 Comparison between 3 scenarios (1).

Case 2: central PV farm of | Case 3: 2 PV farms of 4
Case 1 no PV 8 MWp at bus 12 under MWp each at buses 12
unity PF control mode and 27 under unity PF

control mode

PQVSlglobal MOlglobal PQVSlglobal MOlgLobaL PQVSlgLobal MOlglobal

0.2464 1.0000 0.2130 0.4984 0.2130 0.5204
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6.4.1.2 Adjusting PF of PV Units

Now, the power factor of each PV unit will be adjusted independently to specify
the most suitable PV operating condition. The results are clearly shown in Table 6.

21.

Table 6. 21 PV power factor modification.

2 PV units of 4 MWp each at buses 12 & 27 (same environmental conditions)
PF of PV unit at bus 12 | PF of PV unit at bus 27 PQVSlgiopal MOlgiopal
1.00 0.2130 0.5204

0.95 0.2095 0.4511

0.90 0.2079 0.4359

1.00 0.85 0.2064 0.4317
0.80 0.2051 0.4354

0.75 0.2037 0.4469

0.70 0.2065 0.4671

1.00 0.2095 0.4376

0.95 0.2060 0.3923

0.90 0.2044 0.3882

0.95 0.85 0.2030 0.3936
0.80 0.2016 0.4064

0.75 0.2005 0.4270

0.70 0.2058 0.4566

1.00 0.2079 0.4086

0.95 0.2044 0.3745

0.90 0.2028 0.3756

0.90 0.85 0.2014 0.3855
0.80 0.2005 0.4025

0.75 0.2003 0.4274

0.70 0.2054 0.4614
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1.00 0.2064 0.3886
0.95 0.2030 0.3642
0.90 0.2014 0.3699
0.85 0.85 0.2005 0.3835
0.80 0.2003 0.4043
0.75 0.2001 0.4328
0.70 0.2051 0.4706
1.00 0.2051 0.3740
0.95 0.2016 0.3589
0.90 0.2005 0.3688
0.80 0.85 0.2003 0.3861
0.80 0.2001 0.4104
0.75 0.2028 0.4424
0.70 0.2111 0.4839
1.00 0.2037 0.3638
0.95 0.2005 0.3579
0.90 0.2003 0.3721
0.75 0.85 0.2001 0.3932
0.80 0.2030 0.4209
0.75 0.2109 0.4565
0.70 0.2191 0.5016
1.00 0.2022 0.3579
0.95 0.2003 0.3617
0.90 0.2001 0.3804
0.70 0.85 0.2036 0.4053
0.80 0.2115 0.4367
0.75 0.2193 0.4759
0.70 0.2272 0.5249
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3 optimal choices

0.75 0.95 0.2005 0.3579
0.70 0.95 0.2003 0.3617
0.70 0.90 0.2001 0.3804

From the simulation results, three optimal choices are selected based on the
minimum  values of POVSlyopq and MOlgepe. Among these operating modes, the
PQVSIsgopq are similar representing the same system voltage stability degree.
Meanwhile, in the case that the PV units at bus 12 and bus 27 are operated under
0.75 PF and 0.95 PF, respectively, system losses and voltage deviation are minimized.
Therefore, this case should be chosen as the most appropriate operating condition of
distributed PV generators. Table 6. 22 makes the comparison between: the case of
no PV, the case of central PV system and the case of distributed PV system. It can be
seen that, the appearance of PV in distribution networks brings the significant
benefits in enhancing voltage stability and, especially, in reducing system losses and
voltage deviation. However, distributed PV installation seems to have the same
technical impacts as central PV system in this case-study. The advantages of

scattered PV system may come from economic issues.

Table 6. 22 Comparison between 3 scenarios (2).

Case 2: central PV farm of | Case 3: 2 PV farms of 4
Case 1: no PV 8 MWp at bus 12 under MWp each at buses 12
optimal PF control mode | and 27 under optimal PF
(PF of 0.8) control modes
PQVSlglobal MOlglobal PQVSlglobal MOlgLobaL PQVSlgLobal MOlglObal
0.2464 1.0000 0.2001 0.3534 0.2005 0.3579

6.4.1.3 Adjusting Terminal Voltages of PV Units in Case of Constant Voltage
Mode

From the base case (2 PV units of 4 MWp each at buses 12 & 27 under unity PF
control mode), the PV operating mode is changed to the constant terminal voltage

scheme. Hence, the terminal voltage magnitude of each PV generator will be
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independently adjusted within the range from 0.95 p.u to 1.05 p.u. with the step of
0.01 p.u.. The results are shown in Table 6. 23.

Table 6. 23 Terminal voltage magnitude modification.

2 PV units of 4 MWp each at buses 12 & 27 (same environmental conditions)
Voltage magnitude at bus | Voltage magnitude at bus | PQVSlggpat MOlgiopat
35 (p.u.) (PV at bus 12) 36 (p.u.) (PV at bus 27)
1.05 0.1482 0.3725
1.04 0.1668 0.4523
1.03 0.1858 0.8489
1.02 0.2031 1.5618
1.01 0.2189 2.5905
1.05 1.00 0.2337 3.9344
0.99 0.2835 5.5930
0.98 0.3093 7.5658
0.97 0.3330 9.8522
0.96 0.3578 12.4517
0.95 0.3792 15.3637
1.05 0.1669 0.4591
1.04 0.1662 0.3545
1.03 0.1728 0.5669
1.02 0.1803 1.0955
1.01 0.1883 1.9401
1.04 1.00 0.1985 3.0999
0.99 0.2149 4.5746
0.98 0.2923 6.3634
0.97 0.3175 8.4660
0.96 0.3408 10.8817
0.95 0.3652 13.6099




92

1.05 0.1911 1.0350
1.04 0.1900 0.7461
1.03 0.1982 0.7742
1.02 0.2067 1.1187
1.01 0.2154 1.7791
1.03 1.00 0.2241 2.7549
0.99 0.2334 4.0456
0.98 0.2430 5.6505
0.97 0.3009 7.5693
0.96 0.3256 9.8012
0.95 0.3485 12.3457
1.05 0.2150 2.1000
1.04 0.2175 1.6267
1.03 0.2260 1.4705
1.02 0.2359 1.6308
1.01 0.2455 2.1071
1.02 1.00 0.2547 2.8989
0.99 0.2636 4.0056
0.98 0.2721 5.4267
0.97 0.2804 7.1617
0.96 0.3094 9.2098
0.95 0.3336 11.5707
1.05 0.2386 3.6537
1.04 0.2475 2.9960
1.03 0.2568 2.6555
1.02 0.2657 2.6316
1.01 0.2743 2.9238
1.01 1.00 0.2825 3.5316
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0.99 0.2905 4.4544
0.98 0.2983 5.6917
0.97 0.3058 7.2428
0.96 0.3131 9.1073
0.95 0.3202 11.2845
1.05 0.2674 5.6956
1.04 0.2760 4.8536
1.03 0.2843 4.3288
1.02 0.2924 4.1208
1.01 0.3002 4.2289
1.00 1.00 0.3077 4.6526
0.99 0.3151 5.3915
0.98 0.3222 6.4449
0.97 0.3292 7.8123
0.96 0.3360 9.4931
0.95 0.3426 11.4867
1.05 0.2939 8.2255
1.04 0.3017 7.1991
1.03 0.3093 6.4900
1.02 0.3167 6.0978
1.01 0.3239 6.0218
0.99 1.00 0.3309 6.2616
0.99 0.3377 6.8165
0.98 0.3444 7.6861
0.97 0.3509 8.8698
0.96 0.3572 10.3669
0.95 0.3635 12.1769
1.05 0.3180 11.2428




94

1.04 0.3252 10.0320
1.03 0.3323 9.1386
1.02 0.3392 8.5622
1.01 0.3459 8.3022
0.98 1.00 0.3524 8.3579
0.99 0.3588 8.7290
0.98 0.3651 9.4148
0.97 0.3712 10.4147
0.96 0.3772 11.7282
0.95 0.3831 13.3547
1.05 0.3403 14.7471
1.04 0.3471 13.3520
1.03 0.3537 12.2743
1.02 0.3601 11.5137
1.01 0.3665 11.0696
0.97 1.00 0.3726 10.9414
0.99 0.3787 11.1286
0.98 0.3846 11.6306
0.97 0.3904 12.4468
0.96 0.3961 13.5767
0.95 0.4017 15.0196
1.05 0.3612 18.7381
1.04 0.3675 17.1585
1.03 0.3738 15.8966
1.02 0.3798 14.9518
1.01 0.3858 14.3235
0.96 1 0.3917 14.0114
0.99 0.3974 14.0147
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0.98 0.4030 14.3329
0.97 0.4086 14.9655
0.96 0.4140 159118
0.95 0.4193 17.1712
1.05 0.3810 23.2152
1.04 0.3868 21.4512
1.03 0.3927 20.0049
1.02 0.3985 18.8759
1.01 0.4042 18.0636
0.95 1 0.4097 17.5675
0.99 0.4152 17.3869
0.98 0.4206 17.5214
0.97 0.4259 17.9703
0.96 0.4311 18.7330
0.95 0.4362 19.8090
Two optimal choices
1.05 1.05 0.1482 0.3725
1.04 1.04 0.1662 0.3545

As usual, two optimal choices are determined based on the minimum values of

system indices. If the system voltage stability is the first consideration, both PV units

should be operated under the terminal voltage magnitude of 1.05 p.u.. Vice versa,

the terminal voltage magnitude of 1.04 p.u. can be a proper choice for all PV farms

when the priority is given to reducing system losses and voltage deviation. Figure 6.

22 depicts the system voltage profile in the case of 1.04 p.u. terminal voltage

magnitude. It can be seen that, at each time point, the voltage fluctuation is

decreased significantly represented by the small gap between the maximum and

minimum values of bus voltage magnitude. Table 6. 24 also represents the

comparison between three cases: no PV, central PV farm of 8 MWp at bus 12 under
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proper voltage control mode, and two PV units of 4 MWp each at buses 12 & 27

under proper voltage control mode.

Table 6. 24 Comparison between 3 scenarios (3).

Case 2: central PV farm of

Case 3: 2

PV farms of 4

Case 1 no PV 8 MWp at bus 12 under MWp each at buses 12
optimal voltage control and 27 under proper
mode (1.04 p.u.) voltage control modes
(1.04 p.u.)
PQVSlgiopal MOlgiopal PQVSlgiopal MOlgiopal PQVSlgiopal MOlgiopal
0.2464 1.0000 0.1696 0.3336 0.1662 0.3545

Figure 6. 22 System voltage profile in the case of 1.04 p.u. terminal voltage
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6.4.2 Scattered PV Installation as Three PV Systems

18

In this case study, three PV units will be installed at bus 2, bus 12 and bus 27,

respectively. The size of each PV generator is independently adjusted from 1 MWp to

3 MWp with the size step of 1 MWp, causing the total PV capacity is limited to 9

MWp. In the base case, all PV units are operated under unity PF control mode. The

results are illustrated in Table 6. 25.



Table 6. 25 System indices considering various PV sizes (scattered - 3 units).

3 PV units at buses 2, 12 & 27 under the same environmental conditions, PF = 1

Size of PV unit | Size of PV unit | Size of PV unit PQVSlgiopal MOlgiopat

at bus 2 at bus 12 at bus 27 (MWp)
(MWp) (MWp)

1 0.2307 0.7939

1 2 0.2242 0.7183

3 0.2220 0.6650

1 0.2243 0.7118

1 2 2 0.2220 0.6472

3 0.2198 0.6046

1 0.2220 0.6421

3 2 0.2198 0.5882

3 0.2175 0.5563

1 0.2307 0.7937

1 2 0.2242 0.7184

3 0.2220 0.6654

1 0.2243 0.7119

2 2 2 0.2220 0.6475

3 0.2198 0.6052

1 0.2220 0.6424

3 2 0.2198 0.5888

3 0.2175 0.5572

1 0.2307 0.7950

1 2 0.2242 0.7200

3 0.2220 0.6673

1 0.2243 0.7135

3 2 2 0.2220 0.6494
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3 0.2198 0.6073
1 0.2220 0.6443
3 2 0.2198 0.5910
3 0.2175 0.5596
Optimal choice
1 3 3 0.2175 0.5563

Similarly, from this base case, the power factors of PV units are independently
modified to identify the proper PF control mode for each PV farm. By using the same

method, the results are shown in Table 6. 26, in comparison with the other related

cases.
Table 6. 26 Comparison between 4 scenarios (1).
Case 2: central PV | Case 3: 2 PV farms | Case 4: 3 PV farms
Case 1: no PV farm of 8 MWp at | of 4 MWp each at at buses: 2 (1
bus 12 under buses 12 and 27 MWp), 12 (3AMWp)
optimal PF control | under optimal PF and 27 (3 MWp)
mode (PF of 0.8) control modes under optimal PF
control modes
PF1 = 0.95; PF2 =
0.7, PF3 = 0.95
PQVSlglobal MOlgLobaL PQVSlglobal MOlgLobaL PQ\/Slglobal MOlglobal PQVSlglobal MOlglobal
0.2464 1.0000 | 0.2001 0.3534 | 0.2005 | 0.3579 | 0.2073 | 0.3771

If the constant voltage control mode is applied, the terminal voltage magnitude
of each PV unit will be adjusted within the range from 1.05 p.u. to 0.95 p.u. as

previous studies. Table 6. 27 represents the corresponding results.

In conclusion, in this case-study of 3 distributed PV units, both scattered and
central PV systems bring significant technical benefits to utility ¢rids in enhancing
system stability and reducing power losses and voltage deviation. However, in
comparison with the case of central PV systems, scattered PV systems have no
dominance. Hence, choosing central or distributed PV generation depends on the

economic advantages. One of the considerable interests when installing scattered PV



system is small areas required for PV farms. In distribution power system site, this is

particularly important since the land availability is quite restricted.

Table 6. 27 Comparison between 4 scenarios (2).

Case 2: central PV
farm of 8 MWp at

Case 3: 2 PV farms
of 4 MWp each at

Case 4: 3 PV farms
at buses: 2 (1

Case 1: no PV

bus 12 under buses 12 and 27 | MWp), 12 (3MWp)

optimal voltage under proper PF and 27 (3 MWp)

control mode control modes under optimal

(1.04 p.u.) (1.04 p.u.) voltage control

modes
V1 = 1.05 V2 =
1.04;
V3 =1.04

PQVSlglobal Mo'gtobat PQVSlglobal MOlgLobaL PQVSIglobal MOlglobal PQVSIglobal MOlgtobal
0.2464 | 1.0000 | 0.1696 | 0.3336 | 0.1662 | 0.3545 | 0.1719 | 0.4353
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CHAPTER VI

Conclusions and Future Works

7.1 Conclusions

Static voltage stability assessment has been conducted in a real distribution

power network integrated photovoltaic generations in order to verify the PV impacts

on system voltage stability. In addition, the effects of PV units on system power

losses and voltage deviation are also studied to fulfill the research. Some

conclusions are drawn as follows:

1.

A completed PV module model has been established, which describes the
true electrical behaviors of PV generators. By using this model, the researches

related to PV generations can be implemented favorably.

A suitable method to assess system static voltage stability is specified, which
is named PQ Voltage Stability Index (PQVSI). This approach brings many
advantages: the fast and accurate voltage assessment, the small amount of
calculation time required, the simple computation process based on AC Load
Flow program. In accordance with time-series Power Flow analysis, the global
PQVSI can be defined to present the degree of system voltage stability

considering a study period.

To satisfy other technical and economic requirements, the supplementary
criteria including system power losses and voltage deviation are added into
the research. These issues are reflected by Multiobjective Index (MOI) as a
combination of active power loss index (PLI), reactive power loss index (QLI)
and voltage deviation index (VDI). Along with the global PQVSI, the global MOI
is also defined through the study duration.

From the test results, it can be seen that: PV generations contribute the
considerable impacts to system voltage stability, system power losses and

voltage deviation. Specifically, with the proper PV location, size and control
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mode, the utilities gain the benefits not only in enhancing system stability but

also in minimizing power losses and voltage deviation.

5. By varying PV locations and sizes as well as modifying PV control modes,
along with the observation of the global PQVSI and MOl in each

phenomenon, the appropriate PV system can be identified.

6. The study also demonstrates the benefits of operating the PV generation
system at the power factor less than unity. By setting the PV power factor at
non-unity values along with increasing the PV size, the system stability is
maintained as before. However, with this modification, the utilities may
receive the additional supports from PV producers, while PV owners can earn

more profit in selling the PV power.

7. Scattered PV penetration is taken into account by installing 2 or 3 small PV
units along the main feeder of TahSai distribution network. The most suitable
PV installation is determined based on the global PQVSI and MOI as the
above methodology. It is verified that, both centralized and scattered PV
generation bring considerable interests to utilities and PV producers in
enhancing system stability and minimizing power losses as well as voltage
deviation. However, in comparison with concentrated PV systems, scattered
PV systems seem to have no dominance in the limitations of this research.
Hence, choosing centralized or distributed PV generation depends on the
other advantages. For example, one of the benefits when installing scattered

PV system is the small area required for each PV unit.

7.2 Future Works

The impacts of PV penetration on distribution power systems have been
investigated at some points. In the future, it is necessary to continue this research in

the following issues:

1. The other criteria such as thermal limits and system frequency stability

should be considered in the process of PV design and installation.
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2. This research is based on steady-state analysis. Although time-series

simulation is conducted to observe the system behaviors during a study
period, many calculations are separately implemented in each specific time.
For example, the voltage deviation between all buses of the system is
considered at a particular working state, but the voltage fluctuation of a bus
considering different time points (different states) is not taken into account.
Specifically, it is supposed that all bus voltages nearly reach the value of 1.03
p.u. in the first time interval, while all of them change around 0.97 p.u. in the
second interval. Since each bus voltage is close to the others in each time,
the corresponding voltage deviation is quite small leading to a good value of
the general voltage deviation index (VDI). However, comparing between two
intervals, the voltage fluctuation is quite considerable. Hence, this issue

should be included in the further studies.

In the case of PV constant power factor control mode, the generated active
and reactive power from PV arrays is fully supplied into utility grids without
any regulations. Since these amounts of power are uncertain according to
intermittent behaviors of environmental conditions, it is necessary to put
them under the control to get the better system voltage profile. For instance,
the voltage regulation can be implemented by using energy storage systems
(ESS) installed at PV farms. ESS may consume the exceeded power or supply

the additional one following the requirements from utilities.
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APPENDIX

Photovoltaic Generation Data

Table A. 1 Electrical characteristics of PV module (KC175GHT-2) at STC*.

Parameters Numerical Values Units
Maximum power (Pqxn) 175 W
Voltage at Py (Vimppn) 23.6
Current at Py Uppn) 7.42 A
Short circuit current (/s ,) 8.09 A
Open circuit voltage (V) 29.2 V
Temperature coefficient of short circuit current (K)) 0.00318 A/C
Temperature coefficient of open circuit voltage (K) -0.0109 v/°C
Nominal operating cell temperature (NOCT) ar °c
Number of cells within module (n) 48 cells

* STC: Standard Test Conditions (1000W/m” of solar intensity, 25°C of cell temperature).
(2012, Apr) KC175GHT-2  datasheet, Kyocera  Solar, Inc. [Online]  Available:

http://www.kyocerasolar.eu

Table A. 2 Five unknown parameters of PV module model at STC.

(Calculated from the data in Table A. 1)

Parameters Numerical Values Units
Photo-generated current (/,, ) 8.0909 A
Dark saturation current (/y,,) 3.1886e-006 A
Thermal voltage (V7)) 0.0413 %
Shunt resistance (R, ) 678.5105 Q
Series resistance (R, 0.0769 Q

Table A. 3 Other parameters of PV system.

Parameters Numerical Values Units
Number of modules in 1 string (N,,) 10 modules
Number of strings in 1 array (N;) 6 strings
Efficiency of 3-fase inverter (eff) 99 %
Reactance of step-up transformer (XT)* 0.15 p.U.

* Based on per-unit system of the test distribution network.
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Network Data

Table A. 4 Generation data of TahSai distribution system.

Parameters Numerical Values Units
System MVA base 100 MVA
System base voltage 12 kV
Slack bus (ordinal number) 1
Voltage magnitude at slack bus 1.0455 p.U.
Voltage angle at slack bus 0 degrees

Table A. 5 Peak load data of TahSai distribution system.*

Load | Active power demand Reactive power demand Vmax Vmin
bus (MW) (MVAr) (p.u.) (p.u.)
6 0.5280 0.3270 1.05 0.95
8 0.6600 0.4090 1.05 0.95
9 0.0660 0.0400 1.05 0.95
10 0.3300 0.2040 1.05 0.95
11 0.5280 0.3270 1.05 0.95
14 0.6600 0.4090 1.05 0.95
15 0.1650 0.1020 1.05 0.95
16 0.6230 0.3860 1.05 0.95
17 0.9900 0.6130 1.05 0.95
18 0.6600 0.4090 1.05 0.95
20 0.0660 0.0400 1.05 0.95
22 0.3300 0.2040 1.05 0.95
24 1.6500 1.0220 1.05 0.95
26 0.1050 0.0650 1.05 0.95
28 0.0330 0.0200 1.05 0.95
30 0.9900 0.6130 1.05 0.95
32 0.3300 0.2040 1.05 0.95
34 0.1650 0.1020 1.05 0.95

* Peak demands of 1-year period (= summer peak demands = summer working day peak

demands).
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Considering only summer working days in this research, and it is given that load
data are measured every hour.

35

3

Average hourly industrial load (MW)

Time (h)

Figure A. 1 Average hourly load of a typical industrial demand considering only

summer working days.

0 25

Figure A. 2 Average hourly load of a typical residential demand considering only

summer working days.
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In TahSai network, the bus having the peak demand greater than 0.5 MW is
supposed to be industrial bus, and its average hourly load data follow the trend as in
Figure A. 1. On the other hand, the other load buses will be concerned as the

residential buses, and their average hourly loads follow the behavior as in Figure A. 2.

For example, considering bus 34 as a residential bus. The peak demand of this bus

among summer working days reaches the value of 0.165 MW (as in Table A. 5), at 8
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pm (refer to Figure A. 2) of someday. The average load at this hour is assumed to be:

k x 0.165 (MW), where k is a coefficient (0<k<1). By setting k = 0.84 and scaling the

data based on Figure A. 2, the average hourly load data of bus 34 as well as the

other buses considering only summer working days are specified. Table A. 6 shows

only the study period from 7 am to 6 pm.

Table A. 6 Average hourly load data (MW) of TahSai network considering only

summer working days.

8 9 10 11 12 13 14 15 16 17 18

(7-8 (8-9 (9-10 (10-11 | (11-12 (12-1 (1-2 (2-3 (3-4 (4-5 (5-6

am) am) am) am) pm) pm) pm) pm) pm) pm) pm)
Bus 6 0.2141 | 0.3829 | 0.4297 | 0.4435 | 0.4425 | 0.3758 | 0.4412 | 0.4423 | 0.4291 | 0.3745 | 0.2787
Bus 8 0.2676 | 0.4787 | 0.5372 | 0.5544 | 0.5531 | 0.4697 | 0.5515 | 0.5529 | 0.5364 | 0.4681 | 0.3483
Bus 9 0.0265 | 0.0257 | 0.0266 | 0.0271 | 0.0276 | 0.0285 | 0.0297 | 0.0306 | 0.0317 | 0.0338 | 0.0359
Bus 10 | 0.1323 | 0.1284 | 0.1329 | 0.1354 | 0.1379 | 0.1427 | 0.1483 0.153 | 0.1584 | 0.1689 | 0.1793
Bus 11 | 0.2141 | 0.3829 | 0.4297 | 0.4435 | 0.4425 | 0.3758 | 0.4412 | 0.4423 | 0.4291 | 0.3745 | 0.2787
Bus 14 | 0.2676 | 0.4787 | 0.5372 | 0.5544 | 0.5531 | 0.4697 | 0.5515 | 0.5529 | 0.5364 | 0.4681 | 0.3483
Bus 15 | 0.0661 | 0.0642 | 0.0665 | 0.0677 | 0.0689 | 0.0714 | 0.0742 | 0.0765 | 0.0792 | 0.0844 | 0.0896
Bus 16 | 0.2526 | 0.4518 | 0.5071 | 0.5233 | 0.5221 | 0.4434 | 0.5205 | 0.5219 | 0.5063 | 0.4418 | 0.3288
Bus 17 | 0.4014 0.718 | 0.8058 | 0.8316 | 0.8297 | 0.7046 | 0.8272 | 0.8293 | 0.8046 | 0.7021 | 0.5225
Bus 18 | 0.2676 | 0.4787 | 0.5372 | 0.5544 | 0.5531 | 0.4697 | 0.5515 | 0.5529 | 0.5364 | 0.4681 | 0.3483
Bus 20 | 0.0265 | 0.0257 | 0.0266 | 0.0271 | 0.0276 | 0.0285 | 0.0297 | 0.0306 | 0.0317 | 0.0338 | 0.0359
Bus 22 | 0.1323 | 0.1284 | 0.1329 | 0.1354 | 0.1379 | 0.1427 | 0.1483 0.153 | 0.1584 | 0.1689 | 0.1793
Bus 24 0.669 | 1.1967 | 1.3429 1.386 | 1.3828 | 1.1743 | 1.3787 | 1.3822 | 1.3409 | 1.1702 | 0.8709
Bus 26 | 0.0421 | 0.0408 | 0.0423 | 0.0431 | 0.0439 | 0.0454 | 0.0472 | 0.0487 | 0.0504 | 0.0537 0.057
Bus 28 | 0.0132 | 0.0128 | 0.0133 | 0.0135 | 0.0138 | 0.0143 | 0.0148 | 0.0153 | 0.0158 | 0.0169 | 0.0179
Bus 30 | 0.4014 0.718 | 0.8058 | 0.8316 | 0.8297 | 0.7046 | 0.8272 | 0.8293 | 0.8046 | 0.7021 | 0.5225
Bus 32 | 0.1323 | 0.1284 | 0.1329 | 0.1354 | 0.1379 | 0.1427 | 0.1483 0.153 | 0.1584 | 0.1689 | 0.1793
Bus 34 | 0.0661 | 0.0642 | 0.0665 | 0.0677 | 0.0689 | 0.0714 | 0.0742 | 0.0765 | 0.0792 | 0.0844 | 0.0896
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Branch R (p.u.) X (p.u.) B (p.u.)
1-2 0.0054 0.0104 0
2-3 0.0218 0.0430 0
3-4 0.0290 0.0574 0
4-5 0.0327 0.0646 0
5-6 0.0055 0.0031 0
5-7 0.0341 0.0674 0
7-8 0.0110 0.0063 0
4-9 0.0015 0.0029 0
9-10 0.0029 0.0057 0

10 - 11 0.0058 0.0115 0

11-12 0.1198 0.2367 0

12-13 0.0160 0.0316 0

13-14 0.0015 0.0028 0

13-15 0.0218 0.0430 0

15-16 0.0225 0.0445 0

16 - 17 0.0240 0.0473 0

17-18 0.0254 0.0502 0

12-19 0.0015 0.0029 0

19 - 20 0.0028 0.0016 0

19 -21 0.0123 0.0244 0

21-22 0.0055 0.0032 0

21-23 0.0123 0.0244 0

23-24 0.0058 0.0111 0

23-25 0.0182 0.0359 0

25 - 26 0.0116 0.0230 0

26 - 27 0.1133 0.2238 0

27 - 28 0.0441 0.0257 0

25-29 0.0196 0.0387 0

29 - 30 0.0015 0.0028 0

29-31 0.0211 0.0416 0

31-32 0.0110 0.0064 0

31-33 0.0225 0.0445 0

33 -34 0.0055 0.0032 0
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